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A novel Gram negative, capsule-forming bacterium was

previously isolated in Dr. G. Roland Vela's laboratory. The

distribution of this bacterium in soils from various

locations was investigated.

Soil samples from 188 locations around the world were

examined. Isolates of the bacterium were obtained from 50

of these soils, with 48 of the isolates found in soils from

the southwestern United States and northern Mexico. This

suggests that this region is the natural habitat of the

bacterium. The other two isolates were obtained from

Madrid, Spain and Taipei, Taiwan. None were found in soils

from South America or Australia. A lack of variation in

morphology and physiological properties in the isolates

suggests that a homogeneous population exists, even from

widespread geographical locations.
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INTRODUCTION

Soil.

Soil is the outer, loose material of the earth's

surface. It is the area of the surface that supports plant

life by providing nutrients, certain growth factors, and

mechanical support for the vegetal structure. Soil is the

most dynamic environment for biological interactions in

nature being the site where many of the biochemical

reactions that support life on the planet take place (Martin

& Harder, 1971). Full understanding of the interactions

among living things and inanimate matter in the soil still

evade scientists and will probably do so for a long time.

Soil is composed of minerals, organic substances, and a

great variety of living things including all plants, all

animals, and all the great populations of microorganisms.

The dynamics of the extent of populations and the

interactions among these constituents varies as a complex

function with variables such as locality, type of soil,

temperature, humidity, chemical constituents, and many other

factors, some not yet known (Burk et al., 1932a, 1932b;

Stark & Firestone, 1995). Soils provide many microhabitats,

and at a particular location there may even be several

microenvironments (Kunc & Stotzky, 1974) in which disparate

and non-interacting organisms survive.

1
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The inorganic part of soil influences nutrient

availability, aeration, and water retention; and, to a large

extent, determines the quality of the microbial habitat

(Stotzky & Norman, 1964). Soils are classified on the basis

of particulate dimensions and mineral composition including

such descriptions as stones, sand, silt, clay and loam

(Bodman & Mahmud, 1932). Other differences in the

characteristics of soils include color, pH, moisture-holding

capacity, heat-holding capacity, porosity, oxidation-

reduction potential, and chemical composition. It is the

concerted effect of all these traits that constitutes the

microenvironments where the bacteria live.

The other part of the soil is composed of organic

matter. Approximately 1 to 4 percent of the mass of the

soil is made of living things of which microorganisms

comprise from 60 to 80 percent in terms of mass. The

remaining organic matter is made of dead and decaying

organisms plus the detritus which represents components of

dead organisms, e.g., plant, animal and microbial remains,

that resist degradation. These slowly biodegradable

materials include petroleum, plant pollen, lignite, soft

coal and many other "recalcitrant molecules.T" Eventually,

the microorganisms degrade and oxidize all organic material,

converting all elements to their oxidized state. For

example, the carbon found in all living things exists in

highly reduced form where the carbon atom is in the C4-
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state. Microbial catabolism results in an exchange of 8

electrons that changes the carbon atom to the Cot state, or

complete oxidation. It is released to the environment as

carbon dioxide.

The living microorganisms found in soil include algae,

protozoa, fungi, bacteria, and viruses. In addition, there

are also small animals and plants. Collectively, the

metabolic activities of these organisms give the soil the

sum total of all the chemical reactions that support life on

earth (Fig. 1).

Figure 1. Sequence of mineralization reactions by which all
matter on Earth is recycled by microbial action. Adapted
from Vela (1997).

PLANTS, ANIMALS, AND MICROORGANISMS THAT DIE AND FALL TO THE GROUND

11

PROTEINS POLYSACCHARIDES LIPIDS MINERALS
(reduced,
e.g.-SH)

POLYPEPTIDES DISACCHARIDES GLYCEROL

PARTIAL
PEPTIDES MONOSACCHARIDES FATTY ACIDS OXIDATION

520~

4,
AMINO ACIDS - - ORGANIC ACIDS E-

MORE
OXIDIZED

503-
AMMONIA ,

COMPLETELY
NITRATE CARBON DIOXIDE OXIDIZED

SO4



4

Soil bacteria.

Because of the numbers and the diverse metabolic

capacity of the bacteria, they, more than any other living

thing, participate in the formation of the habitat in which

they exist. 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 & Gray, 1934; Jones & Mollison, 1948). They are

the major contributor to the living forces that play

important roles in soil formation (Griffiths, 1965). The

other forces in this process are climate, topography,

telluric activity, magnetic pole migration, and time.

Bacteria isolated from soil can be placed in two

divisions, the indigenous or autochthonous organisms which

are the true residents of that particular microenvironment

and the transient or allochthonous organisms which disappear

as a function of time. The indigenous organisms participate

in the biochemical functions of the community and the

effects of their combined metabolic activities affect the

nature of the soil. The most common bacteria found in soils

in general are Arthrobacter, Actinomyces, Pseudomonas, and

Bacillus. The variety of microorganisms in the soil is so

great that many, perhaps most, have not yet been isolated or

identified. The object of this thesis is such an organism.

Using different culture media yields different

organisms and different estimates of the total population.
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As a result, it has been suggested that only about 10% of

the bacteria in the soil have been cultured in the

laboratory; and, consequently, are known to soil

microbiologists (Ward et al., 1990; Picard et al., 1992).

All physiological types of bacteria known to modern

microbiologists can be isolated from soil. These include

those which are obligately aerobic, microaerophilic,

facultatively aerobic, and obligately anaerobic, as well as

proteolytic, pectinolytic, saccharolytic, amidolytic,

lipolytic, and other organisms with prodigious degradative

capacities (Hankin et al., 1974; Hankin & Hill, 1978).

Other physiological distinctions such as the

photolithotropic, photoorganotropic, chemolithotropic,

chemoorganotropic, and paratrophic are found in soil and, in

many cases, nowhere else. Together, along with the protozoa

and fungi, they transform all organic matter back into

mineral form for use by the plants and algae in their

biosynthetic activities (Fig. 1).

Environmental conditions affecting bacterial populations.

Environmental conditions affect the density and

composition of the bacterial flora. These include moisture,

aeration, temperature, organic matter, acidity and inorganic

nutrient supply. Other elements such as cultivation of the

soil for agricultural purposes, season of the year, and the

depth below the surface have also been described as
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significant to the size of bacterial populations (Waksman,

1916; Katznelson & Chase, 1944). Moist soil is generally a

favorable habitat for the proliferation of microorganisms

(Davies & Williams, 1970). However, excessive moisture may

suppress microbial proliferation due to limited gaseous

exchange and the lowering of available molecular oxygen

(Tate, 1979). On the other hand, dry soils serve as the

ultimate reservoir for inactive or resting cells of all

microorganisms.

Temperature governs the rates of biochemical processes

carried out by microbial cells (Druce & Thomas, 1970). The

majority of the soil bacteria are mesophilic, but most are

tolerant to cold and may even survive freezing. The kind

and amount of organic matter also has a marked effect on the

community of soil bacteria. The largest bacterial numbers

are found in humus rich soils, such as those formed by green

manures, crop residues, and other forms of carbonaceous

material (Vandecavege, 1932; Frostegard et al., 1997).

Cultivation practices such as tillage and plowing may also

affect the bacterial population in the soil. Some of these

alterations are beneficial, including the ones that improve

the structure and porosity of the soil. This favors the

movement of air, alters the moisture status, and exposes

otherwise inaccessible organic nutrients to microorganisms,

all of which can encourage microbial growth.
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Highly acid or alkaline conditions are selective and

tend to inhibit many bacteria (Waksman, 1922; Davies &

Williams, 1970; Siala et al., 1974). Specific ions such as

iodine or mercury and organic compounds such as alcohols or

phenol may inhibit bacterial growth when present in large

concentrations. Specific populations, e.g., phenol

utilizers, may develop to the exclusion of others.

Inorganic nutrients suppress the growth and metabolic

activities of some soil bacteria, primarily through the

acidity generated by microbial oxidation of ammonia, nitrous

acid, sulfide, and sulfite.

The season of the year, with changing environmental

conditions including rainfall and temperature, has an effect

on the variation of soil populations. Generally, bacterial

populations are greatest during spring and fall, while a

decline occurs in the hot, dry summer months. In winter,

bacterial populations diminish, and the remaining bacteria

become biochemically inactive. Depth is another ecological

variable. In temperate zones, almost all the organisms are

found in the uppermost meter of the soil, with the majority

in the upper few centimeters.

Recycling of the elements by bacteria.

Specialized groups of microorganisms have marked

influences on all forms of life on earth, including the

recycling and solubilization of minerals (Arrieta & Grez,
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1971). Among these are bacteria which transform sulfur,

iron, magnesium, potassium, zinc and all other minerals

necessary for life.

Some of the most interesting of the soil bacteria are

found in the genera Azotobacter, Azomonas, Beijerinckia,

Derxia, and Azospirillum. The collective term azotobacters

has been used to describe these organisms. These are seen

as physiologically interesting organisms because of their

ability to fix nitrogen non-symbiotically; i.e., the ability

to reduce the gaseous dinitrogen molecule to ammonia (N2 ->

2NH4+). Some free-living cyanobacteria are also capable of

fixing nitrogen in the environment. The bacteria Rhizobium

and Bradyrhizobium can also fix nitrogen, but only through a

mutualistic relationship with specific plants. Together,

the symbiotic and non-symbiotic nitrogen-fixing bacteria

bring atmospheric nitrogen (azote = gas incapable of

supporting life, Lavoisier, 1774, Opuscles physiques et

chemiques) into the biological world. Gaseous nitrogen (N2)

enters the bacterial or cyanobacterial cell and is converted

to the ammonium form by the nitrogenase enzyme system. In

this form it is combined with tricarboxylic cycle acids

oxaloacetate and a-ketoglutarate to form aspartic and

glutamic acids and, subsequently, all cell amino acids,

proteins, and other essential cell components. In the

absence of other sources of nitrogen, the fixation of
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dinitrogen is the sole basis for soil fertility and plant

growth (Moore, 1966).

Survival of Azotobacter in dry soils.

One of the nitrogen-fixing bacteria, Azotobacter, has

been shown to form cysts. These cysts are resistant to

adverse environmental factors such as desiccation.

Socolofsky and Wyss (1962) showed that cultures of A.

vinelandii which contained cysts survived desiccation 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 dried

agar cultures for 10 years. Subsequent studies showed that

A. chroococcum and other soil azotobacters survived in dry

soils stored in the laboratory for periods of time as long

as 24 years (Moreno et al., 1986). These researchers

suggested that the organisms can lie in the soil for many

years, perhaps 30 (Vela, personal communication), but not as

long as do the spores of many Gram positive bacteria.

Isolation of a novel bacterium.

In the search for viable Azotobacter from soils that

were stored in the laboratory for more than 30 years, a

bacterium not previously described in.the literature was

discovered by Dr. Guadalupe Virginia Nevarez Moorillon in

this laboratory. This bacterium was subsequently studied by

Acharawan Thongmee and determined to be a Gram negative
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bacillus, 1-2 pm x 5-7 pm with a cell volume of 22 m3,

which has an extremely large, transparent capsule which

measured 15 m x 25 pm and has a volume of approximately

3,800 sm3 when grown in Modified Burk's Medium; a medium to

which no nitrogen is added. The organism was found to have

a guanine-cytosine ratio of 65%. A 16S rRNA sequence showed

that this organism was not a member of the Azotobacteraceae

(Acharawan Thongmee, personal communication), and, although

it grew well on nitrogen-free agar plates, it was not a

nitrogen fixer. It probably falls into the group of

bacteria commonly called "nitrogen scavengers".

Study of the distribution of the bacterium.

The purpose of this study was to examine the

distribution of the bacterium in soils from various

locations. The original isolate was discovered in soils

from Texas. For that reason, particular attention was given

to soil samples from within the state of Texas and

surrounding states. To determine if the organism was also

present in soils from other regions, a few soil samples from

throughout the U.S.A., and other parts of the world, were

studied. A secondary purpose of the study was to determine

the presence of species or strains of the "type isolate."

However, as it was deemed to not be within the purview of

this thesis, only a limited number of tests were performed

on isolates for comparison with the reference strain.



METHODS

Type culture.

A culture of the novel Gram negative, capsule-forming

soil bacterium first isolated from soil by V. G. Nevarez

Moorillon in this laboratory and studied by Acharawan

Thongmee also of this laboratory was used as the reference

strain. Azotobacter vinelandii ATCC 12837 and the following

representative organisms from the stock culture collection

at the University of North Texas were used as references for

biochemical testing: Bacillus megaterium was used as the

reference organism for endospore formation, starch

hydrolysis, and gelatin hydrolysis; Escherichia coli for

gelatin and milk hydrolysis; Proteus vulgaris for motility,

gelatin hydrolysis, and urease tests; Pseudomonas aeruginosa

for oxidase production; Staphylococcus aureus for catalase

and DNase formation; and Streptomyces griseus for casein

digestion.

Collection and preparation of soil samples.

Soil samples were collected from various sites in the

United States, nine countries in Central and South America,

four countries in Europe, three countries in Asia, and one

site in Australia. Thirteen of the soils from Texas had

been stored for approximately seven years in the laboratory

11
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in closed glass containers with screw caps. For field

sampling, exposed surface soils were removed to a depth of

1-2 cm in order to eliminate rocks, debris, and litter. In

the laboratory, the soils were desiccated under vacuum for

four days to diminish the number of fungi and other

bacteria. This prevented overcrowding of the primary

isolation plates and gave larger numbers of the desired

organisms from the soils tested. The soils were then ground

into a fine dust with a mortar and pestle, passed through a

100 mesh sieve (Wire Cloth Co., Newark, NJ), and stored in

screw cap vials at room temperature. All precautions were

taken to diminish or eliminate cross contamination of soils.

Isolation of the bacterium.

Aseptic technique was used throughout the procedure. A

small amount of soil was sprinkled onto the surfaces of

three Modified Burk's Medium plates, and these were

incubated at room temperature. Three replicates of each

soil were prepared. After 2-4 days, plates were examined

for the transparent, mucoid colonies characteristic of the

reference bacterium. When necessary, these were examined

using a dissecting microscope. Candidate colonies were

streaked for isolation onto fresh plates of the same medium.

This was repeated until pure cultures were obtained. Purity

was determined by streaking on Nutrient Agar and by Gram

stain using capsule formation as the major characteristic.
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Pure cultures of each isolate were compared using

colony morphology, cell morphology, and biochemical tests.

Isolates which matched the reference strain in these

characteristics were deemed to be related strains. These

organisms were designated by the name of the location from

which the soil sample was collected. Fifty organisms were

isolated by this process.

If no candidate colonies were observed in a soil

sample, three additional sets of isolation plates were

prepared making a total of 12 primary isolation plates.

After the fourth failure to detect the bacterium, it was

assumed that the organism was not present in the given soil.

Media, growth conditions, and maintenance of cultures.

The medium used to isolate the bacterium was Modified

Burk's Nitrogen-free Medium. This medium contained 0.64 g

L11 K2 HPO;7H 20, 0.2 g ~1- MgSO4 7H2 0, 0.16 g 1- KH2 PO4 , 0.05 g

l- 1 NaCl, 0.05 g 1- CaSO4 *2H 2 0, 0.003 g 1- FeSO4 7H2 0, and

0.001 g P~1 Na2MoO4 2H2 0 in distilled water. For the solid

medium, 15 g 1- purified agar were added. After

autoclaving and before the agar thickened, a sterile

solution of glucose was added to the medium to a final

concentration of 2%.

For maintenance and for culturing of cells for

biochemical testing, Dialyzed Soil Medium was used

(Gonzalez-Lopez & Vela, 1981). This was prepared by pouring
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25 g of finely powdered (100 mesh) garden soil into washed

dialysis tubes 25 cm in length and 2.5 cm diameter with

molecular exclusion limit of 8,000. The tubes were emptied

of air, tied at both extremes to give a usable length of 20

cm, washed, and placed in 25-30 ml of distilled water in 250

ml Ehrlenmeyer flasks. These were left standing at room

temperature for 2 hours and then sterilized in the autoclave

for 15 minutes at 121 C at 15 pounds per square inch. The

flasks were immediately removed from the autoclave and

allowed to sit for 24 hours at room temperature. The

dialyzate was poured off, filtered through non-sterile No.

42 Whatman paper (Fisher Scientific, Pittsburgh, PA) and

distributed in tubes or flasks in the desired volumes. For

plates, 15 g 1-' agar were added. Finally, dialyzate medium

was sterilized by autoclaving.

Bacterial isolates were also maintained on Nutrient

Agar slants (Difco Laboratories, Detroit, MI).

All cultures were grown at 30 C. Liquid cultures were

incubated on a rotary shaker for 36 to 48 hours. Nutrient

Agar slant cultures were grown 2-3 days and then stored at

4 C for up to two weeks before transferring in order to

maintain viability. For long-term storage, cells in

Dialyzed Soil Medium were either lyophilized or stored at

-20 C in an aqueous solution of 50% glycerol. Another

method for long term storage consisted of adding 0.1 ml of

culture grown in Dialyzed Soil Medium to ampules containing
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1 g of sterile, powdered soil. These were allowed to dry at

room temperature, and the ampules flame sealed. These

samples were stored at room temperature.

Morphological characterization.

Colony morphology was observed by streaking for

isolated colonies on various types of agar plates. Growth

was examined on Modified Burk's Medium, Nutrient Agar, and

Blood Agar. Blood Agar plates were prepared by addition of

sheep's whole blood (Cleveland Scientific, Cleveland, OH) to

5% in Blood Agar Base (dehydrated) from Difco Laboratories

(Detroit, MI).

In addition to the Gram stain, the cells were compared

to the reference organism using other staining methods.

Capsules were examined by two different methods. Anthony's

capsule staining method was used as a positive stain

(Anthony, 1890) and Nigrosin as a negative capsule stain

(Murray et al., 1994). The cyst stain was performed on the

isolates and on A. vinelandii as a positive reference

organism after the cells were grown on Butanol Medium (Vela

& Wyss, 1964). The organisms were examined for cysts at 5,

10, 15, and 30 days. To determine if endospores were

formed, the Schaeffer-Fulton method was used with B.

megaterium grown on Nutrient Agar as a positive reference.

Motility of the isolates was tested by observing wet

mounts and hanging drop mounts. Also, semi-solid agar (0.4%
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agar) in the Modified Burk's Medium base was inoculated with

the isolates, and the growth was observed for motility over

a period of 72 hours. The positive motility control was P.

vulgaris.

Nutritional requirements.

The ability of the isolates to grow on various carbon

sources was tested in order to compare these to the type

organism. The cells were grown in tubes containing 10 ml of

Dialyzed Soil Medium. They were then transferred to

sterile, 50 ml conical tubes and pelleted by centrifugation

in a Sorvall RT6000B centrifuge (Dupont Corporation,

Wilmington, DE) for 15 minutes at 1800 x g at 4*C. The

pellet was resuspended in 30 ml of sterile saline solution

(0.85% NaCl) to remove nutrients. Cells were pelleted and

washed twice again with saline. The final supernatant was

discarded. A sterile cotton swab was used to spread the

pellet on the surfaces of Modified Burk's Medium plates

which contained no carbon source. Bacto Differentiation

Disks (Difco Laboratories, Detroit, MI) containing the test

carbon sources were placed on the surface of the inoculated

plates. A negative control plate was inoculated on which no

disks were placed. The following carbon sources were

tested: adonitol, dulcitol, inositol, inulin, levulose,

maltose, melibiose, rafinose, rhamnose, salicin, sorbitol,

and sucrose. After incubation for 48 hours, the plates were
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observed macroscopically. The production of capsule by

cells growing around the disk relative to the control plate

indicated that the organism was able to utilize that

compound as a carbon source.

Biochemical tests for identification.

For biochemical testing, media used included Bacto-

Starch Agar and DNase Test Medium from Difco Laboratories

(Detroit, MI). Methyl green dye (Sigma Chemical Co., St.

Louis, MO) was added to 0.02% in DNase Test Medium to aid in

visualization of zones of clearing. Urea medium was

prepared by adding 20 g 1- urea, 0.02 g l1 phenol red, and

15 g l1 agar in a Modified Burk's Medium base. Gelatin

plates were prepared by addition of granular Gelatin

(Matheson, Coleman & Bell, Rutherford, NY) to 0.4% final

concentration in Nutrient Agar. Butanol Medium for cyst

production was prepared as described by Socolofsky & Wyss

(1961) using a Modified Burk's Medium base instead of a

Burk's Nitrogen-free Medium base with 0.3% butanol replacing

glucose. Skim Milk Agar contained 5% skim milk and 20 g 1

agar in distilled water. Casein Agar included 1% of

Pancreatic Digest of Casein (Dettown Chemurgic, Fraser, NY)

in Nutrient Agar. Acetate agar was prepared in a Modified

Burk's Medium base with addition of acetate (Sigma Chemical

Co., St. Louis, MO) to 1% in place of glucose. p-

Hydroxybenzoate medium was prepared similarly with the
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addition of p-hydroxybenzoic acid (Sigma Chemical Co., St.

Louis, MO) to a final concentration of 0.2% in a Modified

Burk's Medium base. Peptone water contained 10 g 1- Bacto-

peptone (Difco Laboratories, Detroit, MI) and 5 g 1' NaCl

in distilled water.

The oxidase test was done by placing a drop of

dimethyl-p-phenylenediamine-hydrochloride onto Whatman

filter paper and then transferring a portion of colony from

the plate to the spot on the filter paper. The color of the

spot where the cells were deposited changed to purple to

indicate the positive reaction. The positive control was P.

aeruginosa. The catalase test was performed by placing a

drop of 3% hydrogen peroxide on a microscope slide and

adding a portion of the colony to be tested with a sterile

inoculating loop. A positive reaction was evidenced by the

production of bubbles in the mixture. The reference

organism was S. aureus.

Starch hydrolysis was tested by making a single streak

of the isolate on a Starch Agar plate and, after incubating,

flooding the plate with Gram's iodine solution. A positive

test was indicated by a colorless area around the growth

relative to the dark purple background where unhydrolyzed

starch remained. The positive control was B. megaterium.

Gelatin hydrolysis was tested by making a single streak of

the organism on a gelatin agar plate. After incubation, the

plate was flooded with gelatin precipitating reagent (15%
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mercuric chloride in 20% concentrated hydrochloric acid). A

positive test was indicated by a clear zone around the

growth. The positive control was P. vulgaris, and the

negative control was E. coli. Milk hydrolysis was tested by

making a single streak of the organism to be tested on a

Skim Milk Agar plate. A positive test was indicated by a

clear zone around the growth. The negative test organism

was E. coli and the positive B. megaterium. Casein

digestion was tested by making a single streak of the

organism on a Casein Agar plate. The positive test was

indicated by a clear zone around the growth. The positive

control was S. griseus.

The urease test was performed by making a single streak

of the organism on a Urea Agar plate. A positive test was

indicated by the change in color of the medium from orange

to red. The positive control was P. vulgaris. The DNase

test was performed by making a single streak of the organism

on a DNase Test Agar plate. A positive test was indicated

by the change in the medium from green to clear around the

growth. The reference organism was S. aureus.

Antibiotic susceptibility.

The isolates were compared to the type organism for

sensitivity to several antibiotics. A suspension of cells

of the organisms to be tested was made in saline solution

using one colony from the surface of a Modified Burk's
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Medium plate. A sterile cotton swab was used to transfer

inoculum from the suspension onto the surface of a Bacto

Mueller-Hinton plate (Difco Laboratories, Detroit, MI) using

a 3-way swab technique to ensure confluent growth. Dispens-

0-Disc Susceptibility Test Disks (Difco Laboratories,

Detroit, MI) containing different antibiotics were placed on

the plates. The antibiotics tested were: ampicillin,

azteonam, cefoxitin, chloramphenicol, erythromycin,

gentamycin, kanamycin, novobiocin, oxacillin, penicillin,

streptomycin, and tetracycline. After a 48 hour incubation

period, the plates were examined. The zone of clearing was

measured and compared with a standard table provided by

Difco Laboratories (Detroit, MI) to determine antibiotic

sensitivity (Table 1).

Growth on Dialyzed Soil Medium made from soil where the

bacterium was found and of that from which the bacterium was

not isolated.

The ability of the organism to grow in Dialyzed Soil

Medium prepared from several different soil samples was

tested. Dialyzed Soil Medium was prepared from seven soils

from which the bacterium could be isolated. Dialyzed Soil

Medium was also prepared for thirteen soils from which the

novel bacterium was not isolated in this study. Growth on

each Dialyzed Soil Medium was tested for the reference

strain and one of the isolates, Pampa #1. The type strain
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Table 1. Standard chart for determination of antibiotic
susceptibility. Adapted from Difco Laboratories (Detroit,
MI).

Zone size
indicating

Antibiotic Concentration susceptibility (mm)

Ampicillin 10 mcg z17
Aztreonam 30 mcg 22

Cefoxitin 30 mcg >18

Chloramphenicol 30 mcg z18

Erythromycin 15 mcg 23

Gentamycin 10 mcg 15

Kanamycin 30 mcg >17

Novobiocin 30 mcg 22

Oxacillin 1 mcg 13

Penicillin 10 units 29

Streptomycin 10 mcg 15

Tetracycline 30 mcg 19
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and the Pampa #1 isolate were inoculated into 3 ml of the

desired medium and incubated. The tubes were observed for

growth from 2-4 days. Samples from tubes which exhibited

growth were streaked to Modified Burk's Medium plates and

Nutrient Agar plates to rule out contamination.



RESULTS

Distribution of the novel bacterium.

Soil samples from 188 different sites from various

locations around the world were examined. Isolation of the

novel bacterium in each soil sample was based on the

morphological and biochemical characteristics of each

isolate compared to the type strain. These criteria are

discussed later in this work.

The majority of samples were collected in the United

States and their distribution is shown in Table 2 and on the

map in Fig. 2. The largest number of samples examined were

from Texas, Oklahoma and New Mexico (Table 3 and Fig. 3).

The percentage of soils containing the novel bacterium in

the Southwest was much greater, over 50%, than in the

remainder of the United States and the rest of the world

(Table 6). Of the 136 samples from the United States, 45,

or 33.1%, contained the bacterium. This percentage is

artificially high for the United States as a whole since the

bacterium was isolated from only 3 out of 55 soils, or 5.5%,

when excluding the states of Texas, Oklahoma and New Mexico.

By comparison, of the 57 samples obtained from Texas, 30, or

52.6%, yielded the novel bacterium.

The next largest number of soil samples were from South

America as shown in Table 4 and the map in Fig. 4 along with

23
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samples from Central America, the Caribbean, and Mexico. Of

the 20 samples taken from these locations in South America

not one yielded the organism in question. Likewise, the

bacterium was not isolated from four soil samples brought

from Central America and the Caribbean (Table 4). The

bacterium was found in all three samples collected in

northern Mexico (Table 4). It should be noted that these

samples were from regions relatively close to the

Southwestern United States.

Although the main concentration of soils from which the

bacterium was isolated was found in one region of North

America, the bacterium was found in soil samples from sites

in Europe and Asia (Table 5). However, of the 15 soil

samples from Europe, the bacterium was isolated from only

one. Similarly, only one of nine soil samples from Asia

contained the bacterium. A single soil sample from

Australia was examined and found to not contain the

bacterium (Table 5). The source areas of the samples from

Europe, Asia and Australia are shown on the map in Fig. 5.

Unfortunately, no samples were obtained from Africa.

Growth on Dialyzed Soil Medium made from soil where the

bacterium was found and of that from which the bacterium was

not isolated.

To see if the nutrients present in the soils were a

factor in the isolation of the bacterium (Wu et al., 1987),
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Figure 2. Map of the distribution of the novel bacterium in

soils from the United States except for Oklahoma, New

Mexico, and Texas.
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Figure 3. Map of the distribution of the novel bacterium in

soils from Oklahoma, New Mexico, and Texas.
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Table 4. Distribution of the novel bacterium in soils from
the Caribbean, Central America, Mexico (northern), and South
America.

1Positive (3 samples) Negative (24 samples)

CARIBBEAN:
None

CENTRAL AMERICA:
None

MEXICO (northern):
Chihuahua
Durango
Monterrey

SOUTH AMERICA:
None

CARIBBEAN:
Caverns Rio Murray, Puerto Rico
San Juan, Puerto Rico

CENTRAL AMERICA:
Heredia, Costa Rica
Guatemala City, Guatemala

MEXICO (northern):
None

SOUTH AMERICA:
Buenos Aires, Argentina
Gualeguaychu, Argentina
Recife, Brazil
Concepcion, Bolivia
La Paz, Bolivia
Lago Titicaca, Bolivia
Mineros, Bolivia
Montero, Bolivia
Portachuelo, Bolivia
Santa Cruz, Bolivia
Santa Cruz #2, Bolivia
San Ramon, Bolivia
Samaipata, Bolivia
Sucre, Bolivia
Warnes, Bolivia
Yapacani, Bolivia
Medellin, Colombia
Bogota, Colombia
Isla Gorriti, Uruguay
Montevideo, Uruguay IIi n !
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Figure 4. Map of the distribution of the novel bacterium in

soils from the Caribbean, Central America, northern Mexico,

and South America.
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Table 5. Distribution of the novel bacterium in soils from
Europe, Asia, and Australia.

Positive (2 samples)

EUROPE:
Madrid #1, Spain

ASIA:
Taipei, Taiwan

AUSTRALIA:
None

Negative (23 samples)

EUROPE:
Blackburn, England
Leicester, England
London, England
Lyon, France
Paris #1, France
Paris #2, France
Paris Charles de Gaulle, France
Strasbourg, France
Cork, Ireland
Leap, Ireland
Poi na Bryn, Ireland
Granada, Spain
Madrid #2, Spain
Malaga, Spain

ASIA:

Beijing, China
Bangkok #1, Thailand
Bangkok #2, Thailand
Bangkok #3, Thailand
Bangkok #4, Thailand
Bangkok #5, Thailand
Bangkok #6, Thailand
Nonthaburi, Thailand

AUSTRALIA:
Adelaide

I -
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Figure 5. Map of the distribution of the novel bacterium in

soils from Europe, Asia, and Australia.
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Table 6. Summary of the distribution
bacterium.

of the novel

Number Did not Percent
Number Yielding Contain Containing

Region of Soil the the the
Samples Bacterium Bacterium Bacterium

United States,
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

37
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Dialyzed Soil Medium was prepared using soils from which the

bacterium was isolated and also from soils that did not

yield the organism. Although the Dialyzed Soil Medium from

a few of the soil samples from which the bacterium had not

been isolated did not support growth, Dialyzed Soil Medium

from 10 out of 14 of these soils allowed growth of the type

strain and one isolate, Pampa #1, from this study (Table 7).

All of the Dialyzed Soil Media made from soil from which the

bacterium had been isolated supported the growth of the two

strains tested.

Morphological characterization.

The colonies on Modified Burk's Medium for the

reference strain were mucoid, transparent, large, and

rounded with a diameter of approximately 1 cm (Fig. 6). All

of the isolates examined showed the same characteristics.

Each produced flat colonies from 0.2-0.5 cm in diameter on

Dialyzed Soil Agar Medium (Fig. 7). These colonies were

opaque with a white center and not mucoid as were those on

Modifed Burk's Medium. The organisms also gave small,

circular, non-mucoid colonies on Nutrient Agar (Fig. 8) and

the same on Blood Agar.

Like the reference strain, the isolates were Gram

negative bacilli which contained cytoplasmic granules. When

grown on Dialyzed Soil Medium, cell morphology appeared

different (Fig. 9). The cells were smaller, did not present
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Table 7. Comparison of the growth of the novel bacterium
and one isolate on Dialyzed Soil Medium made from soils
where the bacterium was found and of that from which the
bacterium was not isolated.

Sample Type Strain Pampa #1

Soils from which the novel bacterium was
isolated

Altus + +

Barstow + +

El Paso + +

Grapevine + +

Houston + +

Littleton + +

Pampa + +

Soils from which the novel bacterium was
not isolated

Adelaide - -

Atlanta + +

Farmington + +

Heredia - -

Key Largo - -

Lancaster + +

London + +

Mansfield + +

Pilot Point + +

San Diego - -

San Ramon + +

Thackerville + +

Waco + +

Winnfield + +
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Figure 6. Colony morphology on Modified Burk's Medium.

Plate A shows the type strain and Plate B the Carrollton

isolate.
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Figure 7. Colony morphology on Dialyzed Soil Medium. Plate

A shows the type strain and Plate B the Carrollton isolate.
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Figure 8. Colony morphology on Nutrient Agar. Plate A

shows the type strain and Plate B the Carrollton isolate.
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Figure 9. Comparison of cell morphology of the type strain

grown on Modified Burk's Medium (A) and on Dialyzed Soil

Medium (B). Capsular material surrounds the cells

completely. The cells grown on Dialyzed Soil Medium show an

unusual morphology and one not previously seen by anyone in

this laboratory. The cells have a striated outer covering

and many (most) have a knob at the end of the cell, giving

the organism a definite "head and tail" orientation.

Scanning electron micrographs courtesy of Acharawan

Thongmee.
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granules, and appeared to have a thicker cell wall. The

organism shows a large, light blue capsule and dark purple

cell with the Anthony capsule stain. The capsule is

observable in colonies as a large, white zone with the

organism visible in the center when viewed with the nigrosin

negative stain. No cysts were observed in any of the

isolates when these were compared to Azotobacter using the

cyst stain of Vela & Wyss (1964). No endospores were found

using the Schaeffer-Fulton method.

The cells were not motile. On semi-solid agar tubes,

dense growth was visible along the inoculation site, but not

elsewhere in the medium. Only non-motile cells were

observed on hanging drop preparations examined by phase-

contrast microscopy.

Nutritional requirements.

The isolates were able to utilize the majority of the

carbohydrates tested (Table 8). The growth of the cells was

visible as a circular zone of mucoid growth around some of

the carbohydrate disks but not around others. Growth was

visible as non-mucoid microcolonies on substances which were

not utilized. This non-mucoid growth was comparable to the

negative controls where no exogenous carbon sources were

present.
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Table 8. Growth of the novel bacterium on various carbon

sources. Ad = Adonitol, Du = Dulcitol, I = Inositol, In =

Inulin, Le = Levulose, M = Maltose , Me = Melibiose, Ra =

Raffinose, Rh = Rhamnose, Sa = Salicin, So = Sorbitol, Su =

Sucrose. "+" = capsule production, "-" = no capsule

production.
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Biochemical tests.

All the isolates tested were found to be oxidase

negative and catalase positive like the reference strain.

While they grew on Starch Agar, they did not hydrolyze it,

but all the isolates tested were able to hydrolyze gelatin.

A clear zone was observed on Skim Milk Agar for all the

isolates, indicating hydrolysis. The organisms were unable

to hydrolyze casein or urea and did not grow in acetate

medium or p-hydroxybenzoate medium. The isolates also did

not produce DNase.

Antibiotic sensitivity.

The isolates were sensitive to the majority of

antibiotics tested (Table 9). The results were the same for

all the isolates with the exception of some variability in

ampicillin and penicillin sensitivity.
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Table 9. Antibiotic susceptibility of the novel bacterium.

AM = Ampicillin, ATM = Aztreonam, FOX = Cefoxitin, C =

Chloramphenicol, E = Erythromycin, GM = Gentamycin, K =

Kanamycin, NB = Novobiocin, P = Penicillin, PB = Polymyxin,

S = Streptomycin, Te = Tetracycline. R = resistant, S =

sensitive.
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DISCUSSION

Before a report was given at the 97th Annual Meeting of

the American Society for Microbiology held on May 4-8, 1997

in Miami Beach, Florida, little was known about the

bacterium which is the focus of this study. This organism

has been characterized physiologically by Acharawan Thongmee

of this laboratory, but little was known about its habitat

and distribution in nature. The objective of this study was

to learn more about its distribution in nature. An

auxiliary goal was the examination of isolates to see if

strains or species could be identified.

The fifty isolates obtained in this study were compared
to the type strain, i.e., the organisms originally isolated

by Dr. Virginia Nevarez-Moorillon in this laboratory in

1994. The colony appearance on Modified Burk's Medium was

similar for all isolates tested and matched the

characteristic transparent, mucoid colonies of the type

strain. All isolates also exhibited the same change in

colony morphology to smaller, non-mucoid colonies when grown

in Dialyzed Soil Medium. Changes in cell morphology from

large cells with capsules to small cells with no capsule

were noted for the isolates and the type strain when grown

on plates of Dialyzed Soil Medium. All isolates were

56
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initially assumed to be the same as the type organism based

on the constancy of the similarities observed in this work.

The isolates were further characterized by a limited

number of biochemical tests where the results of these tests

were compared with those of the type strain. All the

isolates and the type strain gave the same results in all

the tests performed. The sensitivity pattern of 17 out of

31 of the isolates exactly matched the type strain for the

antibiotics tested. Of those which did not match the type

strain exactly, variation was seen only for penicillin (10

isolates) or ampicillin resistance (3 isolates) with one

isolate differing from the type strain for both of these

antibiotics.

The limited number of tests performed and the results

obtained do not yield data sufficient to reach conclusive

evidence for the determination of different species or

strains within this group of isolates. Since the main

purpose of this study was the distribution of the bacterium

and the identification of strains was a secondary aim,

additional tests were not performed. It was not feasible to

do additional tests due to the large number of isolates and

it did not seem necessary considering the lack of variation

in the results already obtained.

It can be concluded from the distribution of the

isolates shown in the Results that the newly-discovered

bacterium is found in widespread locations. Isolates were
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obtained from soil samples collected from North America,

Europe, and Asia. In one wide geographical region, the

Southwest U.S. and northern Mexico, the organism was

isolated from more than half the soil samples tested. These

findings suggest that conditions in this region provide a

favorable habitat for the organism. Given the high

percentage of samples containing the organism, this region

is most likely the natural habitat of the bacterium.

Distribution of the bacterium within the southwestern

United States may be facilitated along river systems. For

example, a majority of soils (19 of 33) examined from

locations along the Red River, from the panhandle region of

Texas to central Louisiana, were found to contain the

bacterium. Similarly, the bacterium was isolated from

almost all (5 of 7) the soil samples found along the Rio

Grande River in New Mexico and Texas.

There were only two isolates found from soils outside

of the southwestern United States and northern Mexico. This

also suggests that the organism is indigenous to the

southwestern part of the United States and northern part of

Mexico. The two isolates, found in soils from Spain and

Taiwan, could have been introduced to those areas through

any number of human activities, including the transport of

animal feeds, livestock, or fertilizers. Successful

Introduction of the bacterium could only take place if a

suitable habitat is present.



59

The most soil samples collected without obtaining an

isolate of the bacterium were from South America. The

majority of those samples were from one country, Bolivia,

and were collected throughout the country. Based on the

number and distribution of soils tested, it is unlikely that

the novel bacterium would be found in other soils from that

region. This may mean that soils in Bolivia do not provide

a suitable habitat for this bacterium. To test this, the

type strain and the Pampa #1 isolate were inoculated into

Dialyzed Soil Media prepared from one Bolivian soil, San

Ramon. Both organisms grew well. Because of this growth,

an alternative explanation for the lack of this bacterium in

these soils may be that the organism was never introduced to

this region.

Only a few soils were obtained from the remainder of

South America, and they do not represent a large enough

sample to eliminate the possibility of the occurrence of the

bacterium in those regions. The same conclusion is

applicable to Australia since only one soil was tested and

this found to not contain the novel bacterium.

There are several possible reasons why the bacterium

was not isolated from a given soil. The soil conditions may

not provide habitats which are favorable for the growth of
this bacterium. Factors contributing to an unfavorable

habitat could include mineral content, moisture content, pH
of the soil, the microbial community, and vegetation type.
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Also, the bacterium may not have been introduced to the soil

even where conditions are suitable for growth or the number

of organism introduced may have been too low. Another

factor to consider could be the season of the year when the

sample was collected. For example, 11 of the 15 European

soil samples were collected in the winter, the season during

which microbial activity in soils is the lowest.

The original collection plan was to study soils from

Texas since the bacterium was first isolated from soils in

this area. During the course of the study, the opportunity

arose to obtain soil samples from other areas. This allowed

the study to be expanded to include soil samples from other

states and countries. The soil samples examined in this

study were obtained as follows: i) from soils already

available in the laboratory, ii) from soils collected during

travel by members of the laboratory, and iii) from soils

sent by colleagues living in other countries.

The limited number of biochemical tests performed do

not rule out the existence of varied strains or even other

species of the type organism. The lack of variation on the

tests used suggests that a homogeneous population exists,

even from widespread geographical locations.

Cell morphology is identical in all isolates studied

and is considered of prime taxonomic significance. As shown

in Fig. 9(B), cell structure is complex and features an

appearance not previously described in the literature.



61

This study provides an initial characterization of the

distribution of a recently discovered bacterium. This work

complements the study of the physiological characteristics

of the bacterium in this laboratory, since the researcher,

Acharawan Thongmee, conducting those studies was not

expected to do a world-wide survey. That was the central

aim of the present study and it has been completed. The

combination of data from these two studies will be published

in appropriate systematics and environmental journals to
provide documentation of the characteristics and

distribution of the novel bacterium.
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