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A unique, previously undescribed Gram-negative bacterium was isolated from

several soils in Texas and extensively characterized in this study. The cells measured 1-2

by 4-6 ,um. The distinguishing characteristic of the bacterium is the extraordinary

capsular material which surrounds the cells. The new isolates are aerobic, mesophilic,

non motile and have the ability to utilize a variety of organic compounds as the sole

source of carbon and energy. The organism grows optimally at 30 C and the optimal pH

lies between 7.0-8.0. The isolates produce catalase but oxidase is not produced. They do

not produce indole or hydrogen sulfide. The organism can hydrolyze gelatin and Tween

80 but not starch, esculin and casein. The major cellular fatty acid is anteiso 15:0. The

guanine and cytosine content is 58-62 mole%.

The organism's taxonomic position was further established by specific gene

probes, 16S rRNA homology, DNA homology and "ribotyping." These data showed that

it was most closely related to members of the genus Paenibacillus, although somewhat

divergent from other species classified in this genus. After careful evaluation of the

results obtained during this study, it is proposed that this unique bacterium be named

Paenibacillus velasolus sp. nov.
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CHAPTER I

INTRODUCTION

It is assumed that there are more than one million species of bacteria in nature and

that most of these have not been isolated, characterized, or identified. Some say that only

1% of these organisms are known to microbiologists (Ward et al., 1990) while others

assert that the number of recognized bacteria is much less than 1% and use the term

insignificant in lieu of a definite number or percentage. Furthermore, many assume that

with the present methodology, it may not be possible to isolate the vast majority of

bacteria for study in the laboratory. Justification for the failure of microbiologists to

know more bacteria than are recognized at present resides in the notion that only

organisms of importance to microbiologists are sought and studied. The organisms that

fall in this category are those whose presence or characteristics impact human beings in

areas of everyday importance including those that cause disease, those important in

industry, those that cause spoilage of valuable products, and those of importance in the

environment.

1.1 The discovery of bacteria

In the first century before the birth of Jesus Christ, the Greek philosopher

Lucretius, purely on rational grounds, suggested the presence of organisms in the air that

were not visible to the human eye. He further suggested that these "seminaria" were the

1
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cause of transmissible disease and that they could be eliminated by destroying their

breeding grounds. On the basis of rational observation, Girolamo Fracastoro in 1546 in

his book entitled De Contagione, postulated the presence of invisible organisms that

could cause transmissible disease but presented no factual evidence to substantiate his

claims.

It was not until 1677 that microorganisms were discovered. Antony van

Leeuwenhoek, an amateur maker of glass lenses, was able to make lenses with such short

focal lengths that they would render magnifications of approximately 300 diameters.

These lenses were mounted in metal holders that made possible the observation of matter

in small drops of water. (It is astonishing that almost all microbiology textbooks show

Leeuwoenhoek's microscopes in an upside down position.) Laborious examinations

conducted by van Leeuwoenhoek revealed a world of living things too small to be seen

with the unaided eye or even with the best magnifying lenses available in Europe at that

time. He was the first to observe both red and white blood cells and the spermatozoa of

animals and human beings, capillary circulation, the cellular nature of fungi, fungal

spores, yeast cells, pollen, hairs on insects, and, in 1683, bacteria. He reported the

presence of bacteria in his stool and suggested that they may be the cause of the diarrhea

which afflicted him at that time. He also found the same organisms in his mouth and in

the scrapings from his teeth, so many that "their number was greater than the grains of

sand on the beach" and so small that several thousand of them placed next to each other

would "not have the breadth of a single grain of sand". He showed that bacteria occured

in the form of spheres, rods, and spirals, a nomenclature which still stands. These
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findings were reported in a series of letters to the secretary of The Royal Society of

London and all were verified by other researchers. It is, however, plainly evident that van

Leeuwoenhoek was not an experimental scientist, as opposed to a descriptive scientist, in

that he did not posit a role for bacteria or the other microorganisms be discovered.

After achieving the separation of single types of bacteria in pure cultures, Robert

Koch showed that they could be identified on the same basis as other living things. He,

together with Louis Pasteur, also showed that a given organism produced a specific

disease. This was a significant finding in that previous studies used the term bacteria in a

collective sense without regard for differences among the organisms under study. The

disease anthrax could then be attributed to infection with Bacillus anthracis and typhoid

fever to Bacillus typhosus rather than to the confusing term bacteria. Migula in 1894

followed this lead and created a scheme for the classification of bacteria into families,

genera, and species as is the case for all other living things (Collard, 1976).

It was not until the period between 1860 and 1880 that bacteria were recognized

as the causative agents of disease. The work of Alessandro Bassi, Louis Pasteur, and

Robert Koch culminated in proof of the Germ Theory of Disease. Such a theory made it

possible to treat the cause of disease. This replaced the theory regarding the "Balance of

the Humors of the Body" which treated only the symptoms of disease. Prior to this time

it was found that bacteria were responsible for putrefaction and for the fermentation of

sugars and subsequent production of acids and alcohols. Collectively, these findings

brought the treatment of transmissible disease, the preservation of food and other

valuable products, and the conversion of fruit juices into wine and of cereal grains into
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beer under the effective control of human beings. These ideas permeate modern society

and undergird the practice of medicine, public health, the fermentation industry, and

industrial chemistry and microbiology.

1.2. Soil and soil bacteria

Alexander (1977) described soil as loose materials on the outer surface of the

earth's crust which support the various organisms dwelling within. Soil is composed of

five major substances: minerals or inorganic molecules, humus or organic molecules,

water, gases, and living organisms. The amount of each varies with the type and locality

of the soil. The mineral fraction originated from the disintegration and decomposition of

rocks contributes generally slightly less than half the volume. The organic fraction of the

soil, termed humus, is a product of the synthetic and decomposing activities of the

organisms that live therein. Since it contains the organic carbon and nitrogen needed for

microbial development, it is the dominant food reservoir for these organisms. This

portion usually contributes 3-6% of the total volume of the soil. Air and water account

for approximately half of the soil's volume. The major gases in the soil atmosphere are

nitrogen, oxygen, and carbon dioxide. Water in the soil contains all soluble inorganic and

organic matter. Also, it affects the moisture available to organisms and the soil aeration

kinetics, the nature and amount of soluble materials, the osmotic pressure and the pH of

the soil in water solution. The living portion of the soil including macroorganisms and

microorganisms, makes up less than 1% of the total soil volume. Since organisms obtain

many nutrients from the minerals and organic molecules in the soil, their habitat is

effected by nutrient availability, aeration, and water content. Certain species are able to
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get carbon or nitrogen from the atmosphere as carbon dioxide, methane, or nitrogen gas,

but the bulk of these elements, as well as the remaining microbial foods, are provided by

the soil.

The physical and chemical characteristics of soil determine the nature of the

environment in which microorganisms are found. Soils contain five major groups of

microorganisms: the bacteria, viruses, fungi, algae, and protozoa. The bacteria are

especially prominent because of the large and varied populations present and due to the

fact that they are the most abundant group, usually more numerous than the other four

combined. Bacteria stand out because of their capacity for rapid growth and, collectively,

the wide diversity of their metabolic activity. It has been shown that more than 1 x 109

bacteria can be cultured from 1 gram of garden soil using standard laboratory techniques

and media (Cook, 1916; Thornton and Gray, 1934; Jones and Mollison, 1948). The

bacteria isolated from soils can be divided into two groups: the indigenous or

autochthonous and the invader or allochthonous. Indigenous species, true residents, may

have resistant stages and endure for long periods without being active metabolically, but

at some time these native organisms proliferate and participate in the biochemical

functions of the community. In contrast, invaders do not participate in a significant way

in community activity. They enter as passengers in water, animals, manure, or waste

materials, persist for some time in a resting form and sometimes even grow for short

periods but contribute little of significance to the various ecologically significant

transformation or interactions that take place in the soil meiliue, and eventually perish.

Bacteria are also divided on a systematic or taxonomic basis by the system proposed in
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Bergey's Manual of Determinative Bacteriology (Williams and Wilkins Co., Baltimore,

MD). Many schemes for identification of bacteria are based on characteristics using a

variety of nutritional and metabolic criteria including the identity of energy source,

carbohydrates used for growth, capacity to utilize gaseous nitrogen as a nitrogen source,

the ability to grow in the presence or absence of oxygen, and many more such traits.

Numerous studies have been designed to identify the bacteria that produce

colonies on standard laboratory media, although it is clear that many indigeneous

organisms may be entirely overlooked by such methods because of the specialized

conditions needed to show their presence (Ward et al., 1990; Picard et al., 1992).

Generalizing from the results of such surveys is difficult because of the vast differences

in bacterial communities in dissimilar soils. No single nutrient medium or growth

condition can possibly meet all the nutrient and other requirements of all, or even most,

of the soil bacteria, therefore, the actual numbers are probably greatly underestimated or,

worse, overestimated. The most common known aerobic bacteria found in soils are in the

genera Arthrobacter, Bacillus, Pseudomonas, Agrobacterium, Corynebacterium,

Xanthomonas, and Azotobacter (Picard et al., 1992).

Certain species of soil bacteria produce special structures such as endospores

within their cells, or cysts, which include the living cell. Endospores and cysts are resting

cells that are resistant to dessication, mechanical disintegration, and ultraviolet and

ionizing radiation (Prescott et al., 1998). Cysts, in contrast to endospores, are not

especially heat-resistant but are dessication resistant. Because of these specialized resting

cells, some of the soil bacteria can survive in dry soils for many years. Socolofsky and
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Wyss (1962) showed that cultures of Azotobacter vinelandii which contained cysts

survived dessiccation for two years while those that contained no cysts died rapidly. Vela

(1974) showed that azotobacters in dry soils remained viable for more than 12 years

while cysts survived in dry agar cultures for 10 years. Moreno et al. (1986) reported that

A. chroococcum and other soil azotobacters survived in dry soils stored in the laboratory

for peroids of time as long as 24 years. Additional, unpublished, data in this laboratory

indicated survival times of 30 years for soil azotobacters. The bacterium studied in this

research survived in dry soils stored in the laboratory for more than 30 years.

1.3 Development of bacterial classification and identification

Cowan (1978) defined classification as the orderly arrangement of organisms into

groups that are homogenous with respect to its members and recognizably different from

other groups. Identification is the act and result of making comparisons in which an

unknown organism is shown to be similar or different to another, known organism. A

classification scheme provides a list of characteristics and keys that can be used for the

identification of organisms.

Since Antony van Leeuwenhoek first observed bacteria, much interest has been

placed on the study of microorganisms. One of the earliest workers to recognize

differences among the bacteria was Otto Friderich Muller who succeeded in discovering

many previously unknown details in the structure of these microorganisms (Collard,

1976). He published "Animalcule Infusoria et Marina" in 1786 in which he classified

bacteria into two genera, Monas and Vibrio. Ehrenberg in 1838 published his work "Die

Infusionstierchen als volkommene Organismen" in which he put the study of the
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microorganisms on a systematic basis and was able to establish a number of groups by

recognizing fundamental morphological distinctions (Collard, 1976). Some of the names

he used, such as bacterium and spirillum, are still used in bacterial nomenclature. Cohn

in 1872 published a system of classification of bacteria based almost entirely on

morphology (Doetsch, 1960). He divided bacteria into four groups (tribes) and six

genera. The four tribes were Sphaerobacteria, Microbacteria, Desmobacteria and

Spirobacteria. From this historical literature is apparent that early classification systems

were based primarily on cell shape.

In 1883, Robert Koch and his colleagues introduced nutrient media in the form of

a semisolid gel by using agar. This made it possible to isolate the "colonies" of bacteria

one from the other and to study them as clones or pure cultures (Collard, 1976). This led

to the observations of the biochemical and physiologic traits of isolated single species of

selected organisms, and made it possible to study their behavior and their role in the

environment in which they existed. In addition, this development was helpful in

classification since all nutritional and physiological characteristics including morphology

could be used in establishing individual bacterial groups or taxa. In 1908, using these

taxonomic data, Orla-Jensen proposed the "natural classification" of bacteria which he

based on physiological properties instead of solely on their morphologic characteristics

(Doetsch, 1960).

Later, Buchanan, in 1915, arranged the bacteria into families, tribes and genera by

using a wide range of characteristics, such as morphology, staining reactions, biochemical

reactions and pathogenicity (Collard, 1976). He published a series of papers under the
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general title of "Studies on the Nomenclature and Classification of the Bacteria." During

this time, a number of classification schemata were published including the first edition

of "Bergey's Manual of Determinative Bacteriology" which appeared in 1923 and

"Prospects for a Natural System of Classification of Bacteria" by van Kluyver and van

Niel in 1936 (Breed, 1957). After electron microscopes and techniques for obtaining

ultra-thin sections of bacterial cells were developed, the intracellular structure was

extensively studied. This led Dougherty (1957) to catagorize organisms into the realms

called procaryotic and eucaryotic, according to the presence or absence of a nucleus and

formed chromosomes. This division was substantiated by the work of Woese (Woese et

al., 1987) using 16S rRNA base pair matching. Today, the classification of bacteria is

based heavily on DNA base pairing, or DNA homology.

In addition, Sneath applied numerical methods to the analysis of individual

characteristics of bacteria (Sneath, 1957 a,b). Numerical taxonomy is based on simple

numeric comparison of phenotypic characteristics, such as physiological, morphological,

biochemical, serological, and genotypic data without assigning greater importance to one

trait than to another. It shows the similarities between organisms based on the statistical

analysis of all observable and recordable characteristics without the subjective judgment

of the observer.

In the 1970s, Woese and coworkers (Woese et al., 1987) using 16S rRNA

homology clearly demonstrated that all living things can be divided into three major lines

of evolutionary descent, now named the domains Archaea, Bacteria, and Eucarya. Within

the Bacteria, several major lines of descent have been described as shown in Figure 1.1.
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Coincident with the new insight on phylogeny, the taxonomy of bacteria underwent

substantial changes. Since bacterial systematics was mainly based on physiological and

morphological data, the new phylogenetic results based on 16S rRNA data were often

contrary to the taxonomic arrangement made by other criteria. In the search for reliable

classification methods reflecting phylogenetic relationships, it has been demonstrated that

chemotaxonomic markers, such as cellular fatty acids, mycolic acids, polar lipids,

respiratory quinones, polyamines, cellular sugars and the amino acid composition as well

as the diamino acid linkages of the murein layer are often in accord with relationships

established by 16S rRNA sequences.

EUKARYOTES
animals cilates

EUBACTERIA fungi
green plants

purple potie non-sulfur
cteria cter bacteria

flagellates

cyanobacteria

fiavobocteri

mcrosporidi

ThermfAO C

haiophiies methanogens extreme thermophies

ARCHAEBACTERIA

Figure 1.1 Universal phylogenetic tree determined from rRNA sequence comparison

(Woese, 1987)
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1.4 Techniques used for bacterial classification and identification

In general, classification and identification are based on current morphological,

physiological, and biochemical reactions of the organisms under a variety of conditions,

i.e., phenotypic classification. The other type of classification employed in this study is

based on 16S rRNA and DNA homology or genotypic classification. The DNA

homology or DNA base composition is based on in vitro hybridization, DNA probes, and

DNA sequencing. In practice, combinations of chemotaxonomic techniques and protein

and nucleic acid analysis are applied in modern microbial taxonomy. They are powerful

tools that greatly facilitate the work of bacterial classification. In addition, it has been

observed that polyphasic taxonomy can be used through application of a group of

techniques designed to yield both molecular and phenotyic data to obtain reliable

identification (Murray et al., 1990). A compilation of methods used for classification and

identification are described in the recent literature (Busse et al., 1996; Goodfellow and

O'Donnell, 1993).

1.4.1 Nutritional and biochemical characters

Many biochemical, nutritional, and physiological characterization tests have been

established in bacterial systematics. Usually these tests are carried out in semisolid and

liquid culture media. The tests are laborious, time consuming and often difficult to

standardize and interpret. However, these traditional tests continue to be valuable

because phenotypic characteristics are important for the separation of one organism from

another. Identification of bacteria is made by comparing a large number of the

phenotypic properties of one organism, known, with the same phenotypic properties of
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other organisms under the same conditions and, preferably, simultaneously. The degree

of overall similarity between test strains and a set of reference organisms is calculated.

Many miniaturized identification systems, or "kits", are commercially available. These

include the API system (Bio Merieux SA, La Balme-les-Grottes, France), BBL Crystal

RSE kit and NF kit (Becton Dickenson Microbiological Systems, Cockeysville, MD), and

the Biolog System (Biolog Inc., Hayward, CA). These methods are easy to apply, and

the results are reliable. They are especially useful for clinical purposes such as in the

identification of Campylobacter, Corynebacterium and Enterobacteriaceae. The

reliability of these methods is based on the number of strains in the database and the

similarity values obtained from reference strains or groups of strains in the database.

Several factors can influence the accuracy of identification including the presence of

plasmids which may encode for certain metabolic functions, variation in inoculum size,

the duration of incubation period, and incubation temperature.

1.4.2 Cellular composition analysis

Since Salton (1952) introduced methods for the isolation, purification and analysis

of the chemical composition of bacterial cells, the cellular composition of several kinds of

bacteria has been determined. Chemical composition has the potential for discriminating

between various genera and species. The most commonly used include the following.

1.4.2.1 Fatty acids

Fatty acids are mainly located in the cytoplasmic membrane as constituents of

phospholipids and lipopolysaccharides of the outer membrane of Gram-negative bacteria

and the lipoteichoic acids of Gram-positive bacteria. The variation in fatty acids present
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in bacterial cells, such as the number of carbon atoms, identity of saturated fatty acids,

unsaturated fatty acids, branched chain fatty acids, cyclopropane fatty acids, and the

number and the position of double bonds and functional groups, have been used for

classification and identification. The presence of different fatty acids and the relative

amount of each are analyzed and compared with the fatty acid profiles of reference

(known) organisms. Because the fatty acid composition of bacteria depends on growth

conditions and on growth phase, temperature, and growth medium, standardization of

these conditions is of prime importance in such analyses.

Analysis of fatty acids can be used for the taxonomic investigation of culturable

members of anaerobic Gram negative bacilli such as Bacteroides, Prevotella, Pectinatus,

Megamonas, Serpulina and Actinomycetes (Moore et al., 1994). However, the success of

this technique is naturally limited to the organisms included in the database, and isolates

belonging to undescribed taxa may be omitted or misidentified. It goes without saying

that the power of this method increases if it is combined with the results obtained from

other methods.

1.4.2.2 Isoprenoid quinones

Isoprenoid quinones are constituents of the bacterial cytoplasmic membrane. The

potential for analyzing the quinone system for bacterial classification is based on

variation in the quinone nucleus, variation in the length of polyprenyl side chains and

modifications of the side chain, particularly in the degree of hydrogenation of double

bonds of the isoprene unit (Goodfellow and O'Donnell, 1993). Isoprenoid quinone

profiles of diverse bacteria have been published (Collins and Jones, 1981; Collins and
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Widdel, 1986; Yamanaka et al., 1987). They showed that ubiquinones were detected

only in members of the alpha-, beta-, and gamma-subclasses of the Proteobacteria and

not in the members of the delta- and epsilon-subclasses. Menaquinones and their

derivatives were also found in several members of the alpha-, beta-, and gamma-

subclasses, and exclusively in the delta- and epsilon-subclasses of Proteobacteria. In

addition, cyanobacteria possess another class of quinone, the plastoquinones or

phylloquinones, which usually are found only in plants (Collins and Jones, 1981).

1.4.2.3 Mycolic acids

Mycolic acids are long-chain (up to 90 carbon atoms) 2-alkyl 3-hydroxy fatty

acids found only in a limited number of the coryneform group of bacteria including

Corynebacterium, Dietzia, Gordona, Mycobacterium, Nocardia and Rhodococcus (Cai

and Collins, 1994; Funke et al., 1994; Rainey et al., 1995). The number of carbon atoms

in mycolic acids can be used for distinguishing some organisms of the genera listed

above at the genus level (Collins and Cummins, 1986).

1.4.2.4 Polyamines

Polyamine patterns are useful for the classification of Gram-negative bacteria

belonging to the class Proteobacteria (Auling et al., 1991). In general, members of the

alpha-subclass have a triamine as the dominant compound in the polyamine pattern while

putrescine and diamine 2-hydroxy- putrescine are dominant in the beta-subclass (Busses

and Auling, 1988).

1.4.2.5 Diamino acids

Diamino acids are essential constituents of the peptidoglycan layer of the Gram-
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negative bacterial cell wall and of the Gram-positive bacterial cell wall. The difference in

the amino acid sequence of the peptide stems and the cross-links between stems of the

muramic acid moieties give important properties to the peptidoglycan layers and can be

used for the classification of bacteria (Schleifer and Kandler, 1972). The analysis of cell

wall diamino acids is also useful for the classification and identification of members of

the coryneform group which is otherwise difficult to distinguish from the members of

other closely related groups (Schleifer and Seidl, 1985).

1.4.2.6 Pyrolytic methods

In order to determine the chemical element composition of bacteria, several

analytic methods have been devised. For example, pyrolysis mass spectrometry (Py-MS)

and pyrolysis gas-liquid chromatography mass spectrometry (Py-GLCMS) have been

shown to be valuable in bacterial systematics. It has been applied successfully with

several taxa, including Actinomycetes (Sanglier et al., 1992), Clostridium (Gutteridge et

al., 1980), and Corynebacterium (Hindmarch et al., 1990). The identification of new

isolates by Py-MS is currently achieved by analyzing new isolates in parallel with known

organisms.

These methods are most powerful when used as tools for confirming an indicated

relatedness at the species level. The identification based solely on one database seems

not to be promising because of the problems of standardization in diverse laboratories.

This method is frequently applied in classification of mycobacteria and also in the

screening of actinomycetes (Wieten, 1983).
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1.4.2.7 Protein patterns by polyacrylamide gel electrophoresis (PAGE)

The comparison of cell protein constituents by PAGE reveals relationships at

genus and species levels and is widely used in bacterial systematics (Fotos et al., 1984;

Tamura et al.,1993). In addition, this method can be used for the determination of similar

or identical isolates from natural samples. Relationships can be shown by the degree of

similarity of the protein patterns between organisms. This method is fast, with only small

amounts of cell material needed, and large numbers of isolates can be studied

simultaneously.

1.4.3 Molecular characteristics of nucleic acids

Developments in molecular techniques have had a great impact on bacterial

classification and identification. There are several methods used for the classification and

identification of microorganisms on the basis of molecular characteristics.

1.4.3.1 Determination of the ratio of guanine and cytosine to adenine and

thymine

A classic method for the identification of bacteria is based on the amount of

guanine and cytosine (G+C) present in the DNA of the cell. Generally, the variation in

G+C content within a species should not vary more than 5% and, within a genus, no more

than 10% (Schleifer and Stackbrandt, 1983). For identification of strains this method is

less important because the values of G+C content of many taxa are located in the same

range; e.g., the genera Alcaligenes, Paracoccus, Comamonas, Rhizobium, Azotobacter

and Pseudomonas have a G+C content between 60% and 70% (Krieg and Holt, 1984)

while all other criteria point to the fact that these are different genera.
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1.4.3.2 DNA-DNA hybridizations

The determination of DNA similarity by DNA-DNA hybridization is used for

allocation of new strains at the species level (Stackebrandt and Goebel, 1994). A DNA

similarity above 70% indicates a relationship at the species level while values between

20% and 60% give evidence for relatedness at the level of the genus (Wayne et al., 1987).

Hybridization methods depend on labeling the DNA of the test organism with a

radioisotope, say 14C, and that of the reference organism with another, say 32P. If the

DNAs are then mixed, heated to cause separation of the double strands, cooled to cause

single strands to wind around each other again and then the quantity of DNA which

contains both of the radioisotopes (14C- 32P), heteroduplex DNA, is measured, the

similarity of the two DNAs can be ascertained. Relatedness of the organisms is indicated

by the amount of double labled, double stranded DNA.

1.4.3.3 DNA:RNA-hybridization

This method can be used to clarify the phylogenic relationship of bacteria,

especially within the class Proteobacteria (De Ley et al., 1986). Through use of this

method, the relatedness of different taxa, such as Rhizobium and Agrobacterium,

Alcaligenes and Bordetella, and Rhodopseudomonas and Bradyrhizobium was

demonstrated (De Smedt and De Ley, 1977; De Ley et al., 1986; Jarvis et al., 1986). In

addition, the heterogenety within taxa, such as within the genera Pseudomonas,

Xanthomonas and Alcaligenes was also demonstrated (De Vos and De Ley, 1983).
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1.4.3.4 Analysis of genomic DNA by restriction-fragment length

polymorphism

Specific enzymes, endonucleases, that cleave DNA molecules at specific points

on the DNA polymer can be used to measure DNA similarity. Each enzyme seeks a site

identified by the sequence of bases which constitute the DNA chain. Since the DNA

chain contains four nucleic acid bases in predetermined and, generally, immutable

locations, the endonuclease will predictably cleave the DNA chain at the predetermined

site. To explain this system better, the DNA chain may be depicted in the following

terms:

CGGTAAGGCTTACATTAGTAATCGT

GCCATTCCGAATGTAATCATTAGCA

The segment of DNA between the two arrows is identical for two related organisms and

different for organisms that are not related to each other. The segments of DNA can be

identified by various means including PAGE, heteroduplexy, and molecular weight.

Analysis of the segments, restriction-fragment length polymorphism (RFLP), can

be used for the detection of rearrangements within the genome and mutations affecting

the recognition sites of restriction endonucleases. This method has been used for the

discrimination between species of a genus or different strains in a single species; e.g., the

genera Listeria, Borrelia and Campylobacter or species within each of these genera

(Baranton et al., 1992; Hernandez et al., 1991).
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1.4.3.5 Macrorestriction analysis of genomic DNA by pulse-field gel

electrophoresis

The principle of macrorestriction analysis of genomic DNA depends on the

digestion of DNA molecules by specific enzymes and the separation of fragments by

electrophoresis. The fragments can be visualized and compared to those of DNA

obtained from bacteria whose identity is known. This method has been used for the

investigation of relationships at the species or genus level, as well as for studies of

evolutionary processes (Khattak and Matthews, 1993).

1.4.3.6 Random amplified polymorphic DNA pattern

This random amplified polymorphic DNA (RAPD) technique is based on the use

of a single arbitrary primer of low stringency in the polymerase chain reaction to amplify

segments of the genome. The resulting fragments indicate the polymorphism of DNA.

Random amplified polymorphic DNA (RAPD) patterns have been used for the

differentiation of closely related species or related strains that are difficult to distinguish,

such as Listeria monocytogenes and Listeria innocua (Czaijki et al., 1993). Strains of

Haemophilus sonnus (Myers et al., 1993) and those of Staphylococcus aureus (Saulnier

et al., 1993) can also be distiguished by this process.

1.4.3.7 Detection of bacteria using DNA-probes

A DNA probe is a fragment of single-stranded DNA designed to hybridize with a

complementary target sequence of a closely related DNA molecule. The lengths of the

fragments range from 15 to 10,000 nucleotides. The DNA probe technique is based on

the use of an appropriate probe designed and labelled with a detector group to hybridize
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with the target nucleic acid extracted from the unknown organism; and the amount of

hybrid formed is then measured. DNA probes can be used for the identification of

bacteria, for the detection of recombinant bacteria in the environment, and for studies of

the structure and dynamics of populations in microbialecosystems (Festl et al., 1986).

This method is also designed to differentiate between phylogenetic groups of organisms.

These DNA probes are complementary to conserved areas of the small or large subunit of

ribosomal RNA (rRNA). They can be specific for prokaryotic cells, for each of the three

domains of living things, for genera of bacteria, for groups of species, for single species,

and for strains within species (Amann et al., 1990; Stackebrandt et al., 1991; Wagner et

al., 1994).

1.4.3.8 16S rRNA analysis

At present, most phylogenetic investigations are based on rRNA (Woese, 1987).

Comparison of the 16S rRNA sequences from closely related species shows that in

addition to the conserved regions which are important for phylogenetic investigations,

highly variable fragments are also present in this molecule. The sequence of these

variable fragments in the 16S rRNA can be used for differentiation between closely

related species or as a target for highly specific probes. Solely by the sequencing of the

short fragment and the comparison with the corresponding fragments from the reference

strains, bacteria can be classified and allocated to families, genera and species (Busse et

al., 1992; Denner et al., 1994). However, some observations demonstrate that two

species which share nearly identical sequences can be clearly distinguished when DNA-

similarity is determined, for example, Bacillus psychrophilus and Bacillus globisporus
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(99.8% 16S rRNA-similarity but 23% DNA-similarity) and Aeromonas trota and

Aeromonas cariae ( 99.9% 16S rRNA-similarity but only 30% DNA-similarity) (Fox et

al., 1992). Therefore, additional data from other investigations are needed for a reliable

taxonomic description of bacteria and for the decision concerning whether or not a new

isolate belongs to a distinct taxon.

1.5 Importance of identification and classification of bacteria

When an organism isolated from nature shows significant potential or possesses

properties of interest to human activities, it becomes imperative that it be described,

characterized, and that everything possible be learned of the traits that make it of interest.

It is important to know not only what species the organisms belong, but whether two or

more isolates belong, in fact, to the same species. Phenotypic and genotypic

characteristics need to be investigated precisely in order to avoid duplication of studies of

the same organism or, more likely, to keep from giving different names to the same

organism. Another danger is to give different organisms the same designation.

Furthermore, an organism employed in an expensive and important technical process that

is not well characterized may lead to legal problems if it is unintentionally rediscovered

and characterized with different end results.

In order to avoid legal entanglement, duplication of effort, and generalized

confusion when dealing with organisms that may be of commercial value or those that

possess qualities of importance to human beings, bacterial identification is of extreme

importance. In recent years taxonomy and nomenclature have become an important

activity in industrial, medical, and material microbiology. Bacterial isolation,
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identification and classification are at the cutting edge of microbiological science and

promise to remain there for many years.

1.6 Introduction of the novel bacterium

It is well established that many bacteria of great potential importance have not yet

been isolated and characterized because of their inability to grow on ordinary laboratory

media (Palleroni, 1997). This being so, it is reasonable to assume that a serious student

of microbiology has a great opportunity to discover an organism that may be of great

importance in industry and commerce.

In searching for viable bacteria of the genus Azotobacter in dry soils that had been

stored in the laboratory for more than 30 years, Dr. Guadalupe Virginia Nevarez

Moorillon noticed large transparent mucoid colonies of bacteria on plates of Burk's

nitrogen-free agar. When viewed under the phase contrast microscope, the bacteria

appeared to be large rods with an extremely large capsule surrounding the cell. Since this

unusual organism had not been observed previously in this laboratory, it was assumed to

be a variant of Azotobacter vinelandii. Pure cultures were obtained for further

observation and study. In addition, this organism produced a large amount of

extracellular polysaccharide (EPS) under certain conditions. The EPS produced was

shown to hold a large quantity of water in its matrix. An attempt was made to identify

this organism as a member of the Azotobacteraceae, but although there were many

similarities, it bore little genotypic similarity to these bacteria. When it was determined

that it was not a member of the soil azotobacters, it was also recognized as a previously

unidentified organism.
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1.7 Purpose of the project

Interest in the newly isolated encapsulated bacterium resided in the possibility that

the EPS may have some commercial value. Before commercing this study, it had to be

shown that the organism was not a previously identified, rather than a relatively obscure

and infrequently encountered, bacterium. The major part of this research was devoted to

studies on the physiological, phenotypic, and genotypic characteristics of the organism.

The other part of the work was devoted to the isolation of the EPS, geographical

distribution of the organism, and further study of the isolates in order to obtain

knowledge of the growth characteristics and the conditions essential for polysaccharide

production.

It is the purpose of this research to present in detail the isolation and

characterization of the novel bacterium in order to determine its taxomonic position. This

was accomplished by studying its ultrastructure, phenotype, and molecular characteristics

and subsequently comparing the results to organisms previously described in the

literature.

The research undertaken included the following objectives:

1. To study the characteristics of the isolated organisms.

2. To determine the taxonomic position of the isolates based on morphology,

physiology and molecular characteristics.

3. To determine the distribution of the organism in nature.

4. To use the data obtained from these studies to select an appropriate name for the

organism and to submit it to the International Society of Systematic Microbiology.



CHAPTER II

MATERIALS AND METHODS

2.1 Bacteria

The bacteria used in this study were isolated from dry soils obtained from South

Texas that had been kept for more than 30 years in tightly sealed screw cap vials and

stored at room temperature in a box protected from dust, chemicals and excessive heat.

Samples from these vials were removed aseptically and the vials returned to storage.

Subsequent isolations were made from soils selected in the North Texas area, from other

areas of the U.S., and from various countries throughout the world. In all, fifty cultures

of the capsule forming organism were obtained from diverse sources. All were isolated

on Modified Burk's Agar without added nitrogen (Gerhardt, 1994).

Organisms used as references for biochemical tests were obtained from the stock

culture collection at the University of North Texas. These included: Azotobacter

vinelandii ATCC 12837, Azotobacter vinelandii ATCC 478, Bacillus megaterium,

Escherichia coli, Proteus vulgaris, Pseudomonas aeruginosa, Staphylococcus aureus and

Streptomyces griseus. Paenibacillus validus was kindly provided by Dr. David Stroman

(Microbiology Division, Alcon Laboratories., Inc., Forthworth, TX).

2.2 Isolation of the capsule-forming bacteria

Soils were sprinkled directly onto the surfaces of Modified Burk's Agar. The

24
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composition of this medium was as follows: glucose, 20 g; K2HPO4 -7H2O, 0.64 g;

MgSO 4, 0.20 g; KH2PO4, 0.16 g; NaCl, 0.05 g; CaSO4 -2H2O, 0.05 g; FeSO4 -7H20, 0.003

g; Na2MoO4 -2H2O, 0.001 g; purified agar, 15 g and sufficient water to make 1 1. All

primary isolation plates were incubated at 30 C and examined 2 to 5 days later. The

colonies selected for further study were large (6 to 8 mm), round, entire, glistening,

transparent and mucoid. These were restreaked for isolation on fresh plates of

Modified Burk's Agar, Dialyzed Soil Agar (Gonzalez-Lopez and Vela, 1981) and Tryptic

Soy Agar (Difco Laboratories, Detroit, MI) until pure cultures were obtained.

Dialyzed Soil Medium was prepared by pouring 25 g of finely powder garden soil

into a 30 to 40 cm length of 2.5 cm diameter washed dialysis tubing with molecular

exclusion limit of 12,000. The wet tube was emptied of air, knotted at both ends, and

placed in a 250 ml Erlenmeyer flask with 100 ml of deionized water. After two hours, it

was sterilized by autoclaving for 20 min at 121 'C and allowed to stand at room

temperature for 24 h. The dialyzate was poured off and, if necessary, filtered through

Whatman filter paper No. 42. The pH of the dialyzate was adjusted to 7.0 and then

dispensed into tubes or flasks, sterilized at 121 C for 20 min, and used as liquid

medium. For Dialyzed Soil Agar, 15 g/l Difco Pure Agar (Difco Laboratories, Detroit,

MI) were added to the medium before autoclaving and dispensing into sterile Petri plates

or other sterile containers.

Stock cultures of the isolates were maintained on Modified Burk's Agar slants and

stored in the refrigerator. For long-term culture preservation, the cultures were frozen in
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Modified Burk's Medium containing an equal volume of glycerol and kept at -80 C. The

isolates were also preserved in sterile powdered soil and stored at room temperature.

2.3 Initial characterization of the isolates

2.3.1 Colonial morphology and cellular morphology

Colonies of the isolated bacterium on Modified Burk's Agar, Dialyzed Soil

Medium, and on the following commercial media: Nutrient Agar, Tryptic Soy Agar,

Blood Agar and MacConkey Agar (Difco Laboratories, Detroit, MI) were examined after

48-72 h of incubation.

Cellular morphology was examined by use of the light microscope, phase contrast

microscope, scanning electron microscope and transmission electron microscope. In

addition to Gram stains, cells were examined using other staining mehtods. Observation

of flagella was performed by the method described by Gray (1926) and observation of

endospores was performed by the Schaeffer-Fulton method (Shaeffer and Fulton, 1933).

Acid-fast stains were performed by the Ziehl-Neelsen method (Henderickson and Krenz,

1991). Capsule stains were performed by two different methods; India Ink stain as a

negative stain and Anthony's capsule stain as a positive stain (Anthony, 1890). The cyst

stain was performed according to the method of Vela and Wyss (1964). All cultures were

examined for cysts at 3, 5, 7, 10 14, 21 and 28 days. The deposition of P-hydroxybutyrate
and polyphosphate was determined by the method described by Murray et al. (1994).

Cell inclusions, such as fat globules were studied by staining with Sudan and Safranin

according to the method described by Skerman (1967). Motility of the isolates was

determined on young cells (10 to 12 h cultures) by observing individual cells in wet
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medium was prepared by adding 0.5 g of NH4Cl and 4 g of agar in 1 1 Modified Burk's

Medium.

Transmission Electron Microscope studies

Cells for transmission electron microscopy studies were grown in Dialyzed Soil

Medium and Modified Burk's Medium with addition of 0.5 g of NH4C1 per

1 1 of the medium as nitrogen source and were taken at intervals of 2, 4 and 8 days. Cells

were collected by centrifuging the culture at 5,000 x g for 10 min. The supernatant was

discarded, and the cell pellet prefixed for two hours with 2% glutaraldehyde in Millonig's

phosphate buffer (pH 7.2-7.4) which consisted of 41.5 ml of 2.26% NaH2 PO4 , 8.5 ml of

2.52% NaOH, 5.0 ml of 5.4% glucose and 0.25 ml of 1.0% CaCl2. The cells were then

washed three times with the same buffer and pelleted during the last wash. To embed the

pellet, 0.5 ml of 1.5% melted agar was added to the cell pellet. The solidified agar block

was cut into cubes of 1 mm3 on the side and transferred to a solution of 1% osmium

tetroxide in Millonig's buffer for 1 hr and then washed three times with water. The cells

were dehydrated by exposing to a series of ethanol solutions of 15%, 30%, 50%, 70%,

95% in water followed by three changes of 100% ethanol of 10 min each. After

dehydration, the cells were infiltrated with a mixture of one part of Spurr's embedding

medium and two parts of 100% ethanol for 30 min followed by exposure to a mixture of

one part of Spurr's medium and one part of 100% ethanol for 2 h. The cells were

transferred to a mixture of two parts of Spurr's medium and one part of 100% ethanol for

4 h and then to pure Spurr's medium for 24 h. The pure Spurr's medium served as the

27
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final embedding medium. Spurr's embedding medium (epoxy resin mixture) consisted of

vinylcyclohexane dioxide (VCD), 10.0 g; diglycidyl ether of polypropyleneglycol (DER

36), 6.0 g; noneyl succinic anhydride (NAS), 26.0 g, and dimethylaminoethanol

(DMAE), 0.4 g.

The specimen blocks were placed in a 60 C vacuum oven for 24 h to allow

polymerization of the epoxy resin. After polymerization, each specimen block was

sectioned using an MTC-600 ultramicrotome equipped with glass knife (Sorval

Instrument, Norwark, CN). The sections were stained with uranyl acetate solution (2 g of

uranyl acetate in 20 ml of 50% aqueous ethanol) for 10 min, lead citrate solution (0.03 g

of lead citrate in 10 ml of carbon-free double distilled water and 0.1 ml of 10 N NaOH)

for 5 min. The sections were examined with a JEOL 100CX (JEOL, Tokyo, Japan)

transmission electron microscope.

Scanning Electron Microscope studies

Cells for scanning electron microscope studies were grown in the same manner as

for transmission electron microscope studies. A reusable cartridge was loaded with a

0.22 ,um filter membrane, and the cell suspension gently passed through the filter to form

a monolayer of cells on the surface of the filter. Primary fixation was done by passing

2% glutaraldehyde in Millonig's phosphate buffer through the membrane and leaving it

in contact with the cells for 1 h. The cells were then washed three times with the same

buffer and then fixed with 1 %osmium tetroxide for 1 h. After rinsing with water three

times, the cells on the filter membrane were dehydrated by passing a series of 15%, 30%,

50%, 70%, 95% ethanol in water and finally in 100% ethanol through the filter. The
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filter was placed in a critical point drying apparatus (SPI Supplies, West Chester, PA) and

frozen with liquid carbon dioxide. The samples were mounted on 1 cm aluminum stubs

and coated with a thin layer of gold by using a sputter coater (SPI Supplies, West

Chester, PA). All prepared samples were observed with a JEOL JSM-T300 (JOEL,

Tokyo, Japan) scanning electron microscope in a 20 kV accelerating beam.

2.3.2 Physiologic characteristics

The physiologic characteristics included determination of optimal growth

conditions, optimal growth temperature, optimal pH, generation time, metabolic activity,

nutritional requirements, antibiotic sensitivity and the effects of certain physical and

chemical agents on growth.

2.3.2.1 Optimal temperature

The optimal temperature for growth was determined by measuring growth at 25,

30, 37, and 45 C. Two milliliters of a 24 h broth culture, grown at 30C were inoculated

into 100 ml of sterile Modified Burk's Medium supplemented with NH4 C1 to a final

concentration of 0.05% (w/v) in 250 ml Klett flasks. The culture flasks were incubated at

the preselected temperatures under static and aerated conditions. For the determination of

growth under the aerated condition, the culture flasks were placed on a rotary shaker

operated at 100 rpm. The growth of the organism was determined by measuring the

optical density of the cultures using the Klett Summerson Photoelectric Colorimeter

(Klett. Mfg. Co., Inc., New York, NY). The measurements were made at 2 h intervals

over a span of 48 h using a green filter.
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2.3.2.2 Optimal pH

The optimal initial pH for growth was determined by measuring growth in

Modified Burk's Medium containing 0.05% (final concentration) NH 4CI. One hundred

milliters of sterile medium in 250 ml Klett flasks were inoculated with 2 ml of a 24 h

broth culture. Before inoculating, the pH of the medium in different flasks was adjusted

at 4, 5, 6, 7, 8, 9, 10 and 11 pH units at 25 C using the pH meter (Corning Scientific

Instruments, Medfield, MA) by varying the K2HPO4 and KHPO4 buffer system. All

culture flasks were incubated at 30C with shaking at 100 rpm. The growth was

determined as previously described.

2.3.2.3 Oxygen requirement

The oxygen requirement of this organism was determined in two ways. First, the

bacteria were grown in 30 ml Penicillin Bottles containing 20 ml Modified Burk's

Medium in which 0.05% NH4 C1, 0.1% agar, 0.0125% cysteine, and 0.0001% resazurin

dye. These culture bottles were capped with rubber stoppers. A stream of nitrogen was

used to eliminate oxygen from the bottles and to maintain anaerobic conditions. The

positive control bottles (aerobic) contained the same medium but were capped with cotton

plugs. The aerobic culture bottles were incubated at 30'C on a rotary shaker at 100 rpm,

and the anaerobic culture bottles were incubated at the same temperature in a stationary

position. Growth was determined by observing turbidity and performing standard plate

counts.

In addition, confirmatory tests for oxygen requirement were performed on

Modified Burk's Agar plates incubated at 30'C in anaerobic jars containing the Gas Pak
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kit (Difco Laboratories, Detroit, MI). Growth of the organisms on these plates was

recorded after 2, 4, 7, 14 and 21 days of incubation.

2.3.2.4 Generation time

The generation time of the isolates was calculated from a growth curves

performed in Modified Burk's Medium supplemented with 0.05% (final concentration)

NH4C1 under optimal growth conditions. Optimal conditions for growth were as follows:

incubation temperature, 30'C, pH 7, and maximum aeration. Growth was determined by

standard spread plate count and optical density measurements using the

spectrophotometer (Perkin-Elmer, Oak Brook, IL) at 600 nm.

2.3.2.5 Metabolic activities

The metabolic activities of the isolates were investigated by the methods

described by Smibert and Krieg (1994). All tests were done in ten replicates using

known organisms as positive and negative controls to verify the adequacy of each test

performed. Since this organism would not grow in some ordinary commercial media,

modification of some media were made in order to obtain growth. All biochemical

reactions were determined using 24 hr cultures as the inoculum and incubation

temperature was 30 C in every case.

Production of catalase was performed by adding one drop of 3% hydrogen

peroxide solution to one loopful of culture on a glass slide. The positive reaction was

indicated by the production of bubbles in the mixture. The oxidase test was performed by

placing one drop of the oxidase reagent, an aqueous solution of 1% dimethyl-p-

phenylenediamine hydrochloride, onto Whatman filter paper and then transferring a



32

colony from the plate to the spot of the oxidase reagent on the filter paper. The positive

reaction was demonstrated by a purple color on the place where the cells were deposited.

Starch hydrolysis was tested by making a single streak of the organism on Starch Agar

plates (Difco Laboratories, Detroit, MI). After incubation for 24-48 h, the plate was

flooded with Gram's iodine solution. A positive test was indicated by a colorless area

around the growth. Gelatin hydrolysis was tested by making a single streak of a given

isolate on a Gelatin Agar plate prepared by the addition of granular Gelatin (Coleman and

Bell, Rutherford, NY) to 0.4% final concentration in Nutrient Agar. After incubation for

24-48 h, the plates were flooded with gelatin precipitating reagent (15 g of mercuric

chloride in sufficient 20% hydrochloric acid to make 100 ml mixture). Positive tests

were indicated by clear zones around colonies. Esculin hydrolysis was done by

inoculating the isolate on slants of Modified Burk's Agar supplemented with 0.01%

esculin and 0.05% ferric citrate. All tubes were incubated for 24-72 h. A positive test

was indicated by a change in the color of the medium to a brownish black color. Casein

hydrolysis was tested by making a single streak of an isolate on a Casein Agar plate

prepared by adding pancreatic digest of casein to 1% final concentration in Nutrient Agar.

The test plates were incubated at 30 C up to 14 days. The positive test was indicated by

a clear zone around the growth. Milk hydrolysis was tested on Skim Milk Agar plates

prepared by combining sterile skim milk with an equal volume of double strength

Nutrient Agar. The isolate was inoculated on this medium by making a single streak and

incubating for 24-72 h. A positive test was indicated by a clear zone around the bacterial

growth.
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Hydrogen sulfide production was tested by inoculating the isolates on Modified

Burk's Agar supplemented with 0.03% sodium thiosulfate and 0.015% ferrous sulfate and

incubating for 24-72 h. Positive tests were indicated by blackening of the medium as a

result of the production of hydrogen sulfide. Indole production was determined by

inoculating the organism into tubes of Modified Burk's Liquid Medium containing 0.01%

tryptophan and 0.05% NH4C1. There was no other carbon source in the medium. A

positive test was accomplished by overlaying the 24-48 h culture with Kovac's reagent

(3.0 g dimethyl-1 aminobenzaldehyde in 75 ml of amyl alcohol and 25 ml of concentrated

hydrochloric acid). The presence of a red color in the Kovac's reagent layer indicated the

formation of indole. Citrate utilization was determined by streaking slants of Simmon's

Citrate Agar (Difco Laboratories, Detroit, MI) and incubating for 24-48 h. The positive

test was indicated by a change in the color of the medium from green to blue.

Urease activity was tested by placing the isolates on Urea Agar plates prepared by

adding 20 g urea, 0.02 g phenol red, and 15 g agar to 1 1 Modified Burk's Medium base.

A positive test was indicated by the change in color of the medium from a light orange to

deep red. The activity of DNase was tested by making a single streak of the test organism

on DNase Agar plates (Difco Laboratories, Detroit, MI). Methyl green dye (Sigma

Chemical Co., St. Louis, MO) was added to 0.02% final concentration in the DNase test

medium to aid in the visualization of the clear zone. A positive test was indicated by

change in the color of the medium from green to clear around the growth. Lipase activity

was determined by inoculating isolates in Modified Burk's Agar medium supplemented

with CaCl 2 and Tween 80 to final concentrations of 0.01 % and 1%, respectively. The
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positive test was indicated by the presence of an opaque halo around the growth after 24-

48 h of incubation.

The production of acid from carbohydrates was tested by inoculating the isolates

on Modified Burk's Medium to which a variety of carbohydrates was added individaully.

These media were prepared by adding various carbohydrates, 0.5 g NH4C1 and 0.003 g

Bromthymol Blue in 1 1 Burk's basal medium free of carbon. Table 2.1 shows the final

concentration of these compounds. Each substance was added on an equal quantity of

carbon basis with 1% glucose as the base. The acid reaction was indicated by the change

in color from green to yellow after incubation for 24-72 h.

The methyl red reaction was tested by inoculating the isolates to Modified Burk's

Medium supplemented with NH4C1 to a final concentration of 0.05%. The positive test

was indicated by the presence of a red-orange color seen after adding a few drops the

methyl red reagent. The methyl red reagent was made of 0.1 g methyl red, 300 ml of

95% ethanol and 200 ml of distilled water. The Voges-Proskauer test was run in the

same medium used for the methyl red test. A positive test was accomplished by adding

0.6 ml of 0.5% a-naphthol in absolute ethanol and 0.2 ml of 40% aqueous KOH to 1 ml

of culture. The presence of a red color at the surface of the medium indicated the

production of 2,3 butanediol.

The ability of the isolates to reduce nitrate was tested in 10 ml of Modified Burk's

Medium supplemented with KNO 3 and agar to the final concentration of 0.1% each. The

organism to be tested was placed in the medium in 15 ml test tubes with 5 mm x 40 mm

tubes inverted in the medium. Medium and inoculum were mixed gently and incubated at
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30'C. Tubes were periodically examined for gas formation which indicated

denitrification i.e. the conversion of 2NO3 to N2 via 2NOf. The presence of nitrite was

determined by adding I ml of Solution A containing of 0.02% N-i-

naphthylethylenediamine dihydrochloride in 1.5 M Hydrochloric acid and 1 ml of

Solution B containing 1% sulfanilic acid in 1.5 M hydrochloric acid, respectively, to 1 ml

of culture. The presence of nitrite was indicated by the appearance of a pink or red color

in the mixture.

Table 2. 1 Final concentration of carbohydrates in the test media.

Nitrogen fixation was determined by the acetylene reduction test (Postgate, 1974)

while dinitrogenase and nitrogen reductase were visualized by polyacrylamide gel

electrophoresis. Acetylene reduction was tested using 24-48 h cultures of the isolates

Compounds Concentration (%)

Glucose 1.0

Lactose 0.5

Mannose 1.0

Sucrose 0.5

Inositol 1.0

Inulin 1.0

Raffinose 0.3

Melibiose 0.5

Salicin 0.5

Ducitol 1.0

Rhamnose 1.0
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grown on Modified Burk's Agar slants in 100 ml vaccine bottles capped with rubber

stoppers. One milliliter of acetylene freshly prepared from calcium carbide and water

was injected into the culture bottle followed by injection of 5 ml of air in order to give

excess pressure in the bottle to compensate for gas sampling. Cultures were incubated at

30 C and 100 ,pl of gas removed by syringe at 2, 4, 12, 24 and 48 h intervals and

analyzed for ethylene on a model 5710A Gas Chromatograph ( Hewlett-Packard Co.,

Wilmington, DE) equipped with flame ionization detector. A glass column 2.5 m long

and 2 mm i.d. packed with Porapak R was used to resolve the various gases in the culture

bottles. The carrier gas was nitrogen flowing at 30 ml/min and the oven temperature was

held at 150 C. The flame ionization detector used hydrogen and air fuel and was

maintained at 200 C. Cultures of Azotobacter vinelandii run in the same manner

simultaneously provided the positive controls while uninoculated bottles were the

negative controls.

Dinitrogenase and dinitrogenase reductase were assayed by polyacrylamide gel

electrophoresis (Brill, et al., 1974). Azotobacter vinelandii was used as the positive

control. The organisms to be tested were grown in Modified Burk's Agar Medium, cells

harvested and washed in 0.01 M. phosphate buffer at a pH of 7.2 followed by

centrifugation at 10,000 x g for 10 min. The cells were then resuspended in phosphate

buffer and disrupted by sonication at 4'C. Cell debris was removed by centrifugation at

16,000 x g for 30 min and the supernatant collected for gel electrophoresis.

Polyacrylamide gel electrophoresis was performed by the method described by

Bollag and Edelstein (1991). The apparatus was an electrophoresis chamber Model 220
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(Bio-rad Lab, Richmond, CA). The separating gel was 8% acrylamide with bis-

acrylamide (ratio 30 to 0.8, w/w) and the stacking gel was 5% acrylamide with bis-

acrylamide. The separating buffer was 1.5 M Tris -HCl , pH 8.8 and the stacking buffer

was 0.5 M Tris-HCl , pH 6.8. A 20 Al sample (approximately 5 mg protein/ml) was

mixed with 5 ,ul of sample buffer (containing 312.5 mM Tris-HCl, 50% glycerol and

0.05% bromophenol blue). The electrophoresis buffer was a mixture of 25 mM Tris and

192 mM glycine in water. The electric power was 200 V while current flow was

established at 20 mA. For protein viaualization, the gels were stained with Coomassie

Brilliant Blue (Coomassie Blue R-250, 0.1 g; methanol, 45 ml; glacial acetic acid 10 ml;

and distilled water 45 ml) for 5-10 min and destained with a mixture of methanol, acetic

acid and water (10: 10: 80, v/v/v). The gel was stained with 0.7% a, a-dipyridyl

containing 8% mercaptoacetic acid for 10 min to reveal the nitrogenase enzymes.

2.3.2.6 Nutritional requirements

The ability of the isolates to grow on various substrates and utilize them as the

sole source of carbon and energy was determined by modification of the methods

recommended by Stanier and coworkers (Stanier et al., 1965). Only washed cells were

used as inoculum and they were prepared in the following manner. Cells were grown in

100 ml of Modified Burk's Medium supplemented with NH4C1 (0.05 g) for 24 h. They

were harvested by centrifugation in a Sorval Superspeed RC2B centrifuge ( Dupont

Corporation, Wilmington, DE) at 8,000 x g for 10 min. The cell pellets were resuspended

in 100 ml of Modified Burk's basal solution (Burk's liquid medium without glucose).

Cells were pelleted and washed two more times with the same solution, the final
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supernatant discarded and the packed cells diluted with Modified Burk's basal solution to

a final cell concentration of 1 x 10 Scells/ml.

Altogether 46 compounds were tested as growth substrates. Concentrated (2X)

stock solutions of the test compounds were prepared by dissolving in distilled water and

sterilizing by autoclaving or by filtration of heat-labile substances. After sterilization, 5

ml of each stock solution was added to 5 ml of sterile double strength Modified Burk's

Medium containing 0.05% NH4Cl, but no carbon source thereby bringing the final

concentration of substrate to 1%. A negative control tube consisted of 5 ml of sterile

distilled water instead of the carbon sources. The final concentration of compounds tested

is listed in Table 2.2. These are given on an equal carbon atom basis with 1% glucose as

the reference. Each tube was inoculated with 0.2 ml of the above prepared cells. All

tubes were incubated on a rotary shaker at 100 rpm for 24-72 h at 30TC. The growth of

the organism was observed by measuring the turbidity and comparing to the negative

control tubes. Only those compounds which supported growth through three serial

transfers were considered as potential substrates for the isolates.

The growth of the isolated organism on various carbon sources was also tested

on solid media in order to observe colony morphology. The washed cell suspension was

streaked on the surfaces of Modified Burk's Agar plates which contained various kinds of

carbon sources. A negative control plate was inoculated on Modified Burk's Agar with

no carbon source added. The plates were observed macroscopically after incubation for

24-72 h.
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Table 2.2 Compounds tested as sole source of carbon and energy.

Compound concentration (%) Compound concentration (%)

Glucose 1.0 Adonitol 1.3

Mannitol 1.0 Melibios 0.5

Sucrose 0.5 Levulose 1.2

Lactose 0.5 Methanol 6.0

Maltose 0.5 Ethanol 3.0

Fructose 0.5 Propanol 2.0

Arabinose 1.2 Butanol 1.5

Rhamnose 1.0 Acetic acid 3.0

Galactose 1.0 Lactic acid 2.0

Xylose 1.2 Propionic acid 2.0

Inositol 1.0 Formic acid 6.0

Mannose 1.0 Malic acid 1.5

Cellobiose 0.5 Succinic acid 1.2

Sorbitol 1.0 Oxaloacetic acid 1.5

Ribose 1.2 Citric acid 1.2

Inulin 1.0 a-Ketoglutaric acid 1.2

Rafinose 0.3 Tryptophan 0.5

Salicin 0.5 Ornithine 1.2

Ducitol 1.0 Proline 1.2

p-Hydroxybenzoic acid 0.9 Leucine 1.0

Benzoate 0.9 Arginine 1.0

Glutamic acid 1.2 Phenylalanine 0.7

Aspartic acid 1.5 Threonine 1.5

Histidine 1.3 Serine 2.0
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The ability of these organisms to utilize combined nitrogen was tested on

Modified Burk's Liquid Medium supplemented with different kinds of nitrogen sources

on an equimolar concentration of nitrogen (N) using 0.05% NH4C1 as the basis. The

test compounds are listed in Table 2.3. The media used in this study were prepared in

the manner described for carbon utilization with the exception that NH4C1 was not

added and 2% glucose was incorporated. The growth of the organism on various

nitrogen sources was tested as previously described.

Table 2.3 Compounds tested as the sole sources of nitrogen.

Since the nutrient requirements of this organism were unknown, a variety of

common laboratory media were used in order to evaluate the ability of the isolates to

grow therein. Nutrient Broth, Tryptic Soy Broth, MR-VP Broth, Fluid Thioglycolate

Broth, Phenol Red Lactose Broth, Brain Heart Infusion Broth and Peptone water were

prepared according to the instruction of the manufacturer (Difco Laboratories, Detroit,

MI). One hundred milliliters of each sterile medium in 250 ml Klett flasks were

inoculated with 2 ml of washed cell suspension prepared as previously described. The

Compound Concentration (%)

KNO3  0.05

NH4Cl 0.05

(NH4)2SO4  0.025

Urea 0.05

Peptone 0.05

Yeast extract 0.05
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flasks were incubated for 24-72 h and examined for growth by measuring the turbidity

with the Klett meter. Solid media were also prepared to evaluate the ability of the

organism to grow on agar media. The following solid media were prepared according to

the manufacturer's recommendation: Tryptic Soy Agar, Nutrient Agar, EMB Agar,

MacConkey Agar, Blood Agar Phenylalanine Agar, Triple Sugar Iron Agar, Azide

Dextrose Agar, Mannitol Salt Agar, Peptone Yeast Extract Agar, and Peptone Water

(Difco Laboratories, Detroit, MI). The washed cells were streaked on these plates and

examined for growth after incubation for 24-72 h. Media which supported the growth of

the organism through three serial transfers were recorded as capable of providing a

suitable growth medium.

2.3.2.7 Antibiotic susceptibility

Antibiotic susceptibilities were determined by the disk method using Bacto

sensitivity disks (Difco Laboratories, Detroit, MI). The antibiotics tested included

ampicillin, azteonam, cefoxitin, chloramphenicol, erythromycin, gentamycin, kanamycin,

novobiocin, oxacillin, penicillin, streptomycin and tetramycin. Colonies of the isolates

were taken from the surface of Modified Burk's Agar plates and suspended in 0.85%

saline solution making the cell turbidity equivalent to a 0.5 McFarland barium sulfate

standard. The cell suspension was inoculated on Mueller-Hinton Agar plates (Difco

Laboratories, Detroit, MI) using a sterile cotton swab to obtain confluent growth. The

antibiotic disks were placed on the inoculated plates and the plates incubated at 30C for

48 h. To determine antibiotic sensitivities, the zone of clearing around the antibiotic disk
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was measured and compared with a standard table provided by Difco Laboratories

(Detroit, MI).

2.3.2.8 Physical and chemical effects on growth

Resistance to sodium chloride test

The ability of the isolates to grow in the presence of sodium chloride was

performed in Modified Burk's Medium containing 0.05% (final concentration) of NH4C1.

Sodium chloride was added to the medium to final concentrations of 0%, 1%, 3%, 5%

and 10%. Ten milliliters of sterile medium containing the different amounts of sodium

chloride in 15 ml test tubes were inoculated with 2 ml of the cell suspension prepared as

previously described. All tubes were incubated on a rotary shaker at 100 rpm for 24-72 h

at 30'C. Growth was determined by measuring the turbidity of the resulting cultures.

One hundred microliters of the washed cell suspension were also spreaded on Nutrient

Agar plates containing sodium chloride at the same concentrations as above. Colonies

that appeared on these plates after 24-72 hr of incubation were noted and described.

Osmotic effect on growth

The osmotic effect of glucose on the growth of the isolates was investigated in the

same manner as for the sodium chloride tolerance test except that glucose was added to

the medium to final concentrations of 0.1%, 0.5%, 1%, 2%, 4%, 6%, 8% and 10% instead

of sodium chloride. For observation of colonies on solid media, Modified Burk's Agar

plates containing glucose at the same concentration as above were used. The plates were

examined after 24-72 h of incubation.
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Dye tolerance test

The ability of the isolates to grow in the presence of dyes was investigated by

inoculating 24 h cultures on Modified Burk's Agar plates. Dyes tested included

Bromocresal Green, Bromothymol Blue, Crystal Violet, Malachite Green, Methylene

Blue, and Safranin. The concentrations of the dyes were 0.06% to 0.1%. Twenty

microliters of each dye solution were placed in sterile filter paper disks (Whatman #3, 0.5

cm in diameter) and allowed to evaporate. The disks were then placed on the inoculated

agar plates. The plates were incubated at 30C for 24-72 h and the zone of inhibition

measured.

Heat resistance test

Heat resistance of the isolates was determined using 24 h cultures grown on

Modified Burk's Medium supplemented with 0.05% (final concentration) NH4C1 and also

on Dialyzed Soil Medium. All cultures were placed in 60 and 80C water baths. One

hundred microliters of each culture were then removed at 0,10, 20, 30, 40, and 60 min

and plated on Tryptic Soy Agar determine the number of cells by standard plate count.

Ultraviolet radiation (UV) resistance test

The resistance of the cells to UV radiation was investigated in the same cultures

used for the heat resistance test. The isolates were spread on Nutrient Agar plates to

obtain confluent growth using sterile cotton swabs. The lid of the inoculated plates were

removed and the cells exposed to UV for 1, 3, 5 and 10 min using long wave ultraviolet

model XX-15, 115 volts, 0.68 amps (Ultraviolet Products Inc., San Gabriel, CA) shining

at 10 inches above the plates. All plates were then wrapped with aluminum foil to avoid
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photoreactivation and incubated at 30 C for 24-72 h. Colonies on these plates were

examined after incubation and compared to the control (0 min).

2.3.3 Molecular characteristics

The mole percent guanine-plus-cytosine (% G+C) content of DNA and nucleotide

sequences of 16S rRNA genes were determined as follows.

2.3.3.1 Determination of % G+C content

The guanine-cytosine base ratio was determined by the ultraviolet

spectrophotometry method described by Skidmore and Duggan (1966). The organisms

used for DNA isolation were grown to mid- to late logarithmic growth phase in Modified

Burk's Medium supplemented with 0.05% (final concentration) NH4C1 on a rotary shaker

at 200 rpm at 30 C. Cells were harvested by centrifugation. The DNA was extracted

and purified by a modification of the method of Marmur (Frederick, 1987 ). Five

hundred milligrams (wet wt) of pelleted cell were washed and resuspended in 1 ml saline-

EDTA (0.15 M NaCl, 0.1 M Na 2 EDTA, pH 8.0). The cells were lysed by adding sodium

lauryl sarcosine (SLS) to a final concentration of 2% (w/v) and incubating at 60 C until

the suspension became clear and viscous (generally 10 to 30 min). Sodium acetate was

added to a final concentration of 1 M and an equal volume of chloroform-isoamyl alcohol

solution added and the mixture gently mixed. The suspension was centrifuged in a micro

centrifuge for 5 min at 4 C. The upper, aqueous, phase was discarded. Nucleic acids

were then precipitated by adding two volumes of cold 100% ethanol. After centrifugation

at 5 C for 2 min, the supernatant was discarded, the pellet resuspended in 0.1 ml Tris

EDTA (TE) buffer (10 mM Tris-HCL and 1 mM EDTA, pH 8.0). Ribonuclease A was
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added to a final concentration of 100 4g/ml and the suspension incubated at 37 C for 30

min. DNA was extracted by adding an equal volume of phenol and chloroform and

precipitated from the chloroform by adding 0.1 volume of 3 M sodium acetate and two

volumes of cold 100% ethanol. After freezing at -70 C for 15 min, the DNA precipitate

was collected by centrifugation at 4 C for 15 min. The DNA pellet was dried in a

speed-vac (Savant Instrument, Inc., Farmingdale, NY), and then resuspended in TE

buffer to a final concentration of 1 mg DNA/ml of solution. The purity of the DNA

preparation was determined by UV spectrophotometry measuring the A260/A280 ratio.

Deoxynucleotide monophosphate of adenylate (A), thymidylate (T), guanylate

(G), and cytidylate (C) were obtained from Sigma Chemical Company (St. Louis, MO).

Standard solutions were prepared in water (50 yaM each). Standard mixtures of AT and

GC were prepared by mixing equal volumes of the working standards of A with T and

then G with C. The total base concentration of each standard mixture was 50 UM. Three

milliliters of DNA solution, a standard mixture of 50 ,pM each of A and T and a standard

mixture of 50 4M each of G and C were placed in separate tubes and hydrolyzed in 0.3

ml of 12 N perchloric acid at 110 C for 15 min. After hydrolyzing, all tubes were

removed from the tube heater and immediately cooled to room temperature. The spectra

of each sample was determined at three wavelengths, 273 nm, 264 nm and 286 nm, using

a spectrophotometer (Perkin-Elmer centers Corp., Norwalk, CT). The G+C content of

DNA was calculated from the following formula:

% G+C = 100 - {[A(A^GC)2 73nm /(A(^T)264nm-A T)286 nm)]x [(A DNA264nm-ADNA286 nm)/ADNA273]XlOO}
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2.3.3.2 16S rRNA analysis

The nucleotide sequences of 16S rRNA genes of the isolates were determined as

follows:

DNA extraction

DNA was isolated in the following manner. A few colonies of the organism

grown on a Tryptic Soy Agar plate were scrapped from the plate and resuspened in 100

pl of 0.01 mM Tris buffer, pH 7.6 in a bead beater tube. Ten mg of glass beads and 100

Ml of phenol were added into the tube. The tube was placed on the bead beater set for 1

min on the homogenizing setting. After homogenizing, the tube was centrifuged 5 min at

13,000 x g, and the aqueous layer (top layer) was transferred to another tube. An equal

volume of chloroform was added to the tube containing the aqueous layer, agitated on a

"vortex" apparatus (Thermolyne, Dubuquee, IA) and then centrifuged for 5 min at 13,000

x g. The aqueous phase was again removed to another tube, and 0.1 volume of 3M

sodium acetate was added to this tube followed by an equal volume of 2-propanol to

precipitate the DNA. The tube was placed on ice for 10 min and centrifuged at 13,000 x

g for 5 min. The supernatant was carefully removed from the tube and the DNA

precipitate washed by adding 200 Al of 70% aqueous ethanol and centrifuging at 13,000 x

g for 5 min. After the ethanol was removed, the DNA pellet was dried in a speed vac and

resuspended in 20 ,tl of distilled water.

Amplifications of the 16S rRNA genes by the polymerase chain reaction (PCR)

were carried out in 0.1 ml PCR reaction tubes using a Perkin-Elmer DNA Thermal Cycler

(Perkin-Elmer Centers Corp., Norwalk, CT). Each amplification reaction contained 5 ,al
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of reaction buffer (100 mM Tris-Hel, pH 8.3), 6 pl of 25 mM MgCl2 , 4 ,l of dNTP

mixture (2.5 mM each dNTP), 2 Al of universal forward primer (20 AtM stock), 1 41 of

universal reverse primer (20 AtM stock), 3 pl double distilled water, 1 4l template DNA,

and one Promega Tag Bead Polymerase (Promega Corp., Madison,WI). The PCR was

established for 30 cycles of amplification program set as follows: preheating for 5 min at

94'C, denaturation for 45 sec at 94'C, annealing for 45 sec at 53 C and elongation for 90

sec at 72 C. After 30 cycles, the final product was held at 4C.

The amplification products were run on agarose gels to visualize the selected size

bands for 16S rRNA genes, which were approximately 1,500 bp. Five microliters of PCR

products were mixed with 1 Ad of loading buffer containing 312.5 mM Tris-HCl, 50%

glycerol and 0.05% bromophenol blue before loading onto 1% agarose gel in Tris Borate

EDTA buffer (89 mM Tris base, 89 mM boric acid and 2mM EDTA) containing 1 Al/ml

ethidium bromide. The gel was run for 60 min at the total voltage of 100 mV, 20 mA,

and visualized using the UV transilluminator ( West Coast Scientific, Inc., Emeryville,

CA).

DNA sequencing and data analysis

The amplified DNA was purified by use of a Promega PCR Wizard kit

(Promega Corp., Madison. WI). The nucleotide sequences were determined using an ABI

377 automatic sequencer (TE Biosystem, Soster City, CA). The DNA sequence data

were aligned with previously published 16S rRNA sequences using known conserved

regions and secondary structure characteristics as references. The reference sequences
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were available from the Gene Bank and Ribosomal Database Project (RDP) database.

Homology and distance values were calculated using sequence pair comparisons of only

unambiguous, homologous nucleotides. Dendrograms were constructed using the RDP

software called "vtree."

2.4 Identification of the isolates

Phenotypic and genotypic characteristics by several other methods were used to

identify and determine the taxonomic position of the isolates. The studies of phenotypic

characteristics, such as morphology and physiology of this bacterium were previously

described. Other methods used were as follows:

2.4.2 Cellular Fatty Acid Methyl Ester (FAME) analysis

Cellular fatty acid extraction, methyl ester preparation, and methyl ester

separation by gas chromatography were performed by a modification of the method

Smibert and Krieg (1994) and following the instruction manual of the Microbial

Identification System (MIDI: , Microbial ID, Inc, Newark, DE). Since the organism did

not grow on Trypticase Soy Agar which was recommended for growing cells to be

examined in this study, the bacteria were grown on Tryptic Soy Agar. Cells from Tryptic

Soy Agar plates were suspended in 0.5 ml distilled water in a 10 ml tube with Teflon-

lined screw caps. They were saponified by adding 1 ml of NaOH-methanol solution

(15% NaOH in 50% aqueous methanol) and heating at 100 C for 30 min. They were

then methylated by adding 1.5 ml of HCI-methanol solution (25% HCl in methanol) and

heating at 100 C for 15 min. The methyl esters were extracted by adding 1.5 ml of

ether-hexane (1:1 v/v) and shaking vigorously. The lower layer which was the aqueous
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phase was removed and discarded. The remainder was washed with 1 ml of phosphate

buffer (pH 10) before injecting into the gas chromatograph equipped with flame

ionization detector. The fused silica capillary column (25 m long, 0.2 mm. i.d.)

containing cross-linked methylphenyl silicone (SE52) as the stationary phase was used.

The column temperature was programmed to increase from 170 to 300 C at a rate of

5 C/min and maintain at 300 C for 1 minute. The detector and injection port

temperatures were 300C and 250 C, respectively. Nitrogen was used as the carrier gas

flowing at 30 ml/min. Air and hydrogen were used as fuel for the detector flowing at 400

and 30 ml/min, respectively. Fatty acids were identified and quantified by using the

Microbial Identification (MIDI) System (Microbial ID, Inc., Newark, DE).

2.4.3 Generic fingerprints by ribotyping using RiboprinterTm System

DNA extraction for ribotyping

Since the bacterial cells could not be broken and DNA could not be extracted by

the method recommended by the manufacturer's instructions for the Riboprinter"m

System (Qualicon, Inc., Wilmington, DE) , bacterial DNA for this analysis was obtained

by the method described by Frederick (1987) using hexadecyl-trimethylammonium

bromide (CTAB). Bacterial colonies grown on Modified Burk's Medium were scrapped

from agar plates and suspended in 567 pl Tris EDTA buffer. Then, 30 Ml of 10% Sodium

dodecyl sulfate (SDS) and 3 pl of 20 mg/ml proteinase K were added to the cell

suspension. After the mixture was incubated at 37 0C for 60 min, 100 pJ of 5 M NaCl

and 80 Al of CTAB/NaC1 (equal volumes of 10% CTAB and 0.7% NaCi) were added,

mixed, and incubated for 10 min at 65 C. The DNA was extracted once with an equal
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volume of chloroform / isoamyl alcohol (24:1), reextracted with an equal volume of

phenol / chloroform /isoamyl alcohol (25:24:1) and precipitated with 0.6 volumes of

isopropanol. The DNA was pelleted by centrifuging briefly in a microcentrifuge. The

pellet was then washed with 1 ml 70% aqueous ethanol and dried in a speed-vac. The

DNA pellet was resuspended in 1004l of distilled water.

Analysis of ribotyping patterns

The RiboPrinterTM System was used to generate all the ribotyping patterns. This

instrument was operated to do many steps in ribotyping; digestion of chromosomal DNA

was performed with restriction enzymes followed by electrophoretic separation of the

digested DNA and transfer of the DNA fragments to the hybridization membrane,

hybridization with probe DNA sequences (5.5 kb ribosomal RNA operon sequences

derived from E.coli). Chemiluminescence detection of the 16S and 23S rRNA probes

corresponded to ribosomal RNA chromosomal gene fragments and conversion of

detected chemiluminescent DNA bands to digital information for the ribotyping image

analysis. The restriction enzymes used in this study were AseI, HaeII, BanI and EclHK I

(Promega, Corp., Madison, WI).

2.5 Geographic distribution of the organism

A total of 188 soil samples were collected from various sites in the United State

and from various countries throughout the world. Soils were obtained from a depth of 1-

2 cm after removing surface to eliminate rocks, debris, and litter.

All precautions and aseptic technique were used throughout the procedure in order

to diminish or eliminate contamination. A small amount of soil was sprinkled onto the
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surfaces of five Modified Burk's medium plates, and these were incubated at 30 C for 2-

4 days. All culture plates were exmained for the transparent, mucoid colonies

characteristic of the reference bacterium. Candidate colonies were restreaked onto fresh

plates of the same medium until pure cultures were obtained. Purity was determined by

streaking on Tryptic Soy Agar and by Gram stain.

Pure cultures of each isolate were compared using colony morphology, cell

morphology, and several biochemical tests. Isolates which matched the reference strain

in these characteristics were considered to be clones or related strains of the organism

under investigation. Fifty organisms were isolated by this process. If no candidate

colonies were observed in a soil sample, three additional sets of isolate plates were

prepared making a total of 15 primary isolation plates for each soil examined. After the

fourth failure to detect the bacterium, it was assumed that the organism was not present in

the given soil. The biochemical tests employed in identifying the soil isolates were:

hydrolysis of starch, milk, and gelatin, utilization of carbohydrates, and DNase, Urease,

Oxidase and catalase production tests.

2.6 Isolation and determination of chemical composition of the exopolysaccharide

(EPS) produced by the bacterium

Growth and exopolysaccharide (EPS) production were carried out in 2 1 flasks

containing 1 1 of Modified Burk's Medium supplemented with NH4 C1 to 0.01% final

concentration inoculated with 20 ml of inoculum grown overnight in the same medium.

The growth medium was Modified Burk's Medium. These cultures were incubated at 30

'C in the rotary shaker. After 5 days, the EPS was harvested as follows.
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The cells were removed by centrifugation at 16,000 x g for 20 min at 4 C. The

EPS was precipitated from the cell-free supernatant by adding 3 volumes of chilled 95%

ethanol. It was collected on an L-shape glass rod and redissolved in distilled water. The

solution was dialyzed for three days against distilled water with three changes each day.

It was then lyophilized.

Two mg of EPS was hydrolyzed in 1 ml of 2 M Trifluoroacetic acid at 80 C for 6

h. Sugar components were identified by thin-layer chromatography using Whatman K6

silica gel plates (Whatman Inc., Clifton, NJ). The plates were developed with n-

propanol-H 20 (90:10 v/v) for 2 h. The visualization of carbohydrates on thin-layer silica

gel plates was performed by spraying with sulfuric-methanol (1:3 v/v) followed by

heating for 10 min at 110-120 C.



CHAPTER III

RESULTS

3.1 Isolation of the bacteria

Colonies of this bacterium were easily distiguishable from other bacteria

appearing on the primary isolation culture plates. The organism formed large colonies

some 5 to 10 mm in diameter. They were mucoid, transparent, non-pigmented, entire and

convex (Figure 3.1). These colonies contained cells with large capsules when viewed by

the India Ink negative stain (Figure 3.2). The capsules were large and "sticky" and had

the propensity to trap contaminants. This made obtaining pure cultures quite difficult. To

do this the organism had to be restreaked several times on fresh plates of Tryptic Soy

Agar and Dialyzed Soil Agar where little capsular mterial was produced.

A total of 10 bacterial isolates were obtained from the primary culture plates of

the original soil from South Texas. These were designated P1, P2, P3, P4, P5, P6, P7, P8,

P9, and P10.

3.2 Morphological charateristics

Pure cultures of the newly isolated organism grew well on Modified Burk's Agar

producing large, mucoid colonies, as described above, while colonies grown on Dialyzed

Soil Agar were small with a diameter of 2 to 3 mm, flat, opaque, and not as mucoid

(Figure 3.3). On Tryptic Soy Agar, Nutrient Agar and Blood Agar the colonies were

53
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clear, convex, entire, round, slightly muciod, and 2 to 3 mm in diameter (Figure 3.4).

There was no pigment produced on any of the these media.

The organism is a Gram-negative straight rod 1-2 gm in diameter and 4-6 um

long when grown in Modified Burk's Agar (Figure 3.5). The cells occur singly, in pairs

or in short chains. In Modified Burk's Agar, young cells have a homogenous cytoplasm,

but older cells show large refractile bodies in the cytoplasm. When the cells were stained

with Anthony's capsule stain, they exhibited a large, light blue capsule and a dark purple

cell. The capsules were approximately 18 ,m in diameter and 23 pm long giving a

volume of approximately 5,860 pam3. The cells measured an average of 1.4 ,m in

diameter and an average length of 5.5 ,um giving a cell volume of approximately 8.5 Atm3.

The average ratio of capsule to cell volume is 690 to 1. Figure 3.6 demonstrates these

structures quite vividly. Cysts were not observed in the isolate when compared to

Azotobacter vinelandii. Repeated observations of wet mounts under phase contast

microscopy repeatly showed that the organism was not motile. On semi-solid agar tubes,

dense growth was observed along the inoculation site only also indicating lack of

motility. In addition, flagella were not present when the cells were examined with the

Gray's flagella stain. Repeated examinations of many cells at various culture ages with

both scanning and transmission electrron microscopy failed to reveal the presence of

flagella, fragments thereof, or "J" hooks on cell membranes. Repeated examinations of

cells grown on the various media and at different culture ages with the Ziehl-Neelsen

acid-fast stain showed that the bacteria under study were not acid-fast.
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Figure 3.1 Colonies of the isolate grown on Modified Burk's Agar at 300C for 36 h.

The magnification of the plate is 0.9X.
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Figure 3.2 India ink negative stain of the isolate grown on Modified Burk's Agar for 36

hat 30 C. Bar represents 10 um.
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Figure 3.3 Colonies of the isolate grown on Dialyzed Soil Medium at 30 C for 36 h.

The magnification of the plate is 0.9X.
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Figure 3.4 Colonies of the isolate grown on Tryptic Soy Agar at 300C for 36 h. The

magnification of the plate is 0.9X.
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Figure 3.5 Gram stain of the isolate cultured on Modified Burk's Agar. The cells

shown were grown at 30 C for 36 h. Bar represents 10 um.
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Figure 3.6 Anthony's capsule stain of the isolate grown on Modified Burk's Medium at

30 C for 36 h. Bar represents 10 pm.
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When grown on Dialyzed Soil Agar, cell morphology differed. The cells were

smaller and did not present cytoplasmic granules or capsules (Figure 3.7). Cells grown

on Tryptic Soy Agar produced less capsular material than those grown on Modified

Burk's Agar. A Gram stain of cells growm on Tryptic Soy Agar is shown in Figure 3.8.

A scanning electron microscope and a transmission electron microscope were

used to examine the fine structure of the isolate and to confirm the information obtained

with the light microscope. Ultra-thin sections revealed a dispersed nucleus which is

characteristic of prokaryotes. In addition, the cell walls of the isolate appeared as

multilayered structures like those of other Gram-negative bacteria (Figure 3.9). Cells

grown on Dialzed Soil Medium processed spores as demonstrated by transmission

electron microscope examination of ultra-thin sections and by the Schaeffer-Fulton

staining technique (Figures 3.10 and 3.11).

Figures 3.12-3.14 represent the outer surface of the isolates grown on different

media. Cells grown on Modified Burk's Agar were covered with capsular material, while

those grown on Tryptic Soy Agar and on Dialyzed Soil Agar had smaller capsules. The

cells grown on Dialyzed Soil Agar showed a somewhat different morphology. They had

a striated outer covering and many had a knob at the end of the cell.
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Figure 3.7 Gram stain of the isolate cultured on Dialyzed Soil Agar at 30'C for 36 h.

Bar represents 10 ,um.
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Figure 3.8 Gram stain of the isolate cultured on Tryptic Soy Agar at 30 C for 36 h.

Arrow #1 points to unidentified inclusion. Arrow #2 points to a different but also

unidentified inclusion. Bar represents 10 pm.
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Figure 3.9 Transmission electron micrograph of the isolate cultured on Modified Burk's

Agar at 30'C for 48 h. Arrow #1 shows the unidentified inclution while arrow #2 shows

the typical Gram negative cell wall. Bar represents lym.
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Figure 3.10 Transmission electron micrograph of the isolate cultured on Dialyzed Soil

Agar at 30 C for 5 days. Vegetative cells are shown by arrow #1, a forespore by arrow

#2, and mature spore by arrow #3. Arrow #4 shows spore coat. Bar represents 1ym.



75



76

Figure 3.11 Schaeffer-Fulton spore stain of the isolate cultured on Dialyzed Soil Agar at

30'C for 5 days. Spores appear greenish blue and cells reddish in this preparation. Bar

represents 10 ,m.
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Figure 3.12 Scanning electron micrograph of the isolate grown on Modified Burk's

Agar at 30'C for 48 h. Cells are embeded in capsular material. Bar represents 10 ,um.
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Figure 3.13 Scanning electron micrograph of the isolate grown on Tryptic Soy Agar at

30 C for 48 h. Cells are covered with thick layer of capsular material.
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Figure 3.14 Scanning electron micrograph of the isolate grown on Dialyzed Soil Agar at

30C for 5 days. Striations and cell "knobs" are not seen in other media.
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3.3 Physiological characteristics

3.3.1 Optimal growth temperature

In order to study the effect of temperature on the growth characteristics of the

isolate, both static and aerated conditions, i.e., stationary flasks and shake flasks, were

used to measure growth at four selected temperatures. The results are shown in Figures

3.15 and 3.16. It is obvious that the optimal temperature for growth of this organism

under aerated conditions is 30'C. Its growth range is 25 'C to 45 C. The optimal

growth temperature under static conditions is probably also 30C. Although the

organism is capable of growing with reduced amounts of oxygen, it grows much more

efficiently with abundant aeration confirming the data which show it to be an obligate

aerobe.

3.3.2 Optimal pH

Growth of the isolate at various pH values is shown in Figure 3.17. The pH range

for growth of this bacterium extends from 6.0 to 10.0. From these data, it is ascertained

that the optimal pH for growth is 7.0 - 8.0 as shown in Figure 3.18.

3.3.3 Oxygen requirement

When the organism was cultured according to the strict anaerobic conditions

described in Materials and Methods, no growth was observed. This fact is demonstrated

by the data shown in Table 3.1. To confirm the oxygen requirement of this bacterium,

cells from an actively growing log-phase cultures were streaked onto Modified Burk's

Agar plates and incubated in anaerobic jars at 30 C. No growth was observed even after
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21 days of incubation indicating the inability of the organism to grow in the absence of

air, i.e., oxygen.

Table 3.1 Results of tests designed to show the oxygen requirement of the organism

under study. The organism was grown in Modified Burk's Medium supplemented with

NH4 Cl to final concentration of 0.05% (w/v) at 30 C for 24 h.

Viable cells/ml

Day Aerobic condition Anaerobic condition

0 2.0x10 3  2.3x10 3

1 5.5x105  1.0x103

2 9.3 x 105  Less than1.0 x 102

3.3.4 Generation time

The growth curves obtained by the standard plate count and by the turbidimetric

method are demonstrated in Figure 3.19. The average generation time for the organism

was found to be 126 minutes.

3.3.5 Metabolic activities

The biochemical reactions exhibited by the isolate are shown in Table 3.2.

Although the organism was originally isolated on basal salts media with no nitrogen

compound added, it was not able to fix atmospheric nitrogen. No ethylene was produced

in the acetylene reduction test (Figure 3.20), and dinitrogenase and dinitrogenase
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reductase were not detected on gel electrophoresis when compared to Azotobacter

vinelandii, the positive control (Figure 3.21).

3.3.6 Nutritional requirement

The isolate was able to use several kinds of carbohydrates, organic acids, and

amino acids as the sole source of carbon (Table 3.3). Colonies of the isolate on various

carbon sources varied in size and appearance. The bacterium used some compounds,

such as glucose, fructose, sucrose, and maltose and produced capsules which gave

mucoid colonies on semi-solid media. In contrast, the isolate grew on media containing

other compounds, such as some amino acids and alcohols but the cells were not

encapsulated and the colonies lacked the mucoid character.
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Table 3.2 Results of various tests conducted according to the methods described in

Materials and Methods.

Test Result

Motility -

Catalase +

Oxidase..

Starch hydrolysis -

Gelatin hydrolysis +

Esculin hydrolysis -

Casein hydrolysis -

Milk hydrolysis +

H2S production..

Indole production -

Citrate utilization -

Urease utilization -

DNase activity..

Lipase activity +

Methyl Red..

"+"= positive reaction.
"-"= negative reaction.

ResultTest

Voges-Prokauer

Acid production from:

Glucose

Lactose

Mannose

Sucrose

Inositol

Inulin

Raffinose

Melibiose

Salicin

Dulcitol

Rhamnose

N03 - reduction

Nitrogen fixation

No growth

+

+

+

+

+

+

+

+

+
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Table 3.3 Ability of the isolate to grow on various carbon substrates incubated at 30 C
for 24-72 hours. The growth medium contained O.05%NH 4CI as a nitrogen supplement.

Compound Growth Colony on
agar plate

Glucose
Manitol
Sucrose
Lactose
Fructose
Arabinose
Rhamnose
Galactose
Xylose
Inositol
Mannose
Cellobiose
Sorbitol
Ribose
Inulin
Raffinose
Salicin
Ducitol
p-Hydroxybenzoic acid
Sodium benzoate
Glutamic acid
Aspartic acid
Histidine
Maltose

Adonitol

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Mucoid
Mucoid
Mucoid
Mucoid
Mucoid
Mucoid
Mucoid
Mucoid
Mucoid
Mucoid
Mucoid
Mucoid

Mucoid
Mucoid
Mucoid
Mucoid

Mucoid

Compound Growth Colony on
agar plate

Melibiose
Levulose
Methanol
Ethanol

Propanol
Butanol
Sodium acetate
Lactic acid

PropionicI
Formic acid
Malic acid
Sodium succinate
Oxaloacetic acid
Citric acid
«-Ketoglutarate

Tryptophan
Ornithine
Proline
Leucine

Arginine
Phenylalanine

Threonine
Serine

+

+

+

+

+

+

+

+

+

+

+
+
+

+

+
+

Mucoid
Mucoid

Not mucoid
Not mucoid
Not mucoid
Not mucoid

Not mucoid

Not mucoid
Not mucoid
Not mucoid
Not mucoid
Not mucoid
Not mucoid

Slightly
mucoid

Not mucoid
Not mucoid

"+"= growth, "-"= no growth.



89

Figure 3.15 Growth of the isolate at different temperatures on the rotary shaker at 100

rpm. The culture medium was Modified Burk's Medium supplemented with NH4 C1 to a

final concentration of 0.05% (w/v).

-o-25C -e--30C -o--37C -B-45C
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Figure 3.16 Growth of the isolate in different temperatures under static condition.

The culture medium was Modified Burk's Medium supplemented with NH4 C1 to a final

concentration of 0.05% (w/v).

-o- 25 C -.--30 C -o- 37 C -u--45 C
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Figure 3.17 Growth of the isolate at various pH values. The organism was grown in

Modified Burk's Medium supplemented with NH4CI to final concentration of 0.05%

(w/v) on the rotary shaken at 100 rpm at 30 *C.

-o-pH 4 --- pH 5--o--pH 6 -U-pH 7 -A--pH 8 -*-pH 9 -+-pH 10 -+-pH 11



94

80

70

60

50

40

30.

20

10-

0

0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hr)



95

Figure 3.18 Optimal pH of the isolate. The organism was grown in Modified Burk's

Medium supplemented with NH4 C1 to final concentration of 0.05% (w/v) on the rotary

shaken at 100 rpm at 30 0C for 24 hours.
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Figure 3.19 The generation time of the newly discovered organism was determined on

Modified Burk's Medium supplemented with NH4Cl to final concentration of 0.05%

(w/v) at 30 *C. Cells were counted on Tryptic Soy Agar after 36 hours incubation at

30 *C.
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Figure 3.20 Gas chromatograms depicting acetylene reduction by Azotobacter

vinelandii. (A) and the isolate (B) grown on Modified Burk's Agar 30 C for

48 h. The control (C) is an uninoculated bottle to which 1 ml acetylene was added. The

peak shown at 1 min retention time is ethylene while those at 3 min represent the

acethylene added for the test.
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Figure 3.21 Demonstration of dinitrogenase and dinitrogenase reductase on

polyacrylamide gel electrophoresis. The isolate and Azotobacter vinelandii were grown

on Modified Burk's Agar at 30 'C for 48 hours.
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The utilization of nitrogenous compounds is shown in Table 3.4. This brief list

shows that the organism uses only inorganic nitrogen compounds. From this, it can be

assumed that the isolate has the ability to synthesize all nitrogenous cell constituents.

The data also explain why the organism does not grow on common laboratory media as

seen in Table 3.5.

3.3.7 Antibiotic susceptibility

The organism was susceptible to the majority of antibiotics (Table 3.6) used. It

was capable on growing only in the presence of penicilin, oxacilin and aztreonam.

3.3.8 Effects of physical and chemical agent on the growth of the isolate.

The newly discovered organism grew in the presence of sodium chloride at

concentrations up to 1% (Table 3.7 and Figure 3.22). In addition, it was capable of

growing in glucose at concentrations up to 10 % (Figure 3.23). The ability of the isolate

to grow in the presence of various dyes is shown in Table 3.8.
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Table 3.4 Ability of the organism to grow on various nitrogen sources. The organism

was grown in Modified Burk's Medium supplemented with 2% glucose incubated at

30 C for 72 h.

"+" = growth

= no growth.

The organism grown in Dialyzed Soil Medium showed its ability to heat-

resistance. It can survive after being heated at 60 C and 80 C for 60 minutes. The

isolate grown in Modified Burk's Medium did not show this abilitiy (Figure 3.24). In

addition, the isolate grown in Dialyzed Soil Media was able to resist UV radiation for 1

minute while cells grown in Modified Burk's Medium did not survive after exposure to

radiation (Table 3.9).

Nitrogen source Growth

KNO 3  +

NH4Cl +

(NH4)2S0 4  +

NaNO 2  +

Urea

Peptone

Yeast extract
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Table 3.5 Growth of the organism on common laboratory media incubated at 30 C for

72 h.

Medium Growth

Nutrient Broth -

Tryptic Soy Broth -

MR-VP Broth -

Fluid Thioglycolate Medium -

Phenol Red Lactose Broth -

Brain Heart Infusion Broth -

Tryptic Soy Agar +

Nutrient Agar +

Eosin Methylene Blue Agar -

Blood Agar +

Phenylalanine Agar .

Triple Sugar Iron Agar -

Azide Dextrose Agar -

Mannitol Salt Agar .

MacConkey Agar -

Starch Agar +

Peptone water .

Peptone Yeast Extract Agar -

"+"= growth, "-"= no growth
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Table 3.6 Antibiotic susceptibility of the organism. The organism was grown on

Mueller-Hinton Agar at 30 C for 48 h.

Antibiotic Result

Streptomycin (10 mcg) Sensitive

Cefoxitin (30 mcg) Sensitive

Kanamycin (30 mcg) Sensitive

Tetracyclin (30 mcg) Sensitive

Novobiocin (30 mcg) Sensitive

Penicillin (10 units) Resistant

Erythromycin (15 mcg) Sensitive

Oxacillin (1 mcg) Resistant

Aztreonam (30 mcg) Resistant

Ampicillin (10 mcg) Sensitive

Gentamycin (10 mcg) Sensitive

Chroramphenical (30 mcg) Sensitive

Nalidisic acid (30 mcg) Sensitive
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Table 3.7 The growth of isolates in the presence of sodium chloride. The organism was

grown at 30'C for 72 h.

Growth in Burk's medium Growth on
% NaCl Nutrient Agar plates

Initial O.D. Final O.D.

0 0.015 0.320 +

0.5 0.015 0.311 +

1 0.015 0.290 +

3 0.015 0.013 -

5 0.015 0.012 -

10 0.015 0.018 -

15 0.015 0.014 .

20 0.015 0.004
"+"= growth, "-"= no growth

Table 3.8 Growth of the organism in the presence of dyes added to Modified Burk's

Medium at 30C. Cultures were examined at 72 h.

Dye Concentration (w/v) Growth

Bromcresol green 0.1% +

Safranin 0.1% .

Malachite green 0.06% .

Methylene blue 0.1%

Crystal violet 0.1% .

Bromothymol blue 0.1% .

"+"= growth, "-" = no growth.
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Table 3.9 Resistance of cells grown on Dialyzed Soil Medium at different incubation

periods at 30 C to ultraviolet radiation.

Time Day1 Day 2 Day 4 Day 6
(min)

0 ++++ ++++ ++++ ++++

1 + + + +

3 - - - -

5 - - - -

10 --

"+"= growth.
"- = no growth.
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Figure 3.22 Effect of various NaCl concentrations on growth of the organism incubated

at 300C for 36 h.
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Figure 3.23 Effect of various glucose concentrations on growth. The organism was

grown on Modified Burk's Medium supplemented with various concentrations of glucose

and incubated at 30'C for 36 h.
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Figure 3.23 Effect of various glucose concentrations on growth. The organism was

grown on Modified Burk's Medium supplemented with various concentrations of glucose

and incubated at 30 'C for 36 hours.
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Figure 3.24 Effect of temperature in the viability of cells grown on Dialyzed Soil

Medium at 30 *C for 24 hours.

-0-Dialyzed Soil Medium at 60 C -0-Dialyzed Soil Medium at 80 C
-6-- Burk's Medium at 60 C -+- Burk's Medium at 80 C
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3.4 Molecular characteristics

The bacterium has a G+C content of 60%. The partial (500 nucleotide base

position) 16S rRNA gene sequences of this isolate are shown in Figure 3.25. The entire

16S rRNA gene sequences are shown in Figure 3.26. The sequence similarity

determination indicated a close similarity of this organism to members of the genus

Paenibacillus and Bacillus (Table 3.10). However, the sequence similarity between the

isolate and these bacteria did not produce a species level match.

3.5 Fatty acid methylester analysis

The total cellular fatty acid methyl esters from the isolate were determined and a

fatty acid profile constructed as in Table 3.11. The predominant cellular fatty acid of this

organism was the 15:0 anteiso. Since the organism did not grow on Trypticase Soy Agar

which is recommended by the manufacturer for this test, the comparison of the fatty acid

methyl ester profiles between the isolate and other organisms in the database was

probably not entirely correct . However, the results did indicate that the organism has a

closed fatty acid methyl ester profile similar to that of members of the genus

Paenibacillus with a similarity value of 0.011. Establishment of 90% similarity is

indicated by a value of 0.9.

3.6 Ribotyping

The results of ribotyping are shown in Figure 3.27. The ribotyping patterns

indicate that the isolate has a pattern not similar to patterns of other organisms in the

database. The comparison of the ribotyping patterns between the isolate and selected

organisms is demonstrated in Figure 3.28.
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Table 3.10 Percent similarity based on the 16S rRNA sequences of the isolate and

related bacteria.

Taxon % similarity

Paenibacillus validus 93.3

Bacillus viscosus 93.1

Paenibacillus polymyxa 85.0

Paenibacillus azotofixans 83.4

Paenibacillus macqariensi 82.8

Paenibacillus pabuli 82.6

Paenibacillus macerans 81.3
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Table 3.11 Cellular fatty acid composition of the isolated bacterium.

Fatty acid mean %

C100  0.80

C120  0.87

C130  2.10

C 14:0  2.22

Iso-Ci4:0 1.89

C15:0  1.49

Iso-C15:0  2.11

Anteiso-C 15.0  48.88

C16:0  11.35

Iso-C16 :0  4.06

C 16:1,11c 8.88

Iso-C16:1 ()lc 6.73

Iso-C17:0  0.87

Anteiso-C17.0  4.26

Iso-C17:1 9c 0.92

Anteiso-C 17:1 ,9c 1.28

C18: 1.29
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Figure 3.25 Partial nucleotide sequences (562 bp) of 16s rRNA genes of the isolate.



CAGTGTGATG

ATCCTGGCTC

TGCAAGTCGA

GGTGAGTAAC

AACTACCCGG

CGGTGCATGC

CTTACAGATG

TAACGGCCCA

GGGTGATCGG

CCTACGGGAG

CAAGCCTGAC

TTCGGATCGT

GGAGAGTAAC

GCCCCGCTAA

GATATCTGCA

AGGACGAACG

GCGGAGCACT

ACGTAGGCAA

AAACGGTAGC

TGGAATCATG

GGCCTGCGGC

CCAAGGCGAC

CCACACTGGG

GCAGCAGTAG

GGAGCAACGC

AAAGCTCTGT

TGCTCTGCGA

TAC

GAATTCGCCC

CTGGCGGCGT

TCGGTGCTCA

CCTGCCTGTA

TAAGACCGGA

AAACACGGGG

GCATTAGCTA

GATGCGTAGC

ACTGAGACAC

GGAATCTTCC

CGCGTGAGTG

TGCCCAGGGA

ATGACGTACC

TTAGAGTTTG

GCCTAATACA

GCGGCGGACG

AGATCGGGAT

TAGCTGGTTT

CAACCTGTGG

GTTGGCGGGG

CGACCTGAGA

GGCCCAGACT

GCAATGGGCG

ATGAAGGTTT

AGAATGTCGT

TGAGAAGAAA
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Figure 3.26 Nucleotide sequences of 16s rRNA genes (1500 bp) of the isolate.



CTGGCTCCTT

AACTCTCGTG

AACGTATTCA

ATTCCGACTT

ACTGAGACCG

TCGCTTCCCG

CCAGGTCATA

CTTCCTCCGG

AACTCAATGC

GCGGGACTTA

AACCATGCAC

CTATCTCTAG

GGTTCTTCGC

GCTTGTGCGG

TGCGAGCGTA

TTCGGCACCA

TATCGTTTAC

TTGCTCCCCA

CAGAAAGCCG

ACGCATTTCA

CTGCACTCAA

GAGCCCCGGG
GCGCGCTTTA
CTACGTATTA

CTTTCTTCTC

TCTCCACGAC

CGAAAACCTT

TTGCGCCCAT

AGGAGTCTGG

CCCTCTCAGG
TTACCCCGCC
AAGCCACAGG

CCGAAACCAG

TTATCCCGAT

CCCGTCCGCC

GCGGGTTACC

GTGTGACGGG

CCGCGGCATG

CATGCAGGCG

GCTTCTAAGG

TTGTACCGGC

AGGGGCATGA

TTTGTCACCG

TGGCAACTAA

ACCCAACATC

CACCTGTCAC

GGCTTTCAGA

GTTGCTTCGA

GTCCCCGTCA

CTCCCCAGGC

AGGGTATCGA
GGCGTGGACT

CGCTTTCGCG

CCTTCGCCAC

CCGCTACACG

GTCTTCCAGT

CTTAAACACC

CGCCCAATAA

CCGCGGCTGC

AGGTACCGTC

ATTCTTCCCT

CATCACTCAC

TGCGGAAGAT

GCCGTGTCTC

TCGGCTACGC
AACTAGCTAA

TTGCCCCGTG

CTATCCGGTC
CTTACAGGCA

GCTAAGCACC

CACCGGCTTC
CGGTGTGTAC

CTGATCCGCG

AGTTGCATCC

ATTCGCTCCA

CATTGTAGTA

TGATTTGACG

GCAGTCACTC

AGTCAAGGGT

TCACGACACG

CTCTGTCCCG

GGGATGTCAA

ATTAAACCAC

ATTCCTTTGA

GGAGTGCTTA

AACCCCTAAC
ACCAGGGTAT

CCTCAGCGTC

TGGTGTTCCT

TGGAATTCCG
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AGACTTAAAA

TTCCGGACAA
TGGCACGTAG
ATTCGCAGAG

GGCAACAGAG

GCGGCGTTGC

TCCCTACTGC

AGTCCCAGTG
ATCGTCGCCT
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TTAGCTACCG

GGTTGCCTAC

GAAGTGCTCC

GGGTGTTGTA
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ATTACTACCA

TGCAATCCGA

TCTCGCGACT

CGTGTGTAGC

TCATCCCCAC

TAGAGTGCCC
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AGCTGACGAC

AAGGAGGACC

GACCTGGTAA

ATACTCCACT

GTTTCACTCT

TTGTGTTTAC

ACCTAGCACT
CTAATCCTGT

AGTTACAGTC

CCACATCTTT

CTTTCCTCTC

AACCGGGGTT

GACCGCCTGC
CGCTTGCCCC

TTAGCCGGGG
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CTTTACGATC
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Figure 3.27 Ribotyping pattern of the DNA of the isolate digested with restriction

enzymes AseI, HaeII, BanI, EclHKI.



123

RiboPrint (R) Pattern
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Figure 3.28 Comparison of ribotyping patterns of the isolate to other, related bacteria.
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3.7 Distribution of the capsule-forming organism

The fifty additional isolates obtained from diverse soil samples and the

distribution of the organism in soils from various locations is shown in Table 3.12 and on

the map in Figures 3.29 and 3.30. It can be assumed that the organism is found in

widespread locations. It is obvious that the percentage of soils containing the organism in

the Southwest was much greater than in the remainder of the United tates and the rest of

the world. The majority of the isolates were from soil obtained from Texas. Of the 57

soil samples from Texas, 30 or 52.5% contained the bacterium. More than one half of

the soil samples obtained from the Southwest U.S. and Northern Mexico contained the

organism. There are only two isolates found from soils outside of the Southwestern

United States and Northern Mexico.

3.8 Chemical composition of the extra cellularpolysaccharide produced by the

bacterium

The bacterium produced extracellular polysaccharide (EPS) in addition to the

capsular material. The unattached extracellular polysaccharides was in the form of loose

slime that increase the viscosity of the growth medium In five day old cultures, the

viscosity of the growth medium was 10 time that of the medium at temperature of 30 C

and the amount of EPS produced was 1.2 g dry wt./ 1 of spent medium.The EPS was

composed of 99 1% carbohydrate and 1% unidentified material (Patamaporn Sukplang,

personal communication). Thin layer chromatography revealed that the

exopolysaccharide was composed of glucose, mannose, fucose and galactose.
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Table 3.12 The distribution of the bacterium.

Number of Number of Percent
Region Number of samples samples not containing

soil samples containing containing the bacterium
the bacterium the bacterium

United State,

total 136 45 91 33.1

Texas 57 30 27 52.6

Oklahoma 16 8 8 50.0

New Mexico 8 4 4 50.0

Other states 55 3 52 5.5

Caribbean 2 0 2 0.0

Central America 2 0 2 0.0

Mexico (northern) 3 3 0 100.0

South America 20 0 20 0.0

Europe 15 1 14 6.7

Asia 9 1 8 11.1

Australia 1 0 1 0.0

Overall 188 50 138 26.6
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Figure 3.29 Map of the distribution of the bacterium in soils from the United States

except for Oklahoma, New Mexico, and Texas.



129

r--.

I f

IE-

-r t

I /// F

filjl

IV a



130

Figure 3.30 Map of the distribution of the bacterium in soils from Oklahoma, New

Mexico, and Texas.
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CHAPTER IV

DISCUSSION

Although Modified Burk's Agar with no nitrogen added was originally intended

for use in the isolation of members of the genus Azotobacter, it inadvertantly also served

as a suitable medium for the primary enrichment and isolation of an undiscovered

bacterium in the soil. It was first thought that this organism was a member of

Azotobacteraceae but it soon became clear that it was not (Table 4.1). It was noteworthy

in that, in inexperienced hands, it would probably have been identified as a soil

azotobacter. Also in that the colonies of this organism were numerous. The original

observation was made simultaneously on ten different soils from the same collection.

The soils were sampled two more times and each time the same organisms appeared on

primary isolation cultures. Other, previously unused soils were sampled and these too

yielded the "new" organism. Eventually five isolates were selected for further study and

all the data reported here are based on results obtained from these five organisms.

The new isolate is Gram-negative, aerobic, mesophilic, non motile and has the

ability to utilize a wide range of organic carbon compounds as sole source of carbon and

energy. Although the bacterium grew well on nitrogen-free agar, it was not able to grow

in nitrogen-free liquid media. It is likely that the agar used for plate cultures contained

small amounts of nitrogen and that the organism was able to utilize this nitrogen for
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growth. That it was not able to fix atmospheric nitrogen was shown by the acetylene

reduction test and by lack of the nitrogenase and nitrogenase reductase protein. The test

was performed at least ten times on various isolates and the results were always negative.

The organism was grown on both Modified Burk's Agar supplemented with various

concentrations of glucose (final concentrations ranged from 0.2-2%) and also in Dialyzed

Soil Medium. Each culture in the series was tested for acetylene reduction but these tests

were also negative. Polyacrylamide gel electrophoresis was used to ascertain the

presence of nitrogenase and nitrogenase reductase but the two enzymes were not found in

the bacterium indicating strongly that the new organism fell into the category of bacteria

commonly called "nitrogen scavengers." The data in Table 3.4 show that these bacteria

can grow on simple inorganic nitrogen compounds but not on organic, complex

nitrogenous substances such as urea, peptone, and yeast extract. While the data in Table

3.3 show that it can grow in the presence of substances such as tryptophan, proline, and

arginine, it must be borne in mind that these were used in a carbon-free medium that

contained NH4C1. From the observation, we assume that it used the NH4 * for nitrogen

requirements, hydrolyzed the molecule of tryptophan or other such substance in order to

obtain carbon and subsequently also used the liberated NH4+ from the complex molecule.

It may also be said that the presence of peptone and yeast extract in commercial

laboratory media (Table 3) inhibited the growth of this organism. This factor rendered

many commercial laboratory media useless for cultivation. It is unusual that the

organism grew on Nutrient gar and Tryptic Soy Agar but not in Nutrient Broth and

Tryptic Soy Broth. One explanation is that cells cultured in liquid media are exposed
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high concentrations of the components of the medium, i.e., nitrogen compounds while

cells cultured on solid media are exposed to much lower concentrations of the same

components. The growth of cells in liquid media may have been inhibited by organic

nitrogen compounds not studied here. The isolate is obligately aerobic requiring oxygen

for growth at maximum efficiency (Table 3.1). It can, however, survive in relatively low

levels of oxygen (Fig. 3.16) thus demonstrating that it can survive in a broad range of

natural environments. Since the isolate has the ability to reduce nitrate to nitrite, it has

the potential to use nitrate as the terminal electron acceptor in the respiratory chain when

oxygen is depleted. In addition, the organism grown in Dialyzed Soil Medium sporulated

after 5 days (Figure 3.11). This may be the mechanism for the ability of this organism to

survive in dry soils for more than 30 years. The spores were produced in the soil extract

medium which probably has no glucose but not in the Modified Burk's Medium with 2 %

glucose.

The organism can utilize a variety of organic compounds as the sole source of

carbon and energy (Table 3.3). It produced capsules when grown on compounds such as

glucose, sucrose, maltose, and lactose as demonstrated by the mucoid colonies on solid

media and by the viscosity increase in liquid media (Figure 3.1 and Table 3.3). In

contrast, the isolate grew well in Dialyzed Soil Medium but did not produce capsules

(Figure 3.3). It can be assumed that the capsule of this organism was produced in

response to certain kinds of carbohydrates. Cerning and coworkers (Cerning, et al.,1994)

reported that the production of bacterial capsules depended on the composition of the

growth medium, for example, Lactobacillus casei grown in glucose as a carbon source
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produced more capsular material than when grown in lactose or galactose. Studies on

capsule production of this organism should be performed in the future because the

capsules may have potential industrial value.

The antibiotic sensitivity tests (Table 3.6) showed that the isolate was sensitive to

the majority of the antibiotics tested. This is somewhat usual for environmental isolates.

However, there were some unusual antibiotic susceptibilities in that it was sensitive to

Erythromycin which is very effective against a broad spectrum of Gram-positive bacteria

but is usually ineffective against Gram-negative oranisms. This suggests that antibiotic

sensitivity may be used as one of the taxonomic tools for this organism.

The analysis of cellular fatty acids of the isolate revealed that the isolate has

anteiso- C15.0 as a major cellular fatty acid and that the other fatty acids included C16:0 ,

C16: 1, w 1,C and iso C16:1, w1c. Since the cellular fatty acid composition depends on media

and conditions used for growing the organism, the comparison of cellular fatty acid

composition between bacteria can be made only if they are grown under the same

conditions. In this experiment, the isolate did not grow on Trypticase Soy Agar which is

required for making the comparison of fatty acid profiles among bacteria. After

comparing the fatty acid composition of the isolate to reference bacteria, it was shown

that the isolate is similar to Paenibcillus pabuli (Table 4.2). However, the similarity

index between these two organisms is only 0.011 which is too low to identify the isolate

as Paenibacillus pabuli.

The study of genotypic characteristics of the isolate reveals that the isolate has 60

mole% G+C content of chromosomal DNA. The 16S rRNA gene sequences of the
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isolate indicated strongly that it is closely related to the members of the genus

Paenibacillus and Bacillus (Figures 3.25 and 3.26). The similarity values are shown in

Table 3.10. However, the results of genetic fingerprints of the isolate examined by

ribotyping show that isolate fingerprints (Figure 3.28) differed from any specific, known

members of the genus Paenibacillus or Bacillus.

After examining all the evidence available from these studies, it became obvious

that the newly isolated organism is more closely related to bacteria of the genera

Azotobacter, Bacillus, Beijerinckia, Derxia and Paenibacillus than to any other organism

described in Bergey's Manual of Determinative Bacteriology. On the other hand, it is

obviously not in the genera Azotobacter, Bejerinck, and Derxia (Table 4.1). It was

eliminated from the genus Bacillus on the basis that it posesses a typical Gram negative

cell wall. The relationship of the bacterium to those genera is discussed below.

As described in the Bergey's Manual of Determinative Bacteriology, Azotobacter

are Gram-negative. They are pleomorphic, the cells being rod shaped to coccoid in

morphology. They do not produce endospores, but form cysts. They are motile by

peritrichous flagella and can grow in the presence of benzoic acid. They are aerobic but

can also grow under decreased oxygen tensions, can fix atmospheric nitrogen, and some

strains produce water-soluble and water-insoluble pigments. Like the new isolate, the

Azotobacter are found in the soil and have other common characteristics, such as the

ability to utilize numerous organic compounds as carbon sources but only a few inorganic

nitrogen compounds including NH4 *, NO3 , urea, and N2 but not NO2 . The isolates

under study can utilize NH4 *, NO 3 , and NOy but not urea or N2. Other different
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characteristics, such as cyst formation and poly-beta-hydroxy deposition also differ in the

two organisms. The comparison between the genus Azotobacter and the isolate is shown

in Table 4.1. Beijerinckia and Derxia appear not to be closely related to the isolate on the

basis of morphological and physiological differences. However, there are some common

characteristics, such as the fact that both form capsules and produce viscous

semitransparent colonies on Burk's Medium. Their characteristics are also shown in

Table 4.1.

The descriptions of the physiological and morphological characteristics of the

genus Bacillus as described in Bergey's Manual of Determinative Bacteriology are as

follows: Cells are Gram-positive, endospore-forming, heterothropic rods. They are

usually motile by peritricous flagella. Endospores are oval or sometimes round or

cylindrical and are very resistant to many adverse conditions. They are aerobic or

facultative and catalase positive. They are found in a wide range of habitats including the

soil. The genus Bacillus have diverse phenotypic and genotypic traits. More recently,

rRNA sequence data have been used to divide this genus into at least five separate lines;

Alicyclobacillus (Wisotzkey, et al., 1992), Paenibacillus (Ash, et al., 1993), Halobacillus

(Spring, et al., 1996), Brevibacillus,and Aneurinibacillus (Shida, et al., 1996).

The descriptions of the physiological and morphological characteristics of the

genus Paenibacillus as described by Ash et al. (1993) and Osamu Shida (1997 ), in

general terms are given as follows: "Cells are rod shaped, Gram- positive or Gram-

negative, or Gram-variable. They are motile by means of peritrichous flagella.

Ellipsoidal spores are formed in swollen sporangia. No soluble pigments are produced on
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nutrient agar. Facultatively aerobic or strictly aerobic. Almost all of the species are

positive for catalase. Oxidase activity is variable. Hydrogen sulfide is not produced but

indole is produced by some species. Nitrate reduction to nitrite is variable and so is

hydrolysis of casein, starch and urea. Optimal growth occurs at pH 7.0 and the optimal

growth temperature is 28 to 30 C. Acid is produced from various sugars and some

species decompose polysaccharides. The major cellular fatty acid is anteiso C 15:0 acid.

The G+C contents range from 45 to 54 mole%."

In summary, the data obtained in this study justify the claim that the newly

discovered bacterium is different and distinct from other named species of bacteria. The

organism cannot be considered a member of the genera Azotobacter, Beijerinckia and

Derxia in that it differs in regard to cell morphology, ability to fix nitrogen, many

metabolic activities, and G+C content of DNA plus 16S rRNA gene sequences. In the

case of genus Bacillus and Paenibacillus, the isolate shows some similarities including

cellular fatty acid compositions, 16S rRNA sequences, and DNA base compositions as

shown in Table 4.3. After intensive comparisons of the characteristics of the isolate to

those of the members of the genera Bacillus and Paenibacillus, however it became

obvious that there is no known species with the same characteristics as those described

for the isolate.

In conclusion, the differential characteristics shown in this research clearly

indicate that the isolate is quite distinct from any named species of bacteria that can be

found in the literature. It is therefore proposed that this is indeed a new and unclassified
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bacterium. However, phenotypic, chemotaxonomic and phylogenetic data show that the

isolate belongs to the genus Paenibacillus. It is therefore proposed that this unique

organism be named Paenibacillus velasolus sp. nov. (solus means one and only, without

another). This is in honor of Dr. G.R. Vela because he was the first to note that it was

not an azotobacter and because the soil samples from which the organism was first

isolated have figured importantly in Vela's laboratory for more than 30 years, i.e., Dr.

Vela's soils.

Description of Paenibacillus velasolus sp. nov.

Cells are Gram-negative, rod shaped, measuring 1-2 by 4-6 pm. They have no flagella,

occur singly, in pairs, or in short chains. Spores are formed when grown in Dialyzed Soil

Medium. Colonies on Modified Burk's Agar Medium with glucose as a carbon source are

round, 5-10 mm in diameter, mucoid, transparent, non-pigmented, entire and convex.

They are aerobic, produce catalase but oxidase is not produced. Indole and hydrogen

sulfide are not formed. Nitrate is reduced to nitrite. Gelatin and Tween 80 are

hydrolyzed. Starch, esculin and casein are not hydrolyzed. They can utilize glucose,

mannitol, sucrose, lactose, fructose, arabinose, inositol, mannose and maltose. The

optimal temperature is 30"C, pH is 7.0 - 8.0 and the major fatty acid is anteiso-15:0. The

G+C content is 60 mole% (determined by spectrophotometer). They are isolated from

soil and survive in dry soil for more than 30 years.
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Table 4.1 Distinctive phenotypic characteristics of the isolate and bacteria of the genera

Azotobacter, Beierinckia and Derxia.

Characteristic Isolate Azotobacter* Beijerinckia* Derxia*

Gram stain

Cell shape

Cell diameter (pm)

Cell length (im)

Cysts or cyst-like forms

Motility

Flagella

Fluorescent pigment

Yellow colonies

Oxidase

Catalase

Fix N2 in vitro

% G+C ratio

rod

1.0-2.0

4-6

58-62

ovoid

_1.5

3-6

+

+/-

amphitrichous

+/-

+/-

+/-

+

+

63.2-67.5

rod

0.5-1.5

1.7-4.5

+

+/-

amphitrichous

NR**

+

+

55-6 1

rod

1.0-2.0

3.0-6.0

+

lophotrichous

NR

+

69-73

Note: * Data obtained from Bergey's Manual of Determinative Bacteriology.

* * Data not reported.
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Table 4.2 Cellular fatty acid composition of the isolate, Paenibacillus pabuli,

and Paenibacillus validus.

Fatty acid j Isolate P. pabuli* P. validus*

C 10:0

C12:0

C 13:0

C 14:0
Iso-C 140

C15:0

Iso-C 1 5:0

Anteiso-C 1 5:0

C 16:0

Iso-C 16:0

C 16:1, o9c

C16:i, oiic

Iso-C16:1,wl Ic

C17:0

Iso-C 17:0

Anteiso-C 17:0

A tIso-C 171 ,w9c

C 18:0

0.80

0.87

2.10

2.22

1.89

1.49

2.11

48.88

11.35

4.06

ND**

8.88

6.73

0.87

ND

4.26

0.92

1.28

1.29

ND**

ND

ND

0.8

3.9

0.4

1.7

69.8

11.0

7.7

ND

ND

ND

ND

0.8

3.0

ND

ND

ND

Note: * Data obtained from Shida and coworkers (Shida et al, 1997).

* * Not detected.

0.9

ND

ND

2.1

3.4

0.9

10.3

51.9

5.6

7.2

2.6

7.0

ND

ND

2.7

4.5

0.5

ND

ND
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Table 4.3 Distinctive phenotypic characteristics of the isolate and certain species of
the genus Paenibacillus.

Characteristic Isolate P. validus* P.glucanolyticus* P.macquariensis*

Gram reaction

Anaerobic growth

Oxidase

Nitrate reduction

Utilization of

Citrate

Acetate

Hydrolysis of

Casein

Gelatin

Esculin

Growth in the presence

of 5%NaCl

Growth at 40*C

Growth at pH 5.7

Acid produced from

Glucose

Lactose

Mannose

Rhamnose

Raffinose

Sucrose

Inositol

Inulin

Majoeballular

fatty acid

Motility

Indole

+

+

+

+

+

+

+

+

+

+

anteiso-C ,:0(49%)

C16:0(11%)

C 6:1(9%)

-+

+1-

NR**

NR
+

+1-

NR

+

+

anteiso-C 15:0(57%)

Iso-C 16:0(12%)

C160(9%)

+

+
-

+/-

+

+/-

NR

+

+/-

+

+

+

+

+

NR

NR

NR'

anteiso-C15:0(47%)

C16:0(14%)

C16:(11%)

I I__ _ _ _ I _ __ _ __ _I

+

NR

+

NR

NR

NR

NR

NRNR

anteiso-C 1 S0(81%)

C15:0(5%)

C 16: (3%)

+

Note: * Data obtained from Shida and coworkers (Shida et al, 1997), * * Not reported.
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Figure 4.1 Phylogenetic tree based on 16S rRNA gene sequences showing relationships

among the isolate and related species of the genus Paenibacillus and Bacillus.
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