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PREFACE

Although the biochemical processes in the soil as well as the nature
of the microorganisms present there have received considerable atten-
tion from various points of view and although an extensive literature has
accumulated, not only dealing with soil processes in general but even
with certain specific activities of the organisms, our present knowledge
of the soil microflora and microfauna and of the numerous transforma-
tions that they bring about has not advanced beyond a mere beginning
of a systematic study. The isolation of numerous microorganisms from
the soil, their identification and cultivation upon artificial media is
very important but such data do not tell what réle they play in the soil.
A knowledge of the activities of certain organisms isolated from the soil
is certainly necessary, but that is not a knowledge of the extent to
which these processes take place in the soil itself. A book on soil
microbiology should include a study of the occurrence of microorganisms
in the soil, their activities and their réle in soil processes. It is this
last phase which has been studied least and where the information
available is far from satisfactory in explaining what is taking place in
the soil. This is due largely to the limitations of the subject which
depends for its advance on botany, zoology, bacteriology, chemistry,
including biological and physical, and especially upon the advance of
our understanding of the physical and chemical conditions of the soil.

There are various kinds of audiences to which a book on soil micro-
biology may appeal. There is the scientific farmer who may search for
a better understanding of the processes taking place in the soil, those
processes which control the growth of his crops and indirectly influence
the growth of his animals. There is the agronomist, who is interested
in the fundamental reactions controlling soil fertility, by reason of the
need of directing such processes towards a greater utilization of the
nutrients added to the soil or stored away in the soil organic matter.
There is the investigator, the soil chemist or the soil microbiologist, who,
in attacking problems dealing with the occurrence of microorganisms
in the soil, their activities, and especially with the relation of these
activities to the physical and chemical soil conditions, seeks for specific
or general information. These investigators may deal with organisms
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viii PREFACE

or processes which could be better understood when correlated with the
other soil organisms and the numerous other processes. An attempt
has been made to compile a book which will be of service not only to the
investigators in soil science, but also to workers in allied sciences,
especially botany, plant physiology, plant pathology and bacteriology,
as well as to the general student in agriculture.

This book is a collection of known facts concerning microorganisms
found in the soil and their activities; it is a study of the literature dealing
with the science in question; it is an interpretation of the facts already
presented; it indicates the various lines of investigation and notes where
further information is especially wanted. Soil microbiology is a science
which is at the very base of our understanding of agricultural processes
and the practice of agriculture; it comprises a number of sciences. The
book may, therefore, be looked upon more as an introduction to further
research rather than as an ordinary text-book; as of help to those work-
ing in the allied sciences, who are desirous of obtaining some information:
concerning the soil population and its activities.

If this volume will help to disclose to the reader some of the numerous
interrelated processes in the soil, if it will present in a clearer light to the
chemist, the physiologist, the botanist, the bacteriologist and the
zoologist the nature of the many scientific and practical problems
awaiting the investigator, if it contributes in a small measure toward
making soil science an exact science, the author will feel that he has been
amply rewarded.

The author is greatly indebted to his various colleagues for reading
and criticizing the different chapters of the book and for the many
helpful suggestions generously offered, especially to Dr. H. J. Conn, of
the New York Agricultural Experiment Station, for reading Chapters
I and VI; to Dr. B. M. Bristol Roach, of the Rothamsted Experimental
Station, and Dr. G. T. Moore, of the Missouri Botanical Garden, for
reading the Chapter on Algae; to ‘Dr. Ch. Thom of the Bureau of
Chemistry, for reading the Chapter on Fungi; to Dr. M. C. Rayner, of
Bedford College, London, for reading the section dealing with Mycor-
rhiza Fungi; to Dr. A. T. Henrici, of the University of Minnesota,
for reading the Chapter on Actinomyces; to Dr. W. M. Gibbs, of the
Idaho Agricultural Experiment Station, for reading the Chapter on
Nitrifying Bacteria; to Dr. A. L. Whiting, of the University of Wis-
consin and to Dr. L. T. Leonard of the Bureau of Plant Industry, for
reading the Chapter on Nodule Bacteria; to Dr. R. Burri, of Liebefeld,
Switzerland, and to Dr. I. C. Hall, of the Colorado Medical School,
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for reading the Chapter on Anaerobic Bacteria; to Mr. D. W. Cutler,
Mr. H. Sandon, of the Rothamsted Experimental Station, and Prof.
C. A. Kofoid, of the University of California, for reading the Chapter on
Protozoa; to Dr. N. Cobb and Dr. Steiner, of the Bureau of Plant
Industry, for reading the Chapter on Soil Invertebrates; to Dr. O.
Meyerhof, of the K. Wilhelm Institute, Berlin, for reading the Chapter
on Energy Transformation; to Dr. T. B. Osborne, of the Connecticut
Agricultural Experiment Station, for reading the Chapter on Protein
Transformation; to Mr. A. Bonazzi, of Cuba, for reading the Chapter on
Non-symbiotic Nitrogen Fixation; to Dr. R. L. Jones, of the University
of Wisconsin, for reading Chapter XXX ; to Dr. E. B. Fred, of the Uni-
versity of Wisconsin, for reading the Chapter on Nitrate-reducing
Bacteria; to Prof. D. R. Hoagland and Dr. W. P. Kelley, of the Uni-
versity of California for reading Chapters 24 and 25 respectively; to
the members of the Soil Microbiology Division of the New Jersey Ag-
ricultural Experiment Station, especially to Dr. J. G. Lipman and
Dr. R. L. Starkey, for reading various parts of the book, and to all
those who have generously allowed the use and reproduction of the
various illustrations in the text.
SELMAN A. WAKSMAN.
August 25, 1926.
New Brunswick, N. J., U. S. A.
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CHAPTER 1

NuMBERS OF DIFFERENT GROUPS OF MICROORGANISMS FOUND IN THE
SoIL AND METHODS OF DETERMINATION

The occurrence of microorganisms tn the soil. The microorganisms
present in the soil belong, in an uneven proportion, to the plant and
animal kingdoms, the former including the large majority both in
numbers and in kinds. Chart 1 gives a visual representation of the
relationships of the various groups of soil microorganisms. The
relative importance in the soil, however, both as to numbers and
physiological activities, varies with the different groups.

The animal world is represented in the soil by the protozoa, nema-
todes, rotifers, earthworms and various other worms as well as insects.
The nematodes occur abundantly in all soils, but especially in green-
house soils and certain infested field soils. Large numbers as well as
numerous species of amoebae, ciliates and flagellates represent the
protozoa in the soil.

The microscopic plant world is represented in the soil by the algae,
fungi and bacteria, named in the order of their increasing importance
of numbers and activities. Among the algae, the Cyanophyceae and
Chlorophyceae are best represented in the soil. The soil fungi can be
subdivided further into three groups:

1. Yeasts and yeast-like fungi, like the Monilia and Oidia (these
two groups may, however, be classed with the true fungi).

2. Molds and other true fungi. Here we find the Mucorineae repre-
sented by the extensive genera Rhizopus, Mucor, Zygorhynchus and
other Phycomycetes; various Ascomycetes, including the genus Chae-
tomium and other genera; Hyphomycetes represented by the Mucedi-
naceae (Aspergillus, Penicillium, Sporotrichum, Botrytis, Trichoderma,
Verticilliuth, ete.), Dematiaceae, Stilbarcae and Tuberculareaceae.
The Basidiomycetes are probably represented abundantly in the soil
by the sterile mycelium as well as by some of the mycorrhiza fungi.

3. Actinomyces. Ten to 50 per cent of the colonies developing from a
soil on the common agar or gelatin plate belong to this important group
of soil organisms. They are generally classified by bacteriologists with
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the bacteria; actually they belong to the fungi and are so far known
to be represented in the soil by one extensive genus Actinomyeces.
Bacteria predominate, in numbers and in the variety of activities,
over all the other groups of microorganisms. This was the reason why
the earlier microbiologists named the whole science of soil microbiology
“soil bacteriology.” It has long been recognized, however, that the
soil population consists of various microorganisms other than bacteria,
so that the more comprehensive term is fast coming into general use.
Since the bacterial activities in the soil do not coincide with their
taxonomic groupings, these organisms may be classified on the basis
of their physiology for the sake of convenience in treatment. As a
major division, the bacteria can be separated into two large groups:

lants Animals
N

Algae ng1 acterin Pr wmmhmm
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CaHART I. The microflora and microfauna of the soil

(1) autotrophic, and (2) heterotrophic forms. Living organisms that
require for their nutrition substances which have been built up by other
organisms are called heterotrophic. The heterotrophic saprophytic
bacteria consume, for their energy and for the building up of their
protoplasm, the organic compounds of plant and animal bodies. Organ-
isms like the green plants and certain bacteria that can thrive on purely
inorganic substances and obtain their carbon from the carbon dioxide
of the atmosphere are called autotrophic. But while the green plants
derive their energy photosynthetically, the autotrophic bacteria derive
their energy from the oxidation of purely inorganic substances, or
chemosynthetically. The autotrophic group of bacteria is represented
in the soil by smaller numbers and by much fewer species than the
heterotrophic group, but it includes forms which are of greatest impor-
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tance in the physiologieal processes in the soil, namely the organisms
which oxidize ammonium salts to nitrites, nitrites to nitrates, sulfur
and sulfur compounds to sulfates, and a few other less important groups.

The heterotrophic bacteria are further subdivided on the basis of
their nitrogen utilization: (1) Those bacteria that are able to fix
atmospheric nitrogen in the presence of sufficient carbohydrates as
sources of energy. This division is again only secondary in numbers,
but its three representative groups play an important part in the soil
economy, namely in the increase of the combined nitrogen of the soil.
They are the symbiotic nitrogen-fixing, or nodule bacteria; the non-
symbiotic aerobic nitrogen-fixing bacteria and the non-symbiotic
anaerobic nitrogen-fixing bacteria. (2) Those bacteria which depend,
for their metabolism, upon the nitrogen of the soil, in organic or inor-
ganic forms. The heterotrophic non-nitrogen-fixing bacteria can be
further subdivided, using as a basis either the need of free or com-
bined oxygen or spore formation. The heterotrophic, non-nitrogen-
fixing, aerobic bacteria are usually the organisms which are found on
the plates, when an analysis of numbers of bacteria in the soil is made
by the common agar or gelatin plate method.

In addition to the microscopic forms, ultramicroscopic microorganisms
capable of passing through bacterial filters have been reported! as
present in the soil. These have been only insufficiently studied. We
may be dealing here with certain stages of other organisms, as sug-
gested by Lohnis for gonidia. A certain relation was observed between
the ultrafilterable microbes and microbial enzymes and other cell
constituents. Attention may be called here to the extensive literature
concerning the nature of the bacteriophage; investigators do not agree
as yet whether these are ultramicroscopic organisms or are of the nature
of enzymes. An attempt to study the physiological activities of the
invisible soil microorganisms has been made? but without any success.

Proof of microbial activities in the soitl. The food requirements of the
various groups of soil microorganisms are so distinctly different that
no single artificial culture medium could be devised on which all of them
could be studied. A large number of microorganisms, to which some
of the most important soil forms belong, will grow only under very
special conditions, such as selective media or selective environments.

1 Melin, E. Ultramikroskopische Mikroben im Waldboden. Ber. deut. Bot.
Gesell. 40: 21-25. 1922. See also Miehe, H. Biol. Centrbl. 43: 1-15. 1923.

2 Rossi, G. Preliminary note on the microbiology of the soil and the possible
existence therein of invisible germs. Soil Sci. 12: 409412, 1921.
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Various media and different methods have to be used for the study of the
different groups. In some cases, special enrichment culture media favor-
ing the development of particular organisms have to be devised, so that
the growth of these will take place in preference to that of all the
other organisms. We thus often create artificial conditions which are
distinctly different from those of the soil and conclusions, based on the
results of growth of the organisms under such artificial conditions, often
do not hold true for the soil. To be able to grow the organisms in pure
culture in the soil, the latter must be first sterilized. No method of
sterilization has yet been devised which would not modify, in a funda-
mental manner, the chemical conditions of the soil. What will hold
true for sterilized soil, then, may not hold true for unmodified soil.
Again, the various organisms exist in the soil in large numbers, with a
number of associative and antagonistic influences at work (both by
living microorganisms and their products). Each organism has
adapted itself to its environmental conditions and to the other organisms
and may be, so to speak, in a condition of ‘“‘unstable equilibrium.”
When this same organism is cultivated, in pure culture, upon a favor-
able medium, its activities are very likely to be different from those in
the normal soil. Before we can conclude that a microorganism is
active in the soil and that certain chemical transformations are produced
by this organism under ordinary soil conditions, certain requirements
must be satisfied. The following postulates, applied by Koch to
pathogenic bacteria, and modified by Conn? in their application to soils
should hold true for soil microorganisms: (1) The organism must be
shown to be present in the soil in an active form when the chemical
transformation under investigation is taking place. (2) The organism
must be shown to be present in larger numbers in such soil than in
similar soil in which the chemical change is not taking place. (3)
The organism must be isolated from the soil and studied in pure cul-
ture. (4) The same chemical change must be produced by the or-
ganism in experimentally inoculated soil, making the test, if possible,
in unsterilized soil. (5) The organism must be found in the inoculated
soil.

Methods of study. The methods generally employed for the study of
soil bacteria can be divided into those of direct microscopic observation
and cultural methods. The former have been suggested by Conn and
further developed by Winogradsky. The latter have been used by the

3Conn, H. J. The proof of microbial agency in the chemical transformation
of soil. Science. N. S. 46: 252-255. 1917.
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great majority of other soil microbiologists. Artificial culture media are
employed, or at least artificial conditions are created. In many in-
stances, therefore, no direct evidence is furnished as to what is actually
taking place in the soil, under natural conditions. The results obtained
under laboratory conditions often have to be interpreted as to their
bearing upon actual field results.

The information obtained from the study of soil microbiology by the
use of the different methods can throw light upon three groups of
phenomena: (1) the numbers and kinds of microorganisms occurring
in the soil; (2) the activities of soil microorganisms; (3) the bearing of
these activities upon soil fertility.

Dzrect microscopic method.

The method consists in preparing a suspension of soil in a dilute fixative solu-
tion, then spreading one or two drops of the suspension upon a clean slide, drying
and staining with an acid dye. For qualitative purposes, about 0.5 to 1 gram of
soil is placed4 in a test tube; 6 to 8 cc. of a fixing solution, consisting of 0.04 per
cent sterile ge‘latm in water, are then added and the mixture well shaken. Two
loopfuls of the suspension are placed upon clean slides; after drying, the slides
are stained with a 1 per cent solution of rose bengal in 5 per cent phenol-water
mixture. The preparation is heated on a steam bath until most of the liquid has
evaporated and the excess of stain is removed by dipping the slide in water.
The preparation is then dried on the steam bath and examined microscopically.
The gelatin fixative can be omitted® and the films fixed to the slide by flooding,
after drying, with a very dilute solution of collodion in ether and alcohol.

The method was modified and improved by Winogradsky,® who found that the
presence of large yellow grains of inorganic soil material hinders the proper
examination of the field under the microscope. The soil samples are well mixed
and powdered. One gram of the soil (on a dry basis) is then added to 4 cc. of
distilled water and shaken vigorously for five minutes. After allowing to rest
30 seconds the suspension covering the large sedimented inorganic particles is
poured off into a small tube of a hand centrifuge. Two 3-cc. portions of distilled
water are then added to the residue, shaking each time one minute, allowing to
rest 30 seconds and then pouring into the same tube of the centrifuge. Ten
units of water are thus used for one unit of soil. After these three washings the

¢ Conn, H. J. The microscopic study of bacteria and fungi in soil. N. Y.
Agr. Exp. Sta. Tech. Bul. 64. 1918; An improved stain for bacteria in soil.
Stain Technol. 1: 126-128. 1926.

§ Whittles, C. L. The determination of the number of bacteria in soil. Jour.
Agr. Sci. 13: 18-48. 1923; 14: 346-369. 1924.

8 Winogradsky, S. Sur I’étude microscopique du sol. Compt. Rend. Acad.
Seci. 179: 367-371. 1924; Etudes sur la microbiologie dusol. 1. Sur la méthode.
Ann. Inst. Past. 89: 299-354. 1925.
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first sediment suspended in distilled water settles immediately. During these
manipulations, which require about 10 minutes, a second sediment is formed
in the tube of the centrifuge. About half of the suspension is carefully taken
out and placed in another centrifuge tube; on centrifuging, a third sediment is
formed. Preparations are then made from each sediment and from the non-
centrifuged and centrifuged suspensions. One drop of the various preparations
is placed upon a slide covering just 1 sq. cm.; the preparations are dried in an oven
and are rapidly covered with a very dilute agar solution. One per cent warm
agar solution is best for the first two sediments and 0.1 per cent cold agar solution
for the third sediment. For the suspensions, no fixative is necessary. When the
agar is dried, several drops of absolute alcohol are used for fixing and the prepa-
rationisstained by means of a solution of an acid dye in 5 per cent phenol solution.
Rose bengal may be used, but its action is prolonged, followed by a drop of acetic
acid, then washed. Extra erythrosine in 5 per cent phenol solution is superior.
The bacterial cells are colored, but not the capsules and mucus; this is especially
true of the compact colonies as those of Nitrosomonads and other soil forms
which so readily over-color with basic dyes; the colloids are only faintly colored;
the agar is readily discolored by the process of washing with cold water. The
dye is allowed to act 5 to 15 minutes in the cold or on slight warming, then washed
a few seconds in water.

The preparations from the first sediment are usually free from bacteria, except
in soils rich in organic matter, when some of the particles are not removed by
three washings. The second preparation shows on examination the same mi-
crobes, qualitatively and quantitatively, as the third sediment, where conditions
for examination are most favorable. The fourth preparation made from the
suspension is usually most instructive. The living cells only take the stain,
while the spores stain only very faintly or not at all and can be seen only when
present in large numbers. Protozoan cysts are recognized by their intense
coloration and can easily be counted.

Winogradsky suggested to use always for comparison a control soil,
which had no addition of fresh organic matter for a considerable period
of time. A normal arable soil contains a native or autochtonous flora
consisting of short bacteria with rounded ends and of cocei, 1 to 1.5u in
diameter. Often larger forms, 1 to 3u in diameter, resembling Azoto-
bacter are found. They group into rounded colonies consisting of
about 100 cells in a compact mass with a common capsule, but occa-
sionally with as few as a dozen individuals (P1. I). The field between is
completely devoid of microbes. The colonies are situated on the soil
colloidal matter. This is the reason why the centrifuged suspension is
practically free from colonies which are carried down by the flakes of
organic matter. Spore-bearing bacilli, filamentous bacteria, spirals,
mycelial filaments, actinomyces, and protozoan cysts are absent
or are very rare. The presence of these indicates that the soil is in an
active state of fermentation, due to recent addition of organic matter.



PLATE 1

3

1. The bacteria grow in the soil, in the form of zooglea-like masses, upon the
colloidal material surrounding the inorganic soil particles, as shown by the
direct microscopic method, X 1200 (from Winogradsky).

2. Zooglea-like mass of bacteria in soil, as shown by the direct microscopic
method, X 1200 (from Winogradsky).

3. Large cells of bacteria in Texas sandy soil (Azotobacter?), as shown by
direct microgcopic examination, X 1200 (from Winogradsky).

4, The distribution of organic matter and bacteria in the soil (Russian
tshernoziem) (after Winogradsky).
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The application of the direct microscopic examination to the study
of occurrence and distribution of microorganisms in the soil gives more
direct evidence as to the presence and relative abundance of specific
groups of microorganisms. The direct microscopic examination has
been used’ for counting bacteria in animal feces; it can also be used
for counting various microorganisms in culture. To determine the
numbers of microorganisms quantitatively by the use of the direct
microscopic method, various difficulties are encountered:

1. Some of the microorganisms, like the protozoa, will be destroyed in the
process of staining.

2. Others, like the fungi, may prove too large, for the very small quantity of
soil that can be used for the examination.

3. The bacteria themselves are found in clumps upon the colloidal film and not
in the soil solution. Not only is it difficult to count the bacteria in the film, but
the variability is so great that it would take a large number of counts to obtain
reliable results ‘

The same procedure is followed as for qualitative determinations.

The soil is diluted by means of a weak solution of gelatin (0.15 gram gelatinin
1000 cc. of hot water and kept sterile in a cotton plugged flask) using one part of
soil to 3 to 10 parts of solution depending on the soil type, heavier soils requiring
a higher dilution. The smear is prepared from 0.1 cc. of the infusion measured
out from a thin graduated pipette, to cover 1 8q. cm. on a clean slide, previously
rinsed in alcohol; the smears are allowed to dry over a steam bath. For staining
either rose bengal (1 gram in 100 cc. of 5 per cent phenol solution) or erythrosine
can be employed. The stain is allowed to act 1 to 3 minutes, then washed and
dried. With the rose bengal stain the bacteria are found deep pink or red, the
mineral particles uncolored, some of the dead organic matter light pink but most
of it yellow or unstained. The preparations are examined with an oil immersion
objective and a high-power eye-piece. By means of a simple equation, the
number of organisms can then be determined. It is advisable not to count the
entire field, but to mark off the central portion.2 A disc with circles and cross
lines is placed in the eye-piece. Conn suggested to use a circle of such a size as to
cover an area on the slide either 80 or 113 microns in diameter. Every organism
in the area will represent two and one millions respectively per cubic centimeter,
using a 1.9 (y!; inch) fluorite objective (N.A. 1.32) with a 12.5 X ocular. This
quantity is multiplied by the dilution of the soil to give the number of bacteria
per gram of soil.

However, the uneven distribution of the bacteria in the soil, causing
great irregularities and the difficulty of distinguishing bacterial cells from

7 Klein, A. Die physiologische Bakteriologie des Darm-Kanals. Arch. Hyg.
46: 117. 1902.

8 Breed, R. S., and Brew, J. D. Counting bacteria by means of the microscope.
N.Y. Agr. Exp. Sta., Tech. Bul. 49. 1916.
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soil particles, especially in case of clay soils, and of separating living from
~dead bacteria make accurate counts impossible. The method can,
therefore, not be used as yet for quantitative work, but is quite applica-
ble for qualitative purposes, to show the types of microorganisms which
exist in the soil in an active form. The microscopic method may be
used for counting bacteria in culture media, especially in a liquid form,
but even here the total volume of microbial cells may prove?® a better
index of the activities of the organisms than their numbers.

Organisms found in the soil by the direct microscopic method. Conn
demonstrated that the actual number of bacteria found in the soil, by
the use of the microscope, is probably five to twenty times as great
as that indicated by the culture plate method. This discrepancy is
due to that fact that a large number of soil bacteria do not grow on the
plates. By far the greatest number of microorganisms found in the
soil, by the use of the microscope, consists of the minute non-spore-
forming rods and cocci. The large spore-forming bacteria (as Bac.
megatherium and Bac. cereus) have been found in normal soil only in the
form of spores, which make up a very small proportion of the total
bacterial flora of the soil. Filaments of actinomyces have also been
found, but to a lesser extent than the spores of these organisms. Fungus
mycelium was not found in any soil, except when an unusual amount of
organic matter is present. The spore-forming bacteria become!® active
in the soil only when a great excess of easily decomposable organic
matter has been added or when the moisture content of the soil is high.
The minute non-spore-forming rods and cocci are considered! to form
the autochtonous microflora of the soil.

Other investigators found that the microscopic examination of soil
bacteria allows the differentiation of three distinct groups,'? namely (a)
cocci and short rods, (b) typical large cells of Azotobacter and (c)
bacillary forms. The first two groups are largely connected with the

9 Skar, O. Mikroskopische Zihlung und Bestimmung des Gesamtkubikin-
haltes der Mikroorganismen in festen und flissigen Substanzen. Centrbl. Bakt.,
11, 57:327-344. 1922. Fries, K. A. Eine einfache Methode zur genauen Bestim-
mung der Bakterienmengen in Bakteriensuspensionen. Centrlbl. Bakt. I (Orig.),
86: 90-96. 1921.

10 Winogradsky, S. Sur la microflore autochtone de la terre arable. Compt.
Rend. Acad. Sci. 178: 1236-39. 1924.

1 Joffe, J. S., and Conn, H. J. Factors influencing the activity of spore form-
ing bacteria in soil. N.Y. Agr. Exp. Sta. Bul. 97. 1923.

12 Richter, A. A. and B. A. To the question of microscopic soil investigation.
(Russian). Utchonie Zapiski, Saratov Univ. 4: No. 1. 1925.



NUMBERS OF MICROORGANISMS 11

colloidal soil particles, in the form of zooglea, surrounded by slimy
capsules; the third group is found mostly in the soil solution, but the
representatives of this group occur frequently also in the form of
clumps, especially on decomposing organic matter. A comparative
study of the occurrence of these three groups at different depths of soil
has given the following results:

NUMBERS OF BACTERIA IN

MILLIONS PER GRAM
yEasr | FIECES OF
TYPE OF SOIL DEPTH FUNGUS

Azoto- CBLLS MYCELIUM
Cocci bacter Bacilli
cells

millions | millions

per gram | per gram
Surface 1,379 156 1,212 1 47
Forest soil............ 10 cm. 991 82 466 31 34
20 em. 281 188 169 — 7
Brown loam soil f| Surface 870 | 188 376 84 5
Beoeees \| 10 em. 569 | 184 106 1 3
Surface 519 155 192 79 3
Sandy soil............ 10 cm. 407 112 153 23 19
20 cm. 269 51 139 8 3

The non-spore forming bacteria are thus found to be most abundant,
the large rods or bacillary forms coming next, especially in soils rich in
decomposing organic matter. Fungus mycelium is also abundant in
such a soil.

Cultural methods for demonstrating the kinds of organisms active in the
sotl. 'The cultural methods for the study of soil microorganisms are
divided into methods for (a) quantitative study of soil microorganisms,
(b) qualitative studies, and (c¢) for the study of microbiological activities,
both in pure culture and in the soil.

Winogradsky!® suggested to use the silica gel plate, to which a specific
substance is added, for demonstrating the existence of specific organisms
in the soil.

Pure, colorless potassium silicate is dissolved in water to a specific gravity of
1.06 (6 to 8 Beaumé). A dilution of HCI equivalent to a specific gravity of 1.10
(13 Beaumé) is also prepared. An equal volume of the silicate is poured into the

13 Winogradsky, S. Sur une méthode pour apprécier le pouvoir fixateur de
I’azote dans les terres. Compt. Rend. Acad. Seci. 180: 711-716. 1925.
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acid solution and both are well mixed. The mixture is then distributed into
Petri dishes and these are allowed to rest over night. A firm gel is obtained.
The uncovered dishes containing the gel are then placed in flowing water for at
least twenty-four hours, until no reaction is given with methyl red or brom cresol
purple and with AgNQO;. A solution containing the minerals and specific sub-
stance, either in solution or as an insoluble suspension, may then be poured
over the surface of the gel and the dishes placed in an oven at 60° to 65°C., until
the excess moisture has dried off. The gel in the dish is inoculated with small
particles of soil, the dish is covered and placed in an incubator. After a few days,
the specific organism, if present in the soil, will develop on the gel surrounding
the particles of soil. By this method the presence of Azotobacter in soil can be
readily demonstrated, provided mannite and CaCQ; are employed in addition to
the minerals. Nitrite-forming bacteria will develop in an ammonium salt
medium, nitrate-forming organisms in a nitrite medium, etc.14

However, the cultural methods, largely the enrichment media de-
veloped by Winogradsky and Beijerinck, and the common gelatin and
agar plate have been used most extensively for establishing the presence
and abundance of specific organisms in the soil.

Cultural methods for the determination of numbers of microorganisms
in the soil. The earliest investigations in soil bacteriology were car-
ried out, 15:16.17 by the use of methods developed in medical bacteriology.
Soils were diluted with sterile soil, then plated out with gelatin and
numbers determined after a certain incubation period. Later, sterile
water was used for making the dilutions. In some cases small quantities
of soil were weighed directly for the preparation of the plates. The
method itself was imperfect and the results unrepresentative, and no
relation was established between numbers and soil productivity.
Hiltner and Stérmer!® suggested the use of the dilution method, with the
hope of doing away with the plate method, but here again the hetero-
trophic bacteria were determined by their growth on agar or gelatin

14 The gel may also be prepared by methods described elsewhere (p. 196).

15 Koch, R. Zur Untersuchung von pathogenen Organismen: Bodenunter-
suchung. Mitt. K. Gesundheitsamt.1: 34-36. 1881.

18 Proskauer, B. Uber die hygienische und bautechnische Untersuchung des
Bodens auf dem Grundstiicke der Charité und des sogen. ‘‘Alten Charité-
Kirchhofes.”” Bakteriologisches Verhalten des Bodens. Ztschr. Hyg. 11: 22-24,
1882.

17 Frankel, C. Untersuchungen iiber das Vorkommen von Mikroorganismen
in verschiedenen Bodenschichten. Ztschr. Hyg. 2: 521-582. 1887.

18 Hiltner, L., and Stérmer, K. Studien iiber die Bakterienflora des Acker-
bodens, mit besonderer Beriicksichtigung ihres Verhaltens nach einer Behandlung
mit Schwefelkohlenstoff und nach Brache. Arb. Biol. Abt. Land. r. Forstw., K.
Gesundheitsamt. 3: 445-545. 1903.
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media, while the autotrophic and nitrogen-fixing organisms were found
not to be able to develop readily in high dilutions. Each of these two
methods (plate and dilution) for determining the number of microor-
ganisms in the soil has certain advantages and disadvantages.

The plate method consists in diluting the soil with sterile tap water,
making a series of dilutions, so that 1 cc. of the final dilution, when
plated out with nutrient agar or gelatin, will allow 40 to 200 colonies
to develop on the plate. The dilution method consists of diluting the
soil first with sterile water, as with the plate method, but transferring
1 cc. of several of the final dilutions into special sterile nutrient media
adapted for the growth of particular groups of microorganisms. The
number of microorganisms will be found to lie between the two highest
dilutions, one of which gives positive and the other negative growth.
This allows us to determine approximately the number of organisms
belonging to each group and present in the particular soil.!® The latter
method is rather cumbersome, since it involves the preparation of a
large number of media and the use of a number of containers for the
development of various physiological groups of organisms for making
the various dilutions, also, it involves great variability in the results.2°
The plate method is convenient, but its chief limitation is the fact thaty
it allows the development of only the heterotrophic, non-nitrogen fixing,
aerobic bacteria and of yeasts, molds and actinomyces. The dilution *
method can be used for the study of practically all known soil forms. ‘
The two methods may then be used each for its particular purpose,
particularly in view of the fact that, for those microorganisms that
develop on the common culture plate, the dilution method was not
found!® to give higher results than the plate method. The latter
method should, therefore, be utilized for a general study of the numbers
of microorganisms in the soil, keeping in mind its limitations, while the /
dilution method should be used for the determination of the abundance*
of special groups of microorganisms which do not develop on the plate.

Culture media. With the introduction by Koch in 1881 of the gelatin
plate for counting bacteria in general, an impetus was also given to the
study of soil bacteria. But, unfortunately, Koch himself and prac-
tically all the bacteriologists following him for the next fifteen years were
medical men interested particularly in the possible presence of patho-

19 Lshnis, F. Zur Methodik der bakteriologischen Bodenuntersuchung.
Centrbl. Bakt. II, 14: 1-9. 1905.

20 Fischer, H. Zur Methodik der Bakterienzihlung. Centrbl. Bakt. II, 26:
457-459. 1910.
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genic bacteria in the soil and their importance as carriers of infection.
They quite properly, from their point of view, used the methods of
medical bacteriology. But even the excellent and stimulative researches
of Koch and those following him?! could not lay a proper foundation of
soil microbiology, due primarily to the lack of proper methods.

The meat-extract-peptone agar or gelatin, found so valuable in patho-
genic bacteriology, is entirely inappropriate for soil work, for various
reasons, chief among which is the fact that the medium is not standard
in composition and that it allows a rapid development of a few organ-
isms which readily overgrow the plate and thus may prevent entirely
the development of others. The distinct inferiority of bouillon agar or
bouillon gelatin can be seen from the results of Engberding,?? who found
that a soil giving 99 colonies with Heyden agar, gave 39 with bouillon
agar and only two with bouillon gelatin. But even the Heyden agar is
not definite in composition, although it is often used for counting soil
bacteria.

The media used for the determination of numbers of microorganisms
in the soil (those that develop on the plate) should allow the development
of the greatest possible number of organisms and should be standard in
composition, so that every batch made up in the same laboratory or
at any other laboratory will be like every other batch. This means that
inorganic salts should be used. If organic substances are necessary,
they should be pure, stable, and standard if possible, as in the case of
the carbon and nitrogen sources. Various sugars or organic acids used
as sources of carbon can be obtained in a standard form. Nitrogen
substances should also be as standard as possible and used in as small
amounts as possible. Agar in itself should not serve as a nutrient andv”
should be, therefore, as pure as possible. The objection to gelatin
is that it serves also as a nitrogen source for many microorganisms,
thus making the medium not standard. It should, therefore, be used
only in qualitative work or in special instances, as in the study of the
number of gelatin-liquefying organisms in the soil. To hold in check
the development of certain rapidly growing organisms, which prevent
the growth of the numerous but slow growing bacteria in the soil, the
organic matter content of the media had to be reduced to a minimum.

21 Houston, A. C. Chemical and bacteriological examination of soils. Local
Gov’t. Board, Rept. 27: 251-296. 1898.

22 Engberding, D. Vergleichende Untersuchungen iiber die Bakterienzahl im
Ackerboden in ihrer Abhiingigkeit von dussern Einfliissen. Centrbl. Bakt. II,
23: 569-642. 1909.
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The first important modifications in the composition of the medium
for a quantitative determination of soil bacteria were made by the
introduction of the soil infusion agar,? and later by the elimination
even of the soil extract,?* using a synthetic agar, with only 0.05 gram of
peptone per liter. The soil extract media do not, however, meet the
qualification of being ‘“‘standard in composition,” since the soil infusion
varies with the soil used for making the infusion. The synthetic
medium was further modified?® by the substitution of egg-albumin and
casein for peptone. Among the other synthetic media suggested for the
quantitative estimation of soil bacteria and actinomyces, sodium
asparaginate agar,?® asparaginate-mannite agar,?” and urea nitrate
agar?® should be mentioned. ¥or the estimation of fungi, special acid
media have to be used. For the protozoa, the dilution method still
remains the most reliable, and nutrient agar or special liquid media
can be employed for the development of the organisms in the final
dilutions.

Composition of synthelic media

I. Fischer’s soil extract agar:

Soil extract......oiviiit i it it 1000 cc.
7. 2 5 AP 12 grams
2 = 18 0 7 A 2 grams

The soil extract is prepared by heating soil for half an hour at 15 pounds pres-
sure with an equal weight of a 0.1 per cent solution of Na.COj.

23 Fischer, H. Bakteriologisch-chemische Untersuchungen. Bakteriologis-
cher Teil. Landw. Jahrb. 38: 355-364. 1909.

24 Lipman, J. G., and Brown, P. E. Media for the quantitative estimation
of soil bacteria. Centrbl. Bakt. II, 26: 447-454. 1910.

25 Brown, P. E. Media for the quantitative determination of bacteria in soils.
Centrbl. Bakt. II, 38: 499-506. 1913; also Iowa Agr. Exp. Sta., Res. Bul. 11,
396-407. 1913. Waksman, S. A. Microbiological analysis of soils as an index
of soil fertility. II. Methods of the study of numbers of microorganisms in the
soil. Soil Sci. 14: 283-298. 1922; Waksman, S. A., and Fred, E. B. A tentative
outline of the plate method for determining the number of microorganisms in the
soil—~1Ibid. 14: 27. 1922.

26 Conn, H. J. Culture media for use in the plate method of counting soil
bacteria. N.Y. Agr. Exp. Sta. Tech. Bul. 38. 1914.

27 Thornton, H. G. On the development of a standardized agar medium for
counting soil bacteria, with especial regard to the repression of spreading colonies.
Ann. Appl. Biol. 9: 241-274. 1922,

28 Cook, R. C. Quantitative media for the estimation of bacteria in soils.
Soil Seci. 1: 153-161. 1916.
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II. Lipman and Brown’s synthetic agar:

Distilled water....... 1000 cc. Glueose.............. 10 grams

Agar......coieennnnnn 20 grams MgSO 4 7HO......... 0.20 gram

Peptone.............. 0.05 gram K:HPO4.oovvvennn.. .. 0.50 gram

III. Albumin agar:

Distilled water...... 1000 ce. MgSO4-7HO. ........ 0.20 gram

Agar................ 15.00 grams K:HPO4...oovvveaat 0.50 gram

Powdered egg al- Fex(SO)s.evvvvnnnn... trace
bumin............. 0.25 gram

Glucose............. 1.00 gram

The albumin is suspended in 5 to 10 cc. of water, then 1.0 cc. of 0.1N NaOH
solution is added, so as to convert it into sodium albuminate; the albuminate is
added only to the filtered medium.

1V. Casein agar. Same as medium III, only 1.0 gram of purified casein is
used in place of the albumin. The casein is dissolved in 8 ce. of 0.1N NaOH.

V. Asparaginate agar:

Distilled water....... 1000 ce. NHH:PO,............ 1.5 grams
Agar.........civnnn 12.0 grams CaCla...ovvvvvnvn..... 0.1 gram
Sodium asparaginate. 1.0 gram KClo.oooeiiie .. 0.1 gram
Glucose.............. 1.0 gram FeCls.......o.o.... .. trace
MgS0,4-7H.O......... 0.2 gram

10 cc. of 1.0N NaOH solution added per liter to bring the desired reaction.
VI. Asparagine-mannite agar:

Distilled water....... 1000 cc. NaCl................ 0.1 gram
Agar................. 15 grams FeClsg............... 0.002 gram
KHPOg4..ooovee. .. 1.0 gram KNO;z..oovvevnnn... 0.5 gram
MgSO,-7H,O......... 0.2 gram Asparagine.......... 0.5 gram
CaCls................ 0.1 gram Mannite............. 1.0 gram

The mannite is added after the agar and other constituents have been dis-
solved and medium filtered. The reaction is adjusted to pH 7.4.
VII. Urea ammonium nitrate agar:

Distilled water....... 1000 cc. Glucose .............. 10.0 grams
Agar................. 15.0 grams Urea........cocvvunen 0.05 gram
KaHPO4..oooooool 0.5 gram Ammonium nitrate... 0.1 gram
MgS0,4-7H.O......... 0.2 gram Fea(SO)s.vveennnn.. trace

Reaction is about pH 7.0.
In addition to these media, soil extract and tap water gelatin recommended
by Conn and used chiefly for qualitative purposes can also be mentioned:
VIII. Tap water gelatin??
D Waber. ... i it iiiiitieieratenenseacacaasasnnnnsnn 1000 ce.
Gelatin (Gold Label).....ccitiiiiiiiiiiiiiiiiiiienennanas 200 grams

These media are about equally favorable to the development of
aerobic, heterotrophic bacteria, deriving their nitrogen from inorganic

19 Medium is clarified by means of white of egg; reaction is adjusted to 0.5 per
cent normal acid to phenolphthalein, which requires 20-30 cc. 1.0 N NaOH; when
Bacto-gelatin is used, only 10 cc. of alkali is required and no clarification.



Influence of composition of media upon the numbers of bacteria as determined by the plate method?®

TABLE 1

o

BACTERIA, THOUSANDS PER GRAM DRY BOIL, AS DETERMINED WITH—
TEST DATE SOIL TYPE
et | Aspaaginate | Lipman o | Fishersagar | Browne
1914
1 August 5 | Volusia silt loam................ 9,500 8,000 5,500 6,700 8,000
2 August 5 | Volusia silt loam................ 12,500 7,500 5,300 -5,000 7,000
3 August 6 | Volusia silt loam.............. 8,300 11,600 11,600 10,500 11,000
4 August 6 | Volusia silt loam................ 10,000 12,000 8,800 12,000 11,000
5 August 6 | Volusia silt loam................ 9,500 6,700 6,000 8,500 8,300
6 August 7 | Dunkirk silty clay loam. ........ 9,000 14,600 14,000 11,800 15,000
7 August 7 | Dunkirk silty clay loam. ........ 10,000 11,000 9,600 8,500 8,800
8 August 8 | Ontarioloam................... 21,000 9,000 13,000 15,000 14,000
9 August 8 | Ontarioloam................... 25,000 16,000 16,000 21,000 17,000
10 | August 10 | Volusia silt loam. ............... 5,000 5,600 5,600 5,400 6,600
11 | August 10 | Volusia silt loam................ 8,500 7,000 6,600 5,800 5,200
12 August 11 | Volusia silt loam . ............... 10,500 6,000 9,800 9,000 6,300
AVETa g, . vttt e 11,570 9,560 9,400 9,940 9,760
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or organic compounds, and of actinomyces, but give somewhat different
results for different soils, as shown by Conn. Egg-albumin agar and
especially soil extract agar were found by others® to give higher and
more uniform results than other media.

In preparing the media, the constituents including the agar or gelatin
are dissolved in boiling water: after filtration through cotton, the more
decomposable constituents are added, as in the case of urea, ammonium
nitrate and glucose in the urea nitrate agar, albumin and casein solu-
tions and the sodium asparaginate as well as the glucose, in the cor-
responding media, so as to avoid any possible effect of preliminary
heating on these substances.

The reaction of the media is an important factor. Its adjustment to
a definite point of titration is practically valueless in media, where the
buffer content is variable.3! A slight acidity has usually been found to
be the most favorable reaction for the development of the majority of
soil bacteria. When determined by the hydrogen-ion concentration,
colorimetrically or electrometrically, this reaction was found to be pH
6.5 (albumin and casein media) to pH 7.0 (asparaginate agar media).

The media are placed in 10-cc. portions in test tubes, or in 100-cc. to
200-cc. portions in Erlenmeyer flasks. These are plugged with cotton
andsterilized in the autoclave, at 15 pounds pressure, for 15 to 20 minutes.
A soil may contain 5 to 30 million bacteria (including actinomyces)
per gram and only 50,000 fungi or less. The final dilution used for the
determination of bacteria would be 100,000 or 200,000. Some of the
plates will have no fungi at all, while others may have one, two or more
colonies. In this case the proper dilution for the determination of
fungi would be 1000, but there will be so many bacteria on the plate
that most of the fungi may actually fail to develop or make only a
scant growth. A medium should be used which allows only the develop-
ment of fungi. Use is made of the fact that the majority of fungi can
stand greater degrees of acidity than the bacteria and actinomyces
For qualitative purposes and for pure culture study, any medium favor-
able for the development of fungi, such as raisin extract (60 grams of
raisins heated at 60° to 75°C. in 1000 cc. of tap water, filtered), which is

30 Smith, N. R., and Worden, S. Plate counts of soil microorganisms. Jour.
Agr. Res. 31: 501-517. 1925.

31 Clark, W. M. The “reaction’’ of bacteriologic culture media. Jour. Inf.
Dis., 17: 109. 1915. Clark, M. W. The determination of hydrogen ions. 2d
Ed. The Williams & Wilkins Co., Baltimore. 1922; Gillespie, L. J. Colori-
metric determination of hydrogen-ion concentration without buffer mixtures,
with especial reference to soils. Soil Sci.9: 115-136. 1920.
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already acid in reaction, or a medium to which enough lactic acid is
added to bring the reaction to pH 4.0. Because of the high acidity,
25 gm. of agar are required per liter. For quantitative purposes,
however, a synthetic medium is always to be preferred:3?

Glucose. ............... 10 grams MgSO 4 7TH:O0......... 0.5 gram
Peptone................ 5 grams Distilled water....... 1000 ce.
KH:PO4s..ooevvvvena... 1 gram

The ingredients are dissolved by boiling and enough normal acid (H,SO4 or
H,PO,) is added to bring the reaction to pH 3.6 to 3.8. This will require from
6 to 7 cc. of normal acid per liter of medium. Twenty-five to 30 grams of agar
are added and dissolved by boiling; the medium is then filtered, tubed and ster-
ilized as usual. The final reaction of the medium should be pH 4.0.

For soils to which an excess of organic matter has recently been added, the
dilution used for the determination of fungi is usually from one hundredth to
one-tenth of the dilution used for the determination of numbers of bacteria.

All the necessary glassware and water blanks should be prepared
and sterilized before the soil samples are taken. Three or four
pipettes and the same number of water blanks are required for every
soil sample. Ninety-nine or 90 cc. portions of tap water, depending
on the fact whether 1-cc. or 10-cc. pipettes are employed for making
the dilutions, are placed in the flasks which are then plugged with
cotton. The glassware (including the Petri dishes) is sterilized in
the hot air sterilizer for two hours at 160°C., while the water blanks
are sterilized in the autoclave, at 15 pounds pressure for 15 or 20
minutés. The sampling bottles may be sterilized either with the
other glassware or with the water blanks.

Sampling of soil. It has been shown both by cultural studies!® and
by the use of the microscope® that a given soil will contain at a given
time, in a given soil layer, a uniform bacterial flora. Samples taken
under the same experimental conditions will, therefore, be the same bac-
teriologically, while any change in soil type and treatment will result
in a change in bacterial relations. When comparing different soils,
samples taken from the same depth should be compared. The varia-
bility of a soil itself, even as to physical and chemical factors, is so
great, however, that it is not surprising that such a sensitive indicator as
bacterial numbers and activities should also vary. To meet the factor
of variation, the common practice has been to use composite samples,

32 Waksman, S. A. A method for counting the number of fungi in the soil.
Jour. Bact. 7: 339-341. 1922,
3 Winogradsky, 1925 (p. 7).
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32 Waksman, S. A. A method for counting the number of fungi in the soil.
Jour. Bact. 7: 339-341. 1922,
3 Winogradsky, 1925 (p. 7).
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taken from a thorough mixture of several representative borings to the
same depth in various parts of the field. This may be sufficient, if the
probable error involved in the determination is known. A study of the
variability of the soil in relation to the numbers of bacteria, as deter-
mined by the plate method, was found* to yield in one particular plot
eight to twenty-five millions per gram of soil. These results were based
on fifty-one samples of soil taken from one-twentieth of an acre; the
samples were taken at intervals of 5 by 8 feet. The numbers of bacteria
of practically a whole series of plots variously treated and where definite
bacteriological differences have been established were found to fall
within that range of numbers. This would make any results obtained
from a determination of numbers of bacteria based upon a single sample
practically valueless. Before any definite conclusions can be drawn
from a determination of bacterial activities in the soil, it is advisable to
study the variability of the particular soil. This is done by taking a
large number of samples from a particular field and working out the
probable error of the particular variable which should not be greater
than Em = 2.5 per cent.

For practical purposes, five composite soil samples each consisting
of three to four borings taken from different parts of the field will give
good results not only in the study of numbers of microorganisms but
also in the study of specific physiological activities of soil bacteria.

In taking the samples, a small amount of soil (% inch) is scraped away from
the surface by means of a spatula. The samples are taken by means of sampling
tubes or augers, carefully cleaned previously, to a depth of 6 to6%inches, unless
a study is made of the distribution of microorganisms at different depths. In
that case a ditch may be made 3 feet long by 1 foot wide and, after scraping off the
surface soil, at the desired depth, by means of a spatula, the samples are taken;
small metallic sampling tubes (about 1 inch in diameter) made of iron or copper,
with sharp ends may also be used for this purpose.

Care is taken not to contaminate the soil samples with other soil or
by exposing them tco long to the atmosphere. However, no absolute
sterility in the process of sampling is required, since the numbers of
microorganisms in the soil are very large in comparison with any possible
contamination from a brief exposure. The samples are placed in
sterile sampling bottles and brought to the laboratory as quickly as
possible. A rapid change was found® to take place in the numbers of

3¢ Waksman, S. A. Microbiological analysis of soil as an index of soil fer-
tility. I. The mathematical interpretation of numbers of microorganisms in the
soil. Soil Sci. 14: 81-101. 1922.

% Frinkel, 1887 (p. 12).
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soil microorganisms when the soil is kept for a short time in the labora-
tory. Some investigators®* found a strong decrease in numbers, on
keeping the soil sample for any length of time. An increase can be
expected in soils, in which the activities of microorganisms have been
kept in check, as in the case of dry soils moistened, soils treated
with gaseous disinfectants, samples from low depths, frozen soils in
the process of thawing off. In the case of normal soils, a decrease may
be expected; Hiltner and Stormer recorded a change in the numbers
of bacteria from 7,519,000 to 2,087,000 in sixteen days and from
8,280,000 to 7,016,000 in six days.

The bacteriological analysis should, therefore, be made at once, or
as soon as the soils can be conveniently brought into the laboratory.

Treatment of soil samples and preparation of plates.

Before taking out portions of the samples for analysis, each sampleis thoroughly
mixed by means of a clean spatula. When many small stones are present, the
sample is first sieved through a clean (sterile if possible) 2-mm. sieve. A definite
portion of soil is transferred by any convenient method into an Erlenmeyer flask
containing a definite quantity of sterile tap water, giving the first dilution. Itis
preferable to have the first dilution 1:10 or 1:20, i.e., to use ten or twenty times
as much sterile water as soil taken. To give an initial dilution of 1:10, 10 gm. of
soil is added to 100 cc. of water.?” If the soil contains considerable organic
matter, it may be advisable to triturate it first in a mortar with a little of the
diluting liquid. The weight of the soil is either included in the total volume of
the first dilution (10 grams of soil with sterile tap water to make 100 cc.volume)
or not (10 grams of soil added to 100 cc. of water).

The mixture of soil and water is shaken for five minutes. This results in
maximum counts, shorter periods being insufficient to separate all the bacteria
from the soil: longer periods of shaking have a destructive influence upon the
bacterial numbers. The soil should not be allowed to be too long in contact with
the water of dilution, otherwise an injurious effect will take place which is prob-
ably due to the plasmolytic action of the liquid. This leads to a rapid decrease
in the number of microorganisms affecting the vegetative cells first. Aninjurious
effect will occur only after 3-4 hours.’8

In preparing the further dilutions, the contents of the flask from which the
suspension is withdrawn should be kept in motion. The further dilutions can
be made up on the basis of 1:10 or to 1:100. It has been suggested3”:3? to limit
the further dilutions also to 1:10, i.e., each higher dilution should be made by

3¢ Hiltner and Stérmer, 1903 (p. 12).

37 Wyant, Z. N. A comparison of the technic recommended by various authors
for quantitative bacteriological analysis of soil. Soil Sei. 11: 295-303. 1921.

38 Engberding, 1909 (p. 14).

3 Noyes, H. A., and Voigt, E. A technic for a hactericlogical examination of
soils. Proc. Ind. Acad. Sci. 1916, 272-301.
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taking 10 cc. of the lower dilution and 90 cc. of the sterile diluting fluid. How-
ever, even by making higher dilutions such as 1:50 or 1:100 in each case, reliable
results are obtained.

The amount of soil used in making the first dilution, and the various
subsequent dilutions are not of primary importance, if care is taken in
the technic and in the calculations. By using for the first dilution 0.1204
gram of soil, Hiltner and Stérmer found 9,500,000 bacteria in 1 gram
of moist soil and, by using 6.7841 grams of the same soil, 9,400,000
bacteria were found in 1 gram of the same soil. In another soil, they
found, by using 0.5862 and 21.1820 gram portions of soil, counts of
7,750,000 and 7,700,000 respectively per 1 gram of soil. The higher the
dilution, the greater is the probable error of the results. The final dilu-
tion should be such as to allow between 40 and 200 colonies to develop
on the plate,in the case of bacteria (and actinomyces).t® The number of
fungus colonies allowed per plate on the special acid medium should be
20 to 100. This will necessitate that the soil should be diluted, in the
counting of fungi, only to about 500 to 2000, so that the highest dilution
is only 13v of that employed for the total bacterial numbers for the
same soil, in the case of productive soils. For soils very rich in organic
madtter or for highly acid soils, the ratio between the highest dilution for
fungi and baecteria should be 1:50 or 1:10.

Sterile tap water should be used for making the dilutions. Distilled
water has an injurious effect (plasmolysis). Salt solution or nutrient
medium have no advantage over ordinary tap water. Instead of the
usual shaking methods, a method has been suggested! for the disintegra-
tion and dispersion of the soil particles, by means of which plate counts
are supposed to give results comparable with direct counts. The use
of a deflocculating agent and protective colloid combined with long
vibration of the suspension were recommended. However, conditions
were made so as to favor bacterial development and the method cannot
be recommended without further study.

The plates are prepared from 1 cc. of the final dilution in a regular
bacteriological way. The number of plates to be used for each soil
sample is important. The number of colonies varies greatly with
the different plates and results based on averages of two or three
plates, without allowing for variability, makes them almost worthless.
Hiltner and Stérmer recognized this fact and used four and sometimes

4 Breed, R. S., and Dotterer, W. D. The number of colonies allowable on
satisfactory agar plates. N. Y. Agr. Exp. Sta. Tech. Bul. 563. 1916.
41 Whittles, 1923-24 (p. 7).
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eight plates. The average error obtained was 8 to 10 per cent, in some
cases even 15 per cent, in other words, the difference between the ex-
treme variations was equivalent to } of the mean value. Variations
equal to one-third of the actual counts have been observed.? The
variability may be somewhat decreased by very careful technic, but
not reduced to a small error.

Incubation of plates and counting of organisms. The plates are incubated at a
constant temperature, preferably 25° to 27°C. for agar media, while gelatin
media are incubated at 18°C. The plates for the determination of fungi are
incubated for 48 to 72 hours; a shorter period of time is insufficient for the develop-
ment of all the colonies, while a longer period favors rapid overgrowth of some
fungi. The colonies are counted after 48 and again after 72 hours. The bacterial
plates are incubated for seven to twelve days. A shorter period was found+s
to allow only aninsufficient development of the microorganisms. When the plates
are incubated only two or three days not all the organisms develop into visible
colonies, especially the slow growing non-spore forming bacteria and actino-
myces. Hiltner and Stéormer and others also found an incubation period of seven
days to be most favorable.

Lower temperatures require longer incubation periods, so that, at room temper-
ature, the plates should be incubated for fourteen days to give the maximum
development of microorganisms, while, at 25° seven days are sufficient. Higher
temperatures, particularly above 30°C., have an injurious action upon the de-
velopment of certain soil organisms; the medium in the plate also dries out rather
rapidly.

At the end of the incubation period, all colonies on the plates are counted.
Where only 40 to 200 colonies are allowed per plate, it is sufficient to make with
a glass pencil two or three cross lines over the plate and count all the colonies with
the naked eye. But if, for one reason or another (pure culture study, for ex-
ample), a lower dilution is used and the number of colonies exceeds 200 (a shorter
incubation period may then have to be employed) the counting plate has to be
utilized. In that case, of course, one has to depend on the manufacturer for the
accuracy of divisions on the plate. A large enough number of sections should be
counted so as to reduce the error involved in the determinations to a minimum.
All the colonies, except the fungi, are counted and recorded as the total number
of organisms developing on the plate, where no separate count of actinomyces
isdesired. Otherwise, after all the colonies have been counted, the actinomyces
are determined separately. It isadvisable to have recourse to the microscope for
the examination of all the doubtful colonies, which are then marked off with a
glass pencil. The plates may also be incubated a few days (4 to 7) longer and
actinomyces colonies counted. The number of actinomyces may then be sub-
tracted from the ‘‘total number of organisms’’ to give the number of true bacteria.

42 Remy, Th. Bodenbakteriologische Studien. Centrbl. Bakt. II, 8: 657662,
728-735. 1902.

4 Conn, H. J. Soil flora studies. 1. Methods best adapted to the study of the
microscopic soil flora. N. Y. Agr. Exp. Sta. Tech. Bul. 57. 1917.
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The total number of organisms developing on the plate is recorded
either on the basis of moist soil, giving thereby the moisture content of
the soil, or on the basis of dry soil. The moisture is determined by
drying 10 grams of soil (50 or 100 grams may also be used, especially
in the case of non-homogeneous soil, like peat) at 100°C. to constant
weight. If N is the total number of organisms developing on the plate
from a given soil, a the average number for each plate, « the amount
of dilution,  the moisture content of the soil, then,

a-u- 100

N=T0-2

M athematical interpretation of results. The determination of numbers
of microorganisms by the plate method involves a number of manipula-
tions, each of which involves a certain error. The final error is a re-
sultant of all these errors. The constant errors should be eliminated,
but the occasional errors depend on the ‘“Law of Chance’”’ and these
tend to counterbalance one another rather than to fall in one direction.
A study of the variability of the number of bacteria, actinomyces, and
fungi on their respective media is given in table 2. The results were
calculated as follows: '

If n plates are used for making a quantitative bacteriological count
of a given soil, a the number of colonies developing on the plates,
while z, is the most probable value obtained from counting n-plates,
or the arithmetic mean value, then we have

_Zza
_n

Zn

In other words, the mean (z,) is found by dividing the sum of all the
determinations by the number of determinations.

The following formulae are commonly used for calculating the average
deviation and most probable error of the determination.

S (Zn — a)®
n—1

Average deviation, ¢ = J

2 (Zn — a)?
nn — 1)

Most probable error = 4 0.6745 J

_ the average deviation X 100
mean

C.V.

most probable error X 100
mean

Em =
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TABLE 2
Numbers of microorganisms in the sotl, as shown by the plate method*
BACTERIA AND ACTINOMYCES ACTINOMYCES FUNQGI
Colonies Colonies Colonies
94 79 9 7 6 3
84 83 8 13 3 6
73 103 11 14 2 3
61 98 10 12 2 5
99 76 9 10 2 2
83 76 17 12 3 3
67 112 9 13 3 4
77 101 15 15 3 2
65 84 7 12 6 3
91 56 11 11 2 2
64 106 13 14 2 4
96 101 10 16 0 3
81 89 ' 11 13 2 3
53 84 8 12 4 5
96 116 7 14 4 1
69 76 8 12 4 1
72 82 15 11 7 1
62 93 13 9 1 1
69 76 12 15 7 0
77 84 7 9 2 1
106 52 11 4 2 2
93 78 9 17 4 1
98 61 9 11 2 1
87 93 - 12 13 0 1
91 106 6 21 4 2
Total = 4173 Total = 565 Total = 138
Mean = 83.46 - 1.5 Mean = 11.3 + 0.30 Mean = 2.76 4+ 0.16
o = 15.69 4 1.07 o= 3.16 & 0.20 o= 173 4-0.11
C.V.= 18.8 4-1.27 per CV.=27.96 4-1.8 per| C.V.= 62.67 4 4.23 per
cent cent cent
Az = 42.22 Az = 40.45 Az = +0.245
Em = 1.8 per cent Em = 2.7 per cent Em = 5.8 per cent

* In each group of 10 figures the number of colonies on each of 10 plates for each
soil sample is shown.

Approximately two-thirds of the determinations are expected to lie on
both sides of the mean, within that deviation.



26 PRINCIPLES OF SOIL MICROBIOLOGY

The probable error of the standard deviation is obtained from the
formula + 0.6745 —\—;Z—_n - The coefficient of variability (C.V.) is the
percentage ratio of the standard deviation (¢) from the mean. The
probable error of the coefficient of variability = 4-0.6745 \07;% By the

use of formulae for the calculations of the errors of observation, the
error of the mean arithmetical value of the plate counts can be deter-
mined.*

By taking several representative soil samples and by using several
plates, the error can be reduced to a minimum. A combination of five
soil samples and ten plates, for each soil to be tested, will reduce the
error for bacterial numbers to 1.8 per cent and for actinomyces to 2.7
per cent.®5 The same is true of fungi; when a low dilution (1000) is
combined with an acid medium, and 5 to 10 plates are used for each
sample, the error may be reduced to 2 per cent.

It is of interest to note here that in order to determine accurately the
average value of hygroscopic moisture in the soil, Floess* found that
fifty soil samples, taken at definite distances in the field, are required.
The probable error was calculated from the formula:

. [v] - 0.845
‘\/n (n—1)

Where [v] is the sum of all individual variations from the mean and n
the number of observations.

Under ideal conditions, the bacterial counts on parallel plates will
vary in a manner similar to samples from a Poisson series.*” The
accuracy can thus be determined with precision and the mean count of a
number of plates is a direct measure of the bacterial population capable
of developing on the plate. Agreement with the theoretical distribu-
tion may be tested by means of the index of dispersion.

4 Davenport, C. B. Statistical methods. Wiley, New York. 1914. Barlow,
P. Tables of squares, cubes, square roots, cube roots, reciprocals. Spon.
London. 1914.

4 Waksman, 1922 (p. 20).

16 Floess, R. Die Hygroskopizititsbestimmung, ein Masstab zur Bonitierung
des Ackerbodens. Landw. Jahrb. 42: 255-289. 1912.

7 Fischer, R. A, Thornton, H. G., and Mackenzie, W. A. The accuracy of the
plating method of estimating the density of bacterial populations. Ann. Appl.
Biol. 9: 325-359. 1922,
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where Z is the mean and z any individual number of colonies counted
on a plate; S stands for summation and X2 as the index of variability.

With a carefully improved technic, an accurate conformity with the
theoretical distribution can be attained even with a mixed bacterial
flora of the soil. Any significant departure from the theoretical dis-
tribution is a sign that the mean may be wholly unreliable.

Comparison of plate and microscopic methods. By comparing the
results obtained by the microscopic and plate methods of determining
the numbers of microorganisms in the soil, Conn*® came to the conclu-
sion that if an organism that can grow well on the plate is present in a
soil, the plate count will be nearly as high or even higher than the micro-
scopic count. In the case of large-sized bacteria, like Bac. cereus, the
microscopic count was found by Conn to be higher than the plate count;
in the case of small bacteria, like Bact. fluorescens, or the orange-lique-
fying type, which are easily overlooked under the microscope, the plate
count is considerably higher. For the determination of the aerobic,
heterotrophic, non-nitrogen fixing bacteria in the soil, which develop
readily on the plate, the latter method is as satisfactory as the micro-
scopic method. A number of bacteria, like the cellulose-decomposing
forms, some urea bacteria, and others, even among the aerobic hetero-
trophic organisms, are not capable of developing on the common plate,
while some nitrogen-fixing bacteria may develop. The distinct differ-
ence between plate and microscopic counts of bacteria in normal soil
is due not only to the organisms which are not capable of growing on
common nutrient media, but also to the fact that a large number of
cells, even of the organisms capable of growing on the common plate,
do not develop into colonies. The actual number of bacteria in the
soil is probably five to twenty and .even more times as high as the
counts obtained by the plate method.

For the present, however, the plate method is the most satisfactory
one for determining the relative abundance of microorganisms (bac-
teria, actinomyces and fungi) in the soil. For determining the num-
bers of protozoa and specific physiological groups of bacteria, the dilu-
tion method still remains the most satisfactory. In the case of actino-
myces and especially fungi, a colony on the plate represents either a
spore or a piece of mycelium in the soil; since the spore is only the

48 Conn, 1918 (p. 7).
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reproductive stage, while the mycelium is the active stage of the
organism, and since some fungi, like the Mucoraceae, produce a myce-
lium which does not readily break up into fragments, the results ob-
tained by plate count may be far from representing the actual abun-
dance of the particular organisms in the soil.

Numbers of bacteria in the soil. In view of the fact that the methods
used in the past for the determination of numbers of bacteria in the soil
varied greatly and most of the media were not synthetic in composition,
the results cannot be readily compared. However, certain funda-
mental facts have been established, which throw interesting light upon
the nature of the soil population. By the use of the microscopic method
Conn found, in one gram of soil, 140 to 390 millions of small rod-shaped
bacteria less than 0.5 micron in diameter, 1.5 to 12 million rods 0.5
to 0.8 micron in diameter and 500,000 to 5,000,000 spores per 1 gram
of soil. Very few of the large rods (over 1 micron in diameter) were
found in all the soil samples. In manured soils, the number of bacteria
were found to reach 800,000,000 per gram, as determined microscopically.
Still larger numbers were reported by others (p. 11). On the other
hand, by the use of nutrient agar plate, Adametz*® found 320,000 to
500,000 bacteria per gram of sandy soil, and 360,000 to 600,000 in loamy
soils. The numbers of bacteria in the soil obtained by the numerous
investigators fall somewhere between these two sets of figures. These
tremendous differences and variable results led L6hnis®® to the conclu-
sion that a determination of bacterial numbers in the soil is worthless
as an attempt of interpreting soil phenomena. However, when the
results are considered critically and compared carefully, it is found
that the information obtained from the study of numbers of micro-
organisms gives not only an interesting insight into the microbiological
population of the soil, but also throws light on soil fertility, particularly
when this information is combined with that obtained from the study of
physiological activities of soil microorganisms (p. 711).

In general the numbers of bacteria, as determined by the plate
method, are found to range in normal soils well supplied with organic
matter from 2 to 200 millions per gram, as determined by the plate
method. These numbers vary with the soil type, soil treatment,
season of year, depth, moisture content and various environmental

49 Adametz. Untersuchungen iiber die niederen Pilze der Ackerkrume. Diss.
Leipzig. 1886.

50 I.6hnis, F. Handbuch der landwirtschaftlichen Bakteriologie. Berlin,
1910, p. 513.
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conditions. No two soils, even from the same locality can be com-
pared on the basis of mere bacterial numbers without a detailed
knowledge of the physical and chemical condition of soil, treatment,
etc. In some soils, like very poor sandy soils, very acid peat soils
and abnormal acid or alkaline soils, the number of bacteria may be
much below 2,000,000 per gram. The sandy soils of the Pine-
barrens of New Jersey, for example, contain only 25,000 to 100,000
bacteria per gram, while certain acid peat and acid forest soils may be
nearly free from bacteria capable of developing on the common agar or
gelatin plate. Very heavily manured soils, such as greenhouse soils
or market garden soils, particularly at the time of active decomposition
of the organic matter, may contain over 200,000,000 bacteria per gram,
even as shown by the plate method.

Bacterial numbers in manure. Manure consists of (1) solid excreta,
(2) straw, hay or peat litter, and (3) urine. Solid excreta are very rich
in bacteria. The bacterial numbers in feces were found® to be very
variable; 1 gram of fresh human feces may contain 18,000,000,000
bacteria. Dry cow manure was shown®? to contain, by weight, 9 to
20 per cent bacteria. One gram of fresh cow manure (17.65 per cent
dry weight) should thus contain 18 to 40 billions bacteria, the larger
number of which consists of dead cells. However, by the plate method,
only 40 to 70 millions bacteria per gram of cattle manure and 100 to 150
millions per gram of horse manure were obtained. By the use of the
gravimetric method, Lissauer® estimated that 4.26 to 15.67 per cent of
the feces of man (on the average 9 per cent), 3.54 to 9.08 of dog, 0.41
to 1.31 of rabbit and 14.73 to 18.75 per cent of the feces of cattle con-
sisted of bacteria; the kind of food (vegetable or animal) influenced the
numbers. Since 1 mgm. of dry bacteria contains 4,000,000,000 cells,
1 mgm. of cow feces would contain 63 to 80 millions of bacteria. By the
plate method, manure of stall-fed cattle was found® to contain 1 to 120
million bacteria per gram, while that of cattle on pasture contained only

51 Matzuschita, T. Untersuchungen iiber die Mikroorganismen des men-
schlichen Kotes. Arch. Hyg. 41: 210-255. 1901.

52 Stoklasa, J. Uber die Wirkung des Stallmistes. Ztschr. landw. Versuch.
Osterreich. 10: 440. 1907.

83 Lissauer, M. Uber den Bakteriengehalt menschlicher und tierischer Fices.
Arch. Hyg. 68: 136-149. 1906.

54 Gruber, Th. Die Bakterienflora von Runkelriiben, Steckriiben, Karotten,
von Milch wihrend der Stallfiitterung und des Weideganges einaschlieszlich der
in Streu, Gras und Kot vorkommenden Mikroorganismen und deren Mengen-
vehiltnisse in den 4 letzten Medien. Centrbl. Bakt. Abt. II, 22: 401-416. 1909.
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1 to 4 million. One billion bacteria were demonstrated® in 1 ce. of the
intestinal contents of the ox.

However, many of the earlier investigators recorded too low
numbers, due to faulty technic. In the more recent studies®
12,000,000,000 living microorganisms were recorded per 1 gram of
compost of manure and straw and even these figures were too low, due
to the fact that not all groups of organisms were counted. The feces
of white rats was shown®” to consist of 33 to 42 per cent bacteria by
weight, although no attempt was made to differentiate between the
living and dead cells.

The bacterial content of straw also varies greatly. Seventy-four
thousand to 11,640,000 bacteria were found®® per gram of straw and a
decrease was observed as a result of drying and preservation under clean
surroundings. The numbers of bacteria per gram of hay may vary
between 10 and 400 millions per gram.® Figures varying from 3.6 to
600 millions of microorganisms per gram of straw were also reported.
These organisms consist of non-spore formers (Bact. herbicola, Bact.
gunthert, Bact. acidt lactici, Bact. fluorescens), spore-formers, butyric
acid bacteria, cocci, actinomyces (2 to 83 per cent of flora) and a few
fungi.so , \

Urine is practically sterile, when it leaves the healthy body, but,
on exposure, bacteria begin to multiply very rapidly, and soon an
abundant flora consisting of bacteria and protozoa may appear.

The number of bacteria in stable manure will vary greatly, depending
on its composition, the amount of solid excreta, and the degree of decom-
position. The numbers will also depend of course upon the method
used for their estimation, plate, dilution and microscopic methods
giving different results. Fresh manure is very rich in Bact. coli, which

8 Hiittermann, W. Beitrige zur Kenntnis der Bakterienflora im normalen
Darmtraktus des Rindes. Diss. Bern. 1905; Koch’s Jahresb. Garungs. 16: 402.
1905. '

5 Lohnis, F., and Smith, J. H. Fibl. landw. Ztg. 63: 153. 1914.

87 Osborne, T. B., and Mendel, L. B. Jour. Biol. Chem. 18: 177. 1914.

58 Hoffmann, F. Wie grosz is die Zahl der Mikroorganismen auf dem Getreide
unter verschiedenen Bedingungen. Woch. Brau. p. 1153; Koch’s Jahresber.
Giarungs. 7: 67-68. 1896. Esten, W. M., and Mason, C. J. Sources of bacteria
in milk. Storrs (Conn.) Agr. Exp. Sta. Bul. 51. 1908.

8 Diiggeli, M. Beitrag zur Kenntnis der Selbsterhitzung des Heues. Naturw.
Ztschr. Land. Forstw. 4: 473-492. 1906.

80 Kiirsteiner, R. Die Bakterienflora von frischen und benutzten Streumate-
rialien, mit besonderer Beriicksichtigung ihrer Einwirkung auf Milch. Centrbl.
Bakt. 1T, 47: 1-191. 1916.
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soon disappears in the composting of the manure. At first there is a
multiplication of the bacteria, soon followed by a reduction in numbers,
when the process of rotting of the manure is advanced. In manure
fourteen years old and greatly reduced in volume, 12.5 millions of
bacteria were found per gram (using manure extract—gelatm medium
for counting), while manure preserved with superphosphate, gypsum
and kainit contained 3.75 millions bacteria per gram.®
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F1c. 1. Upper curves show millions of bacteria per gram of dry soil, through-
out the year: good soil, ---—--- poor soil; lower curves show: —— — soil
moisture in per cent; atmospheric temperature; -------- soil temperature;
shaded columns represent rainfall per week, in millimeters (from Conn).

Numbers of bacteria in the soil during different seasons of the year.
The season of the year cannot be considered as one single variable, so
that its influence upon bacterial numbers and activities could be studied.
The moisture content of the soil at the particular date of sampling,
kind of crop, stage of growth of crop, previous soil treatment, and many
other factors will influence the numbers and types of microorganisms
found in the soil. Few bacteria may be found in the soil at the end of a
long dry period. After the first rainfall, there is a rapid increase in

61 Lohnis, F., and Kuntze, W. Beitrige zur Kenntnis der Mikroflora des
Stalldiingers. Centrbl. Bakt. II, 20: 676-687. 1908.
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numbers, due to the fact that a continued dry period brings about a
phenomenon similar to partial sterilization of the soil and with the first
increase in moisture there is an increase of available organic and in-
organic materials, leading to a rapid increase in bacterial numbers.
Several investigators found larger bacterial numbers in the soil in sum-
mer than in winter, the maximum being reached in July and August.
In the spring of the year, with the increase in soil temperature, there is a
corresponding increase in bacterial numbers.®? It was suggested,33
however, that the water content of the soil is the most important factor
bearing upon bacterial numbers: cultivation increases the number by
increasing the water content. Engberding?® was unable to demonstrate
any influence of temperature upon the numbers of bacteria in mineral
soils. This difference in results may be due to the difference in the
composition of the soil. The numbers of bacteria (and protozoa) were
even found to fluctuate from day to day.®* Well-marked seasonal
changes in the soil population are superimposed on the daily varia-
tions in numbers. These changes are not directly influenced by tem-
perature or rainfall, but show a similarity to the seasonal fluctuations
recorded for many aquatic organisms.

Conn,* after a careful comparison of bacterial numbers in frozen
and unfrozen soil, came to the conclusion that the number of bacteria
An frozen soil is generally larger than in unfrozen soil, which is true not
only of cropped soil, but also of sod and fallow land. This increase in
bacterial numbers after freezing was believed not to be due to an increase
in moisture content, even though in an unfrozen condition the bacterial
numbers seemed to increase and decrease parallel to the moisture con-
tent of the soil. The increase in frozen soil seemed to be a result of
actual multiplication of the bacteria, rather than of a mere rise of the
organisms from lower depths brought about by mechanical forces
alone. Conn, therefore, suggested that there are two groups gf bacteria
in the soil, ‘“‘summer’’ and ‘“‘winter’”’ bacteria, which are active in the
respective periods. These results were at first conﬁrjx‘ped.65 The

62 Remy, 1902 (p. 23).

8 Cutler, D. W., Crump, L. M., and Sandon, H. A quantitative investigation
of the bacterial and protozoan population of the soil, with an account of the
protozoan fauna. Phil. Trans. Roy. Soc. London, B, 211: 317-350. 1922.

84 Conn, H. J. Bacteria in frozen soils. Centrbl. Bakt. II, 28: 422-434.
1910; 32: 70-97. 1911; 42: 510-519. 1914; N. Y. Agr. Exp. Sta. Tech. Bul. 35.
1914.

8% Brown, P. E., and Smith, R. E. Bacteria at different depths of some typical
Iowa soils. Iowa Agr. Exp. Sta., Res. Bul. 8: 281-321. 1912.
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theory was suggested that surface tension exerted by the soil particles
on the films of water, as well as the presence of salts in the water and the
concentration of salts, which may occur when the main body of water
begins to freeze, all cause the hygroscopic water in soils to remain un-
congealed, and consequently bacteria may live in it and multiply to a
comparatively large extent. Other results® also tended to indicate that
low temperatures may greatly increase the numbers of bacteria. To
explain these phenomena, the mechanical transportation of the bacteria
by the moisture coming up from below during heavy frost was sug-
gested.’” It was later found,®® however, that a slightly frozen condition
of the soil allowed bacterial development, but severe frosts produced a
checking action, the decrease being parallel with the depression of
temperature. No change in crop and plant remains took place in
Canada during the winter since the temperature of the soil goes down too
low. The occurrence of two maximum counts of bacteria observed®®
in Iowa soils during the year, on February 12 and June 19, with inter-
vening minimum counts, were used to prove the theory that tempera-
tures much below zero are necessary before the hygroscopic moisture
freezes and, until that occurred, a development of bacteria might be
expected. It may also be suggested that a slight freezing of the soil,
in modifying the colloidal condition of the soil may have the same stim-
ulating action as air drying, treating with disinfectants, etc., in other
words, shifting the soil equilibrium, so that a more rapid multiplication
of the bacteria may take place. ‘
A more recent careful study of the influence of freezing upon soil
bacteria demonstrated that the increase recorded previously is not
due to an actual multiplication of the bacteria but rather to a breaking
up of the clumps of bacteria in the soil resulting in a larger number of
colonies developing on the plate.” The moisture content and rate of

% Weber, G. G. A. Die Einwirkung der-Kilte auf die Mikroorganismen und
ihre Titigkeit im Boden. Diss. Jena, 83. 1912. (Centrbl. Bakt., IT, 37: 113.
1912.) .

87 Harder, E. G. The occurrence of bacteria in frozen soil. Bot. Gaz. 61:
363. 1916.

68 Vanderleck, J. Bacteria of frozen soils in Quebec. I and II. Trans. Roy.
Soc. Canada (Ser. III, Sec. IV), 11: 15. 1918;12: 1. 1918.

¢ Brown, P. E., and Halversen, W. V. Effect of seasonal conditions and
soil treatment on bacteria and molds in the soil. Iowa Agr. Exp. Sta., Res. Bul.
66: 251-275. 1919.

70 Vass, A. F. The influence of low temperature on soil bacteria. Cornell
Univ. Agr. Exp. Sta. Memoir 27. 1919.
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thaw are important factors, in determining the extent of the breaking
up process. The work of Lochhead” also tends to refute the idea that
there are in the soil two groups of bacteria, winter and summer forms.
Although the numbers of bacteria in frozen soil are high, there is no
phenomenal increase, as a result of freezing, while thawing of the soil
brought about a great increase in numbers. A typical winter Aora is
absent and the bacteria are to be regarded as cold-enduring rather than
psychrophilic in the true sense. There was also no indication of a rise
of organisms from unfrozen levels to the frozen surface layers.

Distribution of bacteria at various soil depths. In humid soil, most of
the bacteria are concentrated in the upper 2 feet of soil and the highest
numbers are found just 1 to 3 inches below the surface. The germicidal
effect of the rays of the sun and the rapid evaporation of the moisture
tend to diminish the numbers right at the surface. Much fewer bac-
teria are present in the subsoil; in sandy soils, due to better aeration,
the numbers do not diminish as rapidly. Since most of the earlier work
was limited to the use of the plate method, the results are of necessity
too low.

Proskauer” was the first to point out the fact that the numbers of
bacteria in humid soils decrease with depth: at a depth of about one
meter the soil was found to be almost free from bacteria. Frinkel”
observed a decrease of bacterial numbers with depth of soil, from 90,000
to 300,000 at the surface, to 100 to 700 at a depth of 2.5 meters. The
change was not gradual, but sudden and irregular. The bacteria were
found to go deeper in cultivated than in uncultivated soils, but no in-
fluence of the crop upon the number of organisms could be demonstrated.
A decrease from 2,564,000 bacteria at the surface to none at a depth of
six feet was observed™ in a stony soil, and from 524,500 at the surface
to 5,800 at a depth of 1.5 meters in a wet meadow soil. Clover soils
contained 6,000,000 bacteria at a depth of 20 cm. and 1,500,000 at 50
cm. depth.” A change from 8,000,000 bacteria per gram of soil at the
surface to sterility at a depth of one meter was also recorded.’”® The

"t Lochhead, A. G. Microbiological studies of frozen soil. Trans. Roy. Soc-
Canada. 18: 75-96. 1924; Soil Sci. 21: 225-232. 1926.

7t Proskauer, 1882 (p. 12).

7 Frinkel, 1887 (p. 12).

7 Reimers, J. Uber den Gehalt des Bodens in Bacteria. Ztschr. Hyg. 7:
319-346. 1889. .

7% Caron, A. Landwirtschaftlich-bakteriologische Probleme. Landw. Vers.
Sta., 46: 401-418. 1895.

6 Stoklasa, J., and Earnest, A. Uber den Ursprung, die Menge und die
Bedeutung des Kohlendioxyds im Boden. Centrbl. Bakt. I1, 14: 723-736. 1905.
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numbers of bacteria usually increase from the surface to a depth of 4 to
6 inches;”” this is followed by a decrease to a depth of 24 inches 1n humid
soils. The maximum numbers were found at six inches of depth;’® in
some cases’ the maximum was found at a depth of 4 inches, where the
greatest numbers of organisms are found followed by a more or less
regular drop. Soils under shade (orchard, forest, meadow) have the
highest numbers of bacteria at a depth of 1 inch, then the numbers
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F1a. 2. Numbers of bacteria at different depths of soil, on the average of
several determinations throughout the year: A, rich garden soil; B, cultivated
orchard soil; C, clay soil, under timothy; D, -acid forest soil (from Waksman).

decrease with depth, while soils exposed to the sun have the highest
numbers at a depth of 4 inches.8°

77 Chester, F. D. The bacteriological analysis of soils. Del. Agr. Exp. Sta.
Bul. 66. 1904. '

¢ King, W. E., and Doryland, C. J. T. The influence of depth of cultivation
upon soil bacteria and their activities. Kans. Agr. Exp. Sta. Bul. 161: 211-242,
1909. '

79 Brown and Smith, 1912 (p. 32).

80 Waksman, Soil Sei., 1: 363-380. 19186.
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In the case of arid soils, the microorganisms are found to penetrate
much deeper into the subsoil layers, the activities of the organisms con-
tinuing in some cases undiminished through six feet of soil. The num-
bers of bacteria may even be greater at a depth of 24 inches than at 6
inches ;' a wind-blown arid soil of Arizona, of a pH 8.6 t0 9.0 and with an
average annual rainfall of 13incheswas found tocontain 401,000 organisms
at a depth of 6 inches,and 1,898,500 at a depth of 12 inches and 916,500
at a depth of 24 inches. Fifty-two per cent of the organisms developing
,/on the plate were actinomyces. Better aeration and presence of organic
matter are no doubt largely responsible for this greater distribution of
microorganisms with depth of soil in arid regions. The favorable in-
fluence of irrigation upon bacterial numbers is marked not only at the
surface but also at lower depths,® as shown in table 3. Further informa-
tion on the influence of depth upon microorganisms and their activities
is given elsewhere (p. 48).

TABLE 3
Distribution of sotl bacteria tn different depths of soil in arid regions
DEPTH IRRIGATED BOIL DRY-FARM SOIL
1 foot 6,240,000 4,372,000
2 feet 1,760,000 1,267,000
3 feet 1,147,0C0 1,174,000

Numbers of specific phystological groups of bacteria in the soil. In
determining the numbers of specific morphological or physiological
groups of bacteria in the soil, the dilution method is largely employed,
as outlined above.33.8¢ The number obtained indicates a certain mini-
mum of cells of the particular organism, since often many of the cells
introduced into the specific medium may fail to develop. Hiltner and
Stormer found that a soil, which.gave by the gelatin plate 1,270,000
bacteria, contained a much greater number of bacteria, when deter-
mined by the dilution method.

81 Lipman, C. B. The distribution and activities of bacteria in soils of the
arid region. Univ. Cal. Publ. Agr. Sci.1: 7-20. 1912;4: 113-120. 1919. Snow,
L. M. A comparative study of the bacterial flora of wind-blown soil. I. Arroyo
bank soil. Tucson, Arizona. Soil Seci. 21: 143-161. 1926.

82 GGreaves, J. E. Agricultural bacteriology. Lea and Febiger. Phila., p.
164. 1922.

83 T,6hnis, 1905 (p. 13).

8¢ Millard, W. A. Bacteriological tests in soil and dung. Centrbl. Bakt. II,
31: 502-507. 1911.
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Although by the plate method the number of Azotobacter cells
present in the soil (when they are present at all) is rather small, amount-
ing to only a few hundreds (800 to 1000)% or a few thousands® per
gram, the direct microscopic examination reveals a great abundance of
these organisms in soils- properly limed and buffered. Clostridium
pastorianum (Bac. amylobacter A. M. et Bred.) may be found in num-
bers ranging from 1 to 5 millions per gram of soil. In poorly buffered
and in acid soils, Azotobacter is absent dltogether and its place is taken
by the Clostridium, as shown later. . |

For the determination of the numbers of bacteria belonging to the
genus Rhizobium, a medium containing 2 grams levulose, 0.06 gram
asparagine, 0.1 gram sodium citrate, 0.1 gram potassium citrate and 2
grams of agar in 100 parts of tap water may be used.?” When the plates
are poured, 3 to 5 drops of normal solution of sodium carbonate are

TABLE 4
Numbers of phystological groups of bacteria in 1 gram of sotl

RESULTS OF REBULTS OF

RESULTS LOHENIS, 8 AVER- | MILLARD, AVER~

OF HILTNER AND AGE OF SUMMER AGE OF MAXIMUM
STORMER AND WINTER AND MINIMUM

VALUES VALUES

I. Peptone decomposing......... 3,750,000 4,375,000 75,000,000
II. Urea decomposing............ 50,000 50,000 27,500,000
ITI. Nitrifying . . . ................ 7,000 5,000 100,000
1V. Denitrifying. . ............... 50,000 50,000 162,500
V. Nitrogen-fixing............... 25 388 2,500,000

added to 10 ce. of medium. Most bacteria and molds do not develop
on this medium; 50 to 86 per cent of the colonies are Rhizobia which
are small or punctiform, white, somewhat stiff and gummy." To con-
firm the diagnosis, the colonies are transferred to plates of nutrient
agar or plant extract (beans) agar. The numbers of Rhizobia in the
soil were found to run parallel with its fertility, and as many as 3 to 4

8 Truffaut, G., and Bezssonoff, H. Augmentation du nombre des Clostridium
Pastorianum (Winogradsky) dans les terres partiellement sterilisées par le sulfure
de calcium. Compt. Rend. Acad. Sci.172: 1319-1324. 1921;173: 868-870. 1921.
La Science du Sol. 1: 3-61. 1922.

8 Razoomov, A. S. Method of counting soil bacteria according to their physi-
ological groups (Russian). Trans. Institute of Fertilizers, No. 28, Moscow.
1925.

87 Greig-Smith, R. The determination of rhizobia in the soil. Centrbl. Bakt.
11, 34: 227-229. 1912.



The distribution of different physiological groups of bacteria in different soils

TABLE 5

SOIL TYPE GARDEN VINEYARD FIELD upspow | DEIDEOVE oo ® | MARSH LAND

Moisture content, in per cent of moist

soil. . ... 17.9 11.1 18.1 17.0 17.6 21.2 37.2
Per cent of CaCO;s.................. 4.7 10.1 5.0 11.4 2.8 0 7.6
Bacteria developing on nutrient A

gelatin plate............. e 8,400,000 | 3,400,000 | 8,100,000 | 8,100,000 | 1,900,000 | 1,500,000 | 1,500,000
Bacteria developing on nutrient agar

plates............. ... ... 2,800,000 | 2,400,000 | 3,500,000 | 3,000,000 | 1,200,000 900,000 | 1,700,000
Bacteria growing in deep cultures of

glucose agar (anaerobes)........ 280,000 106,000 137,000 620,000 180,000 345,000 | 2,180,000
Urea decomposing bacteria......... 37,000 23,500 8,500 5,200 20,000 8,800 2,500
Denitrifying bacteria................ 830 1,720 400 850 230 380 370
Pectin decomposing bacteria......... 535,000 85,000 70,000 235,000 20,500 810,000 3,700
Anaerobic butyric acid bacteria...... 368,000 68,500 50,300 83,500 22,000 203,000 235,000
Anaerobic protein decomposing

bacteria........................... 35,000 5,500 22,000 36,800 700 17,000 2,000
Anaerobic cellulose decomposing

bacteria.................... ...l 367 367 350 367 0.8 17.7 1.1
Aerobic nitrogen-fixing bacteria...... 2,350 537 1,885 18 17 0 17
Anaerobic nitrogen fixing bacteria. ... 5,500 2,050 700 370,000 517 2,020 67
Nitrifying bacteria.................. 880 1,701 37 0 0 34

3,384
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million cells were found per gram of soil, comprising 0.4 to 6.75 per cent
of the total flora developing on the plate. Since Rhizobium was found
to fix 3 to 5.6 mgm. of nitrogen for 100 cec. of solution, it was believed
to be identical with Bact. radicicola.

The use of starch agar for determining the numbers of organisms in
the soil capable of utilizing starch has also been suggested.3?

A detailed report of the abundance of various physiological groups of
bacteria in different soils is given in table 5, based upon three deter-
minations made by Diigelli®® in 1920, using two samples for each de-
termination.

Numbers of actinomyces in the sotl. The synthefic media (p. 16)
best adapted for the growth of bacteria are also well adapted for the
growth of actinomyces, and their numbers can be determined on the
same plate used for bacterial numbers. If the reaction of the media
favorable for the study of numbers of the three groups of soil organisms
are compared, the optimum for actinomyces is found to be pH 7.0 to
7.5, for bacteria pH 6.5 to 7.0, for fungi pH 4.0. Of course, these are
not the optima for the growth of the particular organisms in pure
culture. The incubation period for counting actinomyces should be at
least 7 days and, if possible, 14 days, at 25° to 30°C.

The actinomyces are, next to the bacteria, the most abundant group
of organisms in the soil, as far as forms developing on the plate are
concerned. Since a colony arises from a conidium, a chain of conidia
or a piece of vegetative mycelium, larger numbers may not necessarily
indicate more abundant vegetative growth, but a larger abundance of
conidia.

Hiltner and Stérmer observed an increase in the numbers of actino-
myces in the autumn, relative to the other groups of microorganisms,
due to the increase of the content in undecomposed organic matter in
the soil. They were found to form in the spring 20 per cent, in the fall
30 per cent, dropping in the winter to 13 per cent, of the total soil
microbial flora developing on the plate. The addition of stable manure,
due to its straw content, results in an increase in the numbers of
actinomyeces.

88 Diiggeli, M. Die Bakterien des Waldbodens. Schweiz. Ztschr. f. Forstwes.
1923; Forschungen auf dem Gebiete der Bodenbakteriologie. Landw. Vortrige.
Verlag Huber, Frausenfeld. 1921. H. 3.

8% Hoffmann, C. A contribution to the subject of soilbacteriological analytical
methods. Centrbl. Bakt. II, 34: 386-388. 1912.
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Loam soils were found?®® to contain a highernumber of actinomyces than
other soils, sandy soils coming last; a proportionate increase of these
organisms was found in the fall (27 to 35 per cent) over the spring (18 to
23 per cent), but no reduction was observed in the winter. Cultivation
of the soil effected a decrease in the numbers of actinomyces. These
organisms are also found abundantly in forest soils (24 to 27 per cent
of the flora) and on the roots of different plants, particularly grass and
legume roots, the upper cell layers of which died down.

The soil microflora developing on the plate may consist of as many as
40 per cent of actinomyces; the total number of these organisms was
found to be as high as 12 to 14 millions per gram of so0il.?*:%2 Sod soils
contain larger numbers of actinomyces than cultivated soils and it was

TABLE 8
Bacteria and actinomyces at vartous depths
Average of three New Jersey soils

BACTERIA ACTINOMYCES
DEPTH
Numgrb:;'; inl Per cent Nu’;},’:;f int Per cent
inches
1 7,340,000 90.8 743,000 9.2
4 5,300,000 85.0 933,000 15.0
8 2,710,000 81.6 612,000 18.4
12 950,000 79.9 239,000 20.1
20 259,000 51.3 246,000 48.7
30 124,000 34.6 240,000 65.6

suggested, therefore, that they may play an active part in the decom-
position of organic matter in the s0il.¥¥ The numbers of actinomyces
decrease regularly with depth, but they increase in proportion to the
other microorganisms, so that at a depth of 30 inches they form 65.6
per cent of the total microbial flora developing on the agar plate.*

20 Fousek, A. Uber die Rolle der Streptotricheen im Boden. Mitt. Landw.
Lehrkan. K. K. Hochschule f. Bodenk. Wien, 1: 217-244. 1913. ,

%1 Conn, H. J. Distribution of bacteria in various :soil types. Jour. Amer.
Soc. Agron. 5: 218-221. 1913.

92 Krainsky, A. Die Aktinomyceten und ihre Bedeutung in der Natur.
Centrbl. Bakt. II, 41: 649-688. 1914.

9 Conn, H. J. A possible function of actinomycetes in soil. Jour. Bact. 1:
197-207. - 1916; N. Y. State Agr. Exp. Sta. Tech. Bul. 60.

% Waksman, S. A., and Curtis, R. E. The actinomyces of the soil. Soil
Sci. 1: 99-134. 1916. '
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Similar results were obtained by other investigators.®® It is not known
whether this is due to the greater resistance of these organisms to the
lack of oxygen, to the washing down of the conidia, or to some other
cause. Since these organisms are very sensitive to acidity and to an
excess of moisture;-acid soils and water-logged soils contain a minimum
number of actinomyces; since they play an active part-in the decom-
position of soil organic matter, heavy soils and soils rich in undecom-
posed organic matter, especially when well limed or buffered, contain
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Fic. 3. Variation of numbers of bacteria and actinomyces at different seasons
of the year and different depths of soil (from Lochhead).

high numbers of actinomyces, in comparison with the bacteria of the

same soil.

The addition of manure® 97 as well as of different other forms of unde-
composed organic matter greatly stimulates the development of actino-
myces and may even result in an increase in their relative abundance, in

9 T.ochhead, 1924 (p. 34).
96 Hiltner, I.. Uber neuere Ergebnisse und Probleme auf dem Gebiete der

landwirtschaftlichen Bakteriologie. ! Jahrb. Ver. angew. Bot. for 1907, 5: 200-222.

1908.
°7 Bright, J. W., and Conn, H. J. Ammonification of manure in soil. N. Y.

Agr. Exp. Sta. Tech. Bul. 67. 1919.
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comparison with the other organisms developing on the plate. Among
the other most important factors influencing the total and relative
abundance of actinomyces in the soil is the soil reaction; the less acid
the soil, the higher is the relative number of actinomyces. The in-
fluence of soil treatment upon the development of these organisms in
the soil is shown in table 7.

TABLE 7
Influence of soil treatment on the number of actinomyces in the sotl

PER CENT OF
g an oF som aowcns || FioRs o | o mmgemo
ON FLATE
Unfertilized . . ... ..................... .1 1,150,000 27.7 4.6
Limealone............................. 2,410,000 31.6 6.4
Minerals™*. ......... ... ... ... .. ... ..... 1,520,000 22.7 5.5
Manure and minerals. . ................. 2,920,000 24.5 5.4
Minerals and ammonium sulfate. .. ..... 370,000 12.1 4.1
Minerals, ammonium sulfate and lime. ..| 2,520,000 26.5 5.8
Minerals and sodium nitrate............ 2,530,000 25.0 5.5

* 320 pounds of KCI and 640 pounds acid phosphate per acre every year.

TABLE 8
Influence of liming and fertilization upon the numbers of fungi in the sotl

NUMBERS
S80IL TREATMENT pH OF FUNGI PER
GRAM

Unfertilized . . . .. ... .. ... . . . e 4.8 65,500
Lime alone . ... ... . . . . 6.4 16,900
Minerals. .. . ... . . 5.6 45,600
Minerals 4 lime . . . . ......... .. .. ... ... . ... ... ... ... 6.4 26,300
Manure and minerals................................ 5.6 91,000
Manure, minerals and lime . . ........................ 7.0 29,400
NaNO;and minerals. ... ........................... 5.8 45,900
(NH,):S0, and minerals. .. ......... B 4.6 107,900
Manure, NaNO; and minerals. .. .................... 5.8 87,600

Numbers of fungi in the soil. Fungi also exist in the soil both in the
form of vegetative mycelium and reproductive spores. Methods for
demonstrating the existence of specific forms in the soil are described
elsewhere (p. 239). There is no method yet devised for finding out how
much of the fungus material exists in the soil as mycelium or as spores;
we neither have means of determining how many of the colonies develop-
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ing on the plate are due to spores and how many to pieces of mycelium.
There is also no basis for comparing the relative abundance and potential
activity between the bacterial and fungus flora of the soil; for example,
1000 colonies of fungi may indicate a greater activity than 1,000,000
colonies of bacteria, when a certain process, such as cellulose or protein
decomposition is studied. However, if the 1000 fungus colonies repre-
sent inactive spores, the activity of the organism may be questioned.

With these limitations in mind and in view of the fact that most of the
determinations of numbers of fungi have been made by the use of high
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FiG. 4. Variation of numbers of fungi at different seasons of the year and
different depths of soil (from Lochhead).

dilutions and of the bacterial agar plate, it is questionable to what extent
many of the results obtained in the past actually represent even relative
soil conditions. In general, the soil is found®® to harbor between 30,000
and 900,000 fungi (spores and pieces of mycelium) per gram, depending
on the type of soil and treatment. Others® reported a range of 42,000

98 Waksman, S. A. Soil fungi and their activities. Soil Sci. 2: 103-155.
1916; Is there any fungus flora of the soil? Ibid. 8: 565-589. 1917; Waksman,
S. A. Influence of soil reaction upon the distribution of fungi in the soil. Ecol-
ogy, b: 54-59. 1924.

% Brown and Halversen. 1919 (p. 33).
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to 131,000 fungi per gram of soil when plated out on three different
media, with a ratio between the fungi and bacteria developing on the
plate as 1:40 or 1:50. However, whenever possible, these results
should be checked up by microscopic observations.

An acid medium similar to the one described above, combined with a
low dilution allows the determination, with a fair degree of accuracy, of

7A 7B 19A 4A 19B 11A 9A 11B 5A 18A
14.000

12.000

10.000

e -

8.000

6.000

4.000

2.000

Bacteria, thousands per gram

Fungi, hundreds per gram

. v o o Yield for 1921
Fic. 5. Influence of soil treatment upon the numbers of bacteria and fungi
in the soil: 7A and 7B, no fertilizer or manure; 4A, 19A, 19B, receiving only
mineral fertilizers (phosphate and KCIl); 11A and 11B, ammonium sulfate and
minerals; 9A, sodium nitrate and minerals; 5A, stable manure and minerals;
the B plotslimed in 1908, 1913, 1918 (after Waksman and de Rossi).

the relative abundance of fungi in the soil. The more acid the soil is,
the greater is the number of fungi relative to the number of the other
soil microorganisms. Figure 4 gives the changes in the number of
fungi during the year and at different depths and fig. 5 shows the in-
fluence of soil treatment upon the numbers of bacteria and fungi in
the soil.
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Numbers of protozoa in the soil. The protozoa exist in the soil both
in an active stage and in a cyst condition. The methods employed
should give more or less accurate information concerning the numbers
of protozoa in the soil in both of these two stages. It is sometimes
essential to be able to count protozoa in culture solutions. This can
be done in four different ways. (1) The most common method con-
sists in placing a drop of a known volume of the protozoan suspension
under the microscope and counting the number of protozoa. The use
of a slimy colloidal solution for the purpose of reducing the motility of
protozoa, as, for example, semen psylit, semen cydoniae or gum tragacanth
has been suggested.!®® Two per cent gelatin solution may also be
employed for this purpose. (2) The use of a standard loop devised for
bacteria may also be employed!®:192 for counting of protozoa. (3) The
agar plate method may be used.!® None of these three methods is very
suitable for the determination of the number of protozoa in the soil
itself, although the first two can be used for the examination of soil for
the presence of living protozoa. For an accurate determination of the
total number of protozoa in the soil, including both the active forms and
the cysts, the (4) dilution method is most appropriate.l%4:105.16 The
method consists in diluting the soil with sterile tap water, then placing
1 ce. portions of the various dilutions into sterile media, incubating,
examining the cultures at periodic intervals (5, 12 and 20 days) and
determining the highest dilution at which growth takes place. The
number of protozoa is thus found to lie between this and the next
higher dilution at which growth did not take place. If, for example,
a dilution of 1:1000 gives growth, while 1:10,000 does not give any,
there are between 1000 and 10,000 protozoa in a gram of soil. The

100 Statkewitsch, P. Zur Methodik der biologischen Untersuchungen iiber die
Protisten. Arch. Protistenk. 6: 17-39. 1905.

101 Miiller, P. T. Uber eine neue, rasch arbeitende Methode der bakteri-
ologischen Wasseruntersuchung und ihre Anwendung auf die Priiffung von Brun-
nen und Filterwerken. Arch. Hyg. 76: 189-223. 1912.

102 Koch, G. P. Soil protozoa. Jour. Agr. Res. 4: 511-559. 1915; b: 477-488.
1915; Soil Seci. 2: 163. 1916. .

103 Killer, J. Die Zahlung der Protozoen im Boden. Centrbl. Bakt. II, 37:
521-534. 1913.

104 Rahn, O. Methode zur Schiitzung der Anzahl von Protozoen im Boden.
Centrbl. Bakt. IT, 36: 419-421. 1913.

106 Cunningham, A. Studies on soil protozoa. Jour. Agr. Sci.7: 49-74. 1915.

106 Sherman, J. M. The number and growth of protozoa in soil. Centrbl.
Bakt. II, 41: 625-630. 1914; also 1916 (p. 47).
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dilutions can be made narrower and the number of protozoa determined
with a greater degree of accuracy. This method can also be modified so
as to give not only the total number of protozoa in the soil, but also the
number of active forms and cysts.!1%7

The soil is passed through a 3 mm. sieve and two 10-gram samples are taken.
The total number of protozoa (active forms plus cysts) is determined, in one sam-
ple, while the other sample is used for the determination of cysts. Taking care to
agitate the flask while the liquid is being transferred, the following dilutions are
prepared:

No.

1 10 grams of soil in 100 ce. HO = 1:10 dilution
2 10 cc. of No. 1in 90 cc. H,O = 1:100 dilution
3 10 cc. of No. 2in 90 cc. H;O = 1:1000 dilution
4 20 cc. of No. 3in 30 cc. HO = 1:2500 dilution
5 20 cc. of No. 4in 20 cc. HO = 1:5000 dilution
6 30 cc. of No. 5in 15 cec. H:O = 1:7500 dilution
7 30 cec. of No. 6in 10 cc. H,O = 1:10,000 dilution
8 20 cc. of No. 7in 30 cc. H,O = 1:25,000 dilution
9 20cc. of No. 8in 20 cc. H,O = 1:50,000 dilution
10 30 cc. of No. 9in 15 cc. HO = 1:75,000 dilution

11 30 cec. of No. 10 in 10 cc. H,O = 1:100,000 dilution

Dilutions of 25-102,400 or 50-204,800 may also be prepared.

Nutrient agar is poured into a series of sterile Petri dishes. When the medium
has solidified, the dishes are inoculated in pairs with 1 cc. of each dilution. The
same pipette may be used when one begins with the highest dilution and goes back
to the lowest. The plates are incubated at 18° to 20° for 28 days and examined
after 7, 14, 21, and 28 days. A little sterile water is added to the plates, in case
they begin to dry out. The examination is made by scraping off a little of the
surface of the plate, placing on a slide under the microscope and examining with
low and high power.

The second 10-gram sample of soil is treated with sufficient 2 per cent HCI,
over night, to neutralize the carbonate present in the soil and still leave an excess
of unchanged 2 per cent HCl. This kills all the active forms leaving the cysts
unharmed. The number of protozoa is then determined by the same dilution
method. The number of cysts subtracted from the total number of organisms,
obtained in the first count, gives the number of active protozoa per gram of soil.

Fisher!%® investigated the theory of estimation of microorganisms by
the dilution method and found that a very high efficiency can be thus
obtained (87.71 per cent). By the use of a special table, the number
of protozoa can be calculated, when the number of negative plates is

107 Cutler, D. W. A method for estimating the number of active protozoa in
the soil. Jour. Agr. Sci. 10: 135-143. 1920.

108 Figcher, R. A. On the mathematical foundations of theoretical statistics.
Phil. Trans. Roy. Soc. London. Ser. A, 222: 309-368. 1922.
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known. By using 26 plates and a series of dilutions (13) ranging from
2% 10 193 v, the following results were obtained:19?

M O oy LB PROTOZOA PER GRAM OB e PROTOZOA PER GRAM

1 110,000 14 640

2 59,000 15 450

3 36,000 16 320

4 23,000 17 230

5 16,000 18 160
6 11,000 19 110

7 7,600 20 79

8 5,300 21 56

9 3,700 22 38
10 2,600 23 25
11 1,800 24 15
12 1,300 25 6.8
13 900

For the examination of trophic protozoa, the soil sample is moistened
with some sterile water, placed on a slide and examined for a minute
under the microscope.

When soil or soil suspension is placed in a medium favorable for the
development of protozoa, there is found a close connection between the

‘/?owth of these organisms to that of the bacteria, the former always
agging behind. There is also observed a general sequence of protozoan
forms, the flagellates appearing first, followed by the ciliates and later
by the amoebae. A detailed review of the media used for the cultiva-
tion of protozoa is given elsewhere (p. 317).

Garden soils contain a great number of protozoa;''® amoebae were
found!!! to develop on agar plates, even when the inoculum was only
1 mgm. of soil. An average of about 100 ciliates and 1000 to 10,000
flagellates per gram of soil was reported -by earlier workers.!12. 114
Sherman!!® compared the numbers of protozoa in sixteen soils represent-
ing various soil types under various treatments; he found that normal

109 Cutler et al., 1922 (p. 32).

110 Hiltner, 1907 (p. 47).

11 Stérmer, K. Uber die Wirkung des Schweffelkohlenstoffs und dhnlicher
Stoffe auf den Boden. Jahresb. Ver. angew. Bot. for 1907, 6: 113-131. 1908.

112 Rahn, 1913 (p. 45).

113 Sherman, J. M. Studies on soil protozoa and their relation to the bacterial
flora. Jour. Bact. 1: 35-66; 165-185. 1916.

114 Waksman, S. A. Studies on soil protozoa. Soil Sei. 1: 135-152; 2: 363-
376. 1916.



48 PRINCIPLES OF SOIL MICROBIOLOGY

fertile soil has a protozoan content approximating 10,000 per gram, the
flagellates constituting the greater portion; about 100 ciliates were
found per gram; certain types of protozoa are active in thefsoil under

TABLE 9
Influence of organic matter on numbers of protozoa in the sotl (average of 10 counts)!1?

HARPENDEN FIELD
(5.7 PER CENT ORGANIC

BROADBALKX MANURED
(10 PER CENT ORGANIC

MATTER) MATTER)
Cc* F A C F A
February 1-March 5, 1917.......... 20 | 32,000 1500 | 10 | 13,500 500
April 17-June 6, 1917 . ......... ....[130 | 23,000 1600 | 20 | 71,000 500
June 13-September 20, 1917........ 120 | 31,200 | 18,600 | 10 | 25,700 | 17,000
October 10-December 15, 1917 .. ...| 20 | 42,300 | 23,200 | 10 | 23,330 | 10,000

* C = ciliates, F = flagellates, A = amoebae.

TABLE 10
Influence of sotl depth upon the numbers of protozoall?

DEPTH AMOEBAE PER 1 GRAM FLAGEL‘;‘;:;B PER 1 CILIATES PER 1 GRAM
inches
6 1750 8750 100
12 0] 100 0
18 0 100 0
TABLE 11
Numbers of protozoa and bacterta per gram of soil from two Broadbalk plotsi1?
MANURED UNMANURED APPROXI~
ACTIVE MATE
Wi n-ter total S‘i(’)‘iﬁ” Wtf)lzzfr Sliglt:ier FORMSB DIAM”ETER
Flagellates. ...... 150,000, 600,000 5,500, 15,000 15 to 95 7.5-15
Amoebae......... 5,000 15,000 40 2,000, per 822
Thecomoebae....|.......... 1,000].........0 c0uuunnn cent 15
Ciliates......... 50 2000, ... i in all | 20-40
Bacteria.......... 10,000, 000(24,000,000{4, 000, 000(5,000,000| cases 14

normal and even sub-normal conditions of moisture, the active forms
being probably restricted to the flagellates. Although the amoebae are
also widely distributed in the soil,!'® their numbers have not been re-

Phil.
1915.

18 Martin, C. H., and Lewin, K. R. Some notes on soil protozoa.
Trans. Roy. Soc. London, 206B: 77-94. 1914; Jour. Agr. Sci. 7: 106-119.
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ported in detail due to the difficulty of their development on the com-
mon media. In soils with a moisture content not in excess of the
physical optimum, protozoa exist mainly in a nontrophic state.!'® The
protozoa become active in the soil whenever there is excessive moisture
present for a period of several hours. Such conditions are common,
especially in rainy seasons, in poorly drained soils, in spring, etc. The
protozoa then excyst and, after a period of active growth, they repro-
duce. When conditions become again unfavorable, they either encyst
or die. Protozoa are readily found in field ditches, furrows with stand-
ing water, ete. Since the protozoa chiefly use bacteria as their food
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Fia. 6. Numbers of active flagellates, amoebae and bacteria in the soil, in
relation to its moisture content (from Cutler and Crump).

(perhaps also organic matter and soil extracts, especially in the case of
small flagellates), they are more abundant in rich fertile soils than in poor
acid soils. Their greatest numbers are concentrated in the top four or
six inches of soil, where the bacteria are also at a maximum, while below
twelve inches the soil is practically free from protozoa.!'” Isolated
species may be found, usually in a cyst condition, even at very low
depths.'’® By the use of the method above described, Cutler and

16 Fellers, C. R., and Allison, F. E. The protozoan fauna of the soils of NeW
Jersey. Soil Sci.9: 1-25. 1920.

17 Crump, L. M. Numbers of protozoa in certain Rothamsted soils. Jour.
Agr. Sci. 10: 182-198. 1920.

18 Sandon, 1927 (p. 329).
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Crump!!® estimated at frequent intervals the numbers of active pro-
tozoa and cysts in Rothamsted soils and found them to be much higher
on the manured than on the unmanured plot. :

The numbers of protozoa and bacteria were found to vary from day
to day.’2® An inverse relation was found between the number of active
amoebae and bacteria.

The numbers of algae in the soil can also be determined by the dilu-
tion method, using the specific media, described elsewhere (p. 221) best
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Fia. 7. Daily variation of active flagellates in the soil (from.Cutler and
Crump). '

—

Numbers of trophic flagellates per gramme of so

adapted to the development of these organisms.!” The numbers of
nematodes and other worms, insects and other members of the inverte-
brate population of the soil, as well as methods of determination, are
given elsewhere (p. 342).

119 Cutler, D. W., and Crump, L. M. Daily periodicity in the numbers of active
soil flagellates: with a brief note on the relation of trophic amoebae and bacterial
numbers. Ann. Appl. Biol. 7: 11-24. 1920.

120 Cutler et al., 1922 (p. 32).

121 Bristol-Roach, 1926 (p 225).
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CHAPTER 1II

PurE CULTURE STUDY AND CLASSIFICATION OF SOIL BACTERIA

It is almost impossible at present to make a complete study of the
various types of bacteria occurring in the soil, due both to the great
variety of forms and to the lack of sufficient knowledge concerning
many of them. Bacteria offer but few stable characteristics which can
be utilized for their separation. Classification of bacteria in general
and of soil bacteria, in particular, is not fully satisfactory. The different
systems of classification can, therefore, be merely tentative; they are
based either on the physiological activities of the organisms, especially
their carbon, nitrogen, and oxygen metabolism, or on their morphological
relationships. In the general subdivision of the soil bacteria, the physio-
logical system will be utilized for the greater convenience which it
offers in the study of the role of these organisms in the soil; in the
differentiation of the individual bacteria within the large groups morpho-
logical characters are utilized.

Pure culture study. In the case of large organisms, a pure culture
corresponds to an individual. In the case of the unicellular bacteria,
the transformation carried on by one cell is too small, and large num-
bers of organisms must take part in a reaction, before measurable
changes are obtained; these individual cells, however, must be as much
alike as possible. - The various bacteria do not exist in the soil in pure
culture, but in mixed associations; entirely different results are usually
obtained under natural conditions, with the various microbiological
processes completing one another, than in pure culture. This is
especially true in the case of organisms which depend for their nutrients
upon the activities of other organisms, as in the case of the nitrite
bacteria which depend upon the various proteolytic organisms for
their substrate (ammonia), and the nitrate-forming bacteria which
depend upon the nitrite formers for their supply of energy source
(nitrite). Antagonistic effects are often marked under natural sur-
roundings, while they are eliminated in pure culture. Certain soil
processes, such as cellulose decomposition or nitrogen-fixation, are
carried on much more actively by crude than by pure cultures of the
organisms concerned, due to the fact that the accompanying organisms

53
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either use up the deleterious waste products or in some other way
contribute to the process in question.

To be able to identify the various species of bacteria and determine
their specific functions upon nutritive media and in the soil, it is neces-
sary to obtain them in pure culture. A mere microscopic examination
of bacteria is usually insufficient for their identification. They should
be studied on artificial culture media and records made of the cultural
characteristics and biochemical changes produced. Among these
characteristics, we may include size, appearance and color of colony;
growth upon solid and liquid media; modification of color, consistency,
reaction and chemical composition of the medium; action upon sugars
and proteins and enzyme formation, and influence of oxygen tension,
temperature and chemical agents. Among the morphological charac-
teristics, we may-include form, size, grouping and appearance of cells,
motility, spore formation, manner of reproduction, etc.

Pure cultures of bacteria and other microorganisms are often weak-
ened, when grown on artificial culture media, or may lose altogether
their capacity of producing the change which they carry on in nature,
as in the case of certain nitrogen-fixing bacteria. This leads to differ-
ences in results in the hands of different investigators. We are dealing
here with organisms whose functions are changeable and which are very
variable in their activities.! It is best to work with freshly isolated
organisms and it is always advisable to establish the constancy of
physiological characteristics.

In obtaining pure cultures of a number of soil bacteria, especially
those producing certain biochemical changes when grown in the presence
of specific substances, the selective or accumulative culture method used
extensively by Beijerinck,? Winogradsky and others may be utilized.
The first step made in the isolation of a particular organism consists in
adding some of the material (soil or manure) to a liquid medium con-
taining nutrients especially adapted to the growth of that particular
organism. This allows the accumulation of the organism in question
and eliminates largely the other accompanying forms. By transferring
repeatedly to the same sterile medium, an enrichment culture is ob-
tained. Theoretically one species is obtained under ideal enrichment

! Pringsheim, H. Die Variabilitit niederer Organismen. Berlin. J.
Springer. 1910.

2 Richter, O. Die Bedeutung der Reinkultur. Borntraeger. Berlin, 1907,

Stockhausen, Oekologie, Anhiufungen nach Beijerinck. 1907,



PURE CULTURE STUDY OF SOIL BACTERIA 55

conditions; actually, a number of strains may be obtained, which, on
separation, may often be mistaken for different species.

The direct method of isolation suggested by Winogradsky® may also
be employed. This consists in adding a specific nutrient to a silica gel
plate, containing the necessary nutrients, and inoculating with particles
of soil. Only the organisms capable of acting upon the specific substrate
will develop on the plate in forms readily isolated.

In the case of the majority of soil bacteria (especially the
heterotrophic forms), both aerobic or anaerobic, the plate method
will prove convenient for the isolation of the individual organisms
from colonies. The selective culture method in most cases and
the plate method in some cases yield only crude cultures of the
organisms. In the majority of cases these cultures are quite satisfac-
tory.t However, for biochemical studies and especially in the study
of life cycles of bacteria, it is advisable to obtain single-cell cultures of
the organisms. In most instances this is accomplished by the dilution
method, which may be accompanied by the transfer of a single cell by
the India ink® method or by means of a capillary pipette.! The first
consists in mixing a highly diluted culture with sterile India or China
ink, placing pin-point droplets of the mixture upon the surface of sterile
agar or gelatin, covering with sterile cover slips, examining with high-
power objective for the presence of a single cell, incubating, and finally
transferring or lifting the cover slip with adhering bacterial cell and
inoculating into sterile medium. The second method consists in

3 Winogradsky, 1925 (p. 11). .

* Lohnis, F. Studies upon the life cycles of the bacteria. I. Mem. Nat. Acad.
Sci. 16, 1921, No. 2, p. 39.

5 Burri, R. Eine einfache Methode zur Reinziichtung von Bakterien unter
mikroskopischer Kontrolle des Ausgangs von der einzelnen Zelle. Centrbl. Bakt.
IT, 20: 95-96. 1908; Das Tuschepunktverfahren. G. Fischer. Jena. 1909.

¢ Barber, M. A. On heredity in certain micro-organisms. Kansas Univ.
Science Bull. 4: no.1 48 p. 1907; Jour. Inf. Dis. 6: 379. 1908; 8: 348. 1911;
The pipette method in the isolation of single microdrganisms and in the inocula-
tion of substances into living cells. Philippine Jour. Sci. B. 9: 307-360. 1914;
The use of single cells method in obtaining pure cultures of anaerobes. Jour.
Exp. Med. 32: 295. 1920; Shouten, S. L. Reinkulturen aus einer unter dem
Mikroskop isolierten Zelle. Ztschr. Wissensch. Mikrosk. 22: 10, 1907; 24: 258.
1907 ; Hecker, F. A new model of double pipette holder and the technic for the
isolation of living organisms. Jour. Inf. Dis. 19: 305. 1916; Hort. Jour. Hyg.
18: 361. 1920; Topley, W. W. C., Barnard, J. E., and Wilson, G. S. A new
method of obtaining cultures from single bacterial cells. Jour. Hyg. 20: 221-226.
1921; Malone, R. H., A simple apparatus for isolating single microorganisms.
Jour. Path. Bact. 22: 222, 1918.
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drawing up individual cells by means of the Barber capillary pipette
and transferring them to specific sterile liquid media. The micro-
manipulator of Chambers’ may also be employed.

In view of the fact that the bacteria live and act in the soil in mixed
culture, important information is obtained not only from the study of
pure cultures, but also from mixed cultures, either crude or artificially
prepared.

For a description of pure cultures of bacteria, the Chart of the Society
of American Bacteriologists can be used.?-* Thisincludes a study of the
important morphological, physiological and cultural characteristics
of the organisms. However, the chart can not be readily utilized in
the description of most of the soil bacteria with the exception of some
of the heterotrophic bacteria requiring combined nitrogen, especially
the spore-forming organisms.!?

Differentiating characters of bacteria. The size of the organisms is a
variable factor with rather large limits of variation which depend upon
the nutrient media in which the cells are grown and various environ-
mental conditions.!! However, in the case of the spore-forming bacteria,
the size of the spore is of great diagnostic value. Motility of bacteria
has been utilized in the classification of Migula but the constancy and
value of this character have been questioned by Lehmann and Neu-
mann,'? who found the presence or absence of spore production by

7” Chambers, R. New micromanipulator and methods for the isolation of a
single bacterium and the manipulation of living cells. Jour. Inf. Dis. 31: 334-343,
344-348. 1922.

8 Harding, H. A. The constancy of certain physiological characteristics in the
classification of bacteria. N. Y. Agr. Exp. Sta. Tech. Bul. 13. 1910.

9 Rahn, O., and Harding, H. A. Die Bemithungen zur einheitlichen Beschrie-
bung der Bakterien in America. Centrbl. Bakt. IT, 42: 385-393. 1914.

10 The methods used in the description of these organisms are discussed in the
various Reports of the Committee on Bacteriological Technic of the Society of
American Bacteriologists. C. B. T. Methods of pure culture study. Jour.
Bact. 8: 115-138. 1918; 4: 107-132. 1919; 6: 127-143. 1920; 7: 107-132. 1919.
Conn, H. J. et al. Recent work on the descriptive chart and the manual of
methods. Ibid. 10: 315-319. 1925. Also Conn, H. J. Soil flora studies. II.
Methods best adapted to the study of the soil bacteria. N. Y. Agr. Exp. Sta.
Tech. Bul. 67: 18-42. 1917.

11 Lshnis, F., and Smith, N. R. Life cycles of bacteria. Jour. Agr. Res.
6: 676-702. 1916; 23: 401-432. 1923; also Lohnis, 1921 (p. 55); Scales, F. M.
Induced morphologic variation in B. coli. Jour. Inf. Dis. 29: 591-610. 1921.

12 Lehmann, K. B., and Neumann, R. O. Atlas und Grundrisz der Bakterio-
logie. Miinchen, Lehmann’s. 1920. '
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bacteria to be a more definite characteristic. The form of growth of the
various organisms is also of important diagnostic value.

As to the various physiological characteristics, some, like liquefaction
of gelation, nitrate reduction!® and chromogenesis, are of considerable
diagnostic value; others, like diastatic power, fermentation of sugars,
indol formation, action on milk, give rather inconsistant results.

Although the morphological characters of the bacteria should be uti-
lized in a scientific system of classification, the soil bacteria lend them-
selves readily to a general classification based upon their physiological
activities. Such a system is suggested here for the purpose of grouping
the bacteria according to the important soil processes in which they
take an active part, utilizing the more systematic classification for the
discussion of the specific organisms.

Life cycles of bacteria. According to Lohnis, bacteria live alternately
in an organized and in an amorphous or “symplastic’’ stager” In the
latter stage the living matter which has been previously enclosed in the
separate cell, undergoes a thorough mixing either by a complete dis-
integration of the cell wall and cell contents or by a ‘““melting together”
of the contents of many cells which leave their empty cell walls behind
them; it seems to be formed both of the vegetative and reproductive
cells; this process is similar to autolysis, without the destruction of the
living substance. The symplasm may undergo amoeboid changes or
become encapsulated, giving spherical macrocysts. In the process of
formation of new individual cells from the symplasm, ‘“‘regenerative
units’’ are first visible, which increase in size becoming either directly
vegetative cells or ‘‘regenerative bodies.”” The latter become, by
germination and stretching, normal cells or return temporarily into the
symplastic stage.

In addition to symplasm formation, two or more individual cells may
unite directly (conjunction). All bacteria multiply not only by fission
but also by the formation of gonidia, which first become regenerative
bodies or exospores. The gonidia may either grow directly into full
cells or enter the symplastic stage. Thread-like branching forms may
also be produced from the symplasm. The life cycles of each species
of bacteria is composed of several sub-cycles showing wide morphologi-
cal and physiological differences. They are connected with each other
by the symplastic stage (Nos. 47, 48, Pl. IX). However, some investi-

13 Breed, R. S. The standard method of determining nitrate reduction.
Science, N. S. 41: 661. 1914.
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gators* deny the formation of symplasm by Azotobacter; this is
looked upon as a stage of gradual autolysis of the cell membrane
rather than a stage of reproduction. Henrici'® demonstrated that bac-
terial cells undergo metamorphosis during the growth of a culture,
similar to that exhibited by cells of a multicellular organism; each
species presents three types of cells: a young form, an adult form and
a senescent form; the variations depend upon the rate of metabolism.

Classification of bacterta. 'This is not the place to discuss the value
of the different systems of classification of bacteria. It is sufficient to
call attention to the systems of Migula, Lehmann and Neumann and
to that proposed by the Committee on Classification of the Society
of American Bacteriologists, and incorporated in Bergey’s Manual.®
One may conveniently use here Migula’s classification, with slight modi-
fications, especially in the case of the Bacteriaceae, which are more
commonly divided on the basis of spore formation.

I. Simple and undifferentiated forms, not forming any threads and not branch-
ing under normal conditions. Order EUBACTERIA.
1. Cells mostly spherical, rarely rod-shaped, CoccacEaE Zopf emend.
Migula:
(a) Division in one direction, frequent formation of chains, 1. Strep-
tococcus Billroth.
(b) Irregular division in all directions; cells occur singly, in pairs or
clumps, but not in chains, 2. Micrococcus Cohn.
(¢) Division in three directions leading to packet formation, 3.
Sarcina Goodsir.
Planostreptococcus, Planococcus, Planosarcina include similar
but flagellated group.
2. Cells mostly rod-shaped, rarely spherical or curved, BACTERIACEAE Zopf
emend. Migula:
(a) No endospores formed, 4. Bacterium Cohn.’
(b) Endospores formed, 5. Bacillus Cohn.
(c) Cells with polar flagella; endospores rarely formed, 6. Pseudo-
monas. .
3. Cells mostly curved or spiral, rarely spherical or rod-shaped, SPIRILLA~
CEAE Migula:
(a) Cells comma-shaped, 7. Vibrio Miiller emend. LifHler.
(b) Cells rigid, spiral shaped, 8. Spirillum Ehrenberg emend Loffler.
(¢) Cells flexible, spiral shaped, 9. Spirochaeta Ehrenberg.

14 Beauverie, J. Le symplasme bactérien existe-t-il? Cas de 1’azotobacter.
Compt. Rend. Acad. Sci. 180: 1792-1794. 1925.

18 Henrici, A. T. On cytomorphosis in bacteria. Science 61: 644-646. 1925.

18 Winslow, C.-E. A, Broadhurst, J., Buchanan, R. E., Krumwiede, C., Rogers,
L. A., and Smith, G. H. The families and genera of the bacteria. Jour. Bact.
6: 191-229. 1920; also Ibid. 2: 505. 1917; Bergey, 1924 (p. x).
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II. Growth similar to the Eubacteria, but cells containing bacteriopurpurin
(and bacteriochlorin), being colored rose, red or violet. Order Ruopbo-
BACTERIA.

ITI. Colorless bacteria accumulating sulfur within their cells. Order THIO-
BACTERIA.

IV. Alga-like bacteria. Order PHYCOBACTERIA. This order comprises the
family Chlamydobacteriaceae which form sheaths; these include the
iron bacteria.l?

V. Fungus-like bacteria, rod-shaped, rarely filamentous. Order MYCOBACTERIA.
The Actinomyces are frequently included in this genus.

VI. Bacterial cells enclosed in a slimy mass, forming a pseudoplasmodium-like
aggregation before passing into a cyst-producing resting stage. Order
MYXOBACTERIA.

Classification of soil bacterta based upon their physiological activities!®

I. Autotrophic and facultative autotrophic bacteria, deriving their carbon
primarily from the CO; of the atmosphere and their energy from the
oxidation of inorganic substances or simple compounds of carbon.

1. Bacteria using nitrogen compounds as sources of energy:
(a) Nitrite forming bacteria.
(b) Nitrate forming bacteria.
2. Bacteria using sulfur and sulfur compounds as sources of energy.
3. Bacteria using iron (and manganese) compounds as sources of energy.
4. Bacteria using simple carbon compounds as sources of energy:
(a) Bacteria oxidizing carbon monoxide.
(b) Bacteria oxidizing methane.
5. Bacteria using hydrogen as a source of energy.
11. Heterotrophic bacteria deriving their carbon and energy from various
organic compounds:
1. Nitrogen-fixing bacteria, deriving their nitrogen from the atmosphere,
in the form of gaseous atmospheric nitrogen: '
a. Non-symbiotic nitrogen-fixing bacteria:
(a) Anaerobic types: Butyric acid bacteria (Bac. amylobacter),
including species of Clostridium, Granulobacter, etc.
(b) Aerobic types: Azotobacter, Radiobacter, Bact. aerogenes,
Bact. pneumonzae,-etc.
b. Symbiotic nitrogen-fixing (nodule) bacteria.

17 A detailed review of ‘“The generic names of bacteria’’ is given by E. M. A.
Enlows. Hyg. Lab. Bul. 121. Washington, D. C., 1920; Buchanan, R. E.
Systematic bacteriology. 1925.

18 A detailed system of bacteria based on biochemical relationships has been
proposed by Orla-Jensen—Die Hauptlinien des natiirlichen Bakteriensystems.
Centrbl. Bakt. IT, 22: 305-346. 1909.
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2. Aerobic bacteria requiring combined nitrogen:
a. Spore producing bacteria.
b. Non-spore producing bacteria.
3. Anaerobic bacteria, requiring combined nitrogen.

For the sake of convenience three other groups of bacteria may be discussed
separately, due to their specific physiological activities and importance in
certain soil processes; these bacteria belong, according to their morphology and
general physiology, to groups 2 and 3, namely:

4. Cellulose decomposing bacteria.
5. Urea and uric acid bacteria.
6. Denitrifying bacteria.
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CHAPTER III

AUTOTROPHIC BACTERIA

The nature of autotrophic bacteria. Autotrophic bacteria are organisms
which are capable of obtaining their carbon from CO; of the atmosphere
and their energy from the oxidation of inorganic substances, including
simple inorganic compounds (or the elementary form) of nitrogen,
sulfur, iron, hydrogen and carbon. Some of these transformations,
particularly those of the nitrogen and the sulfur compounds are of great
importance in the soil.

Obligate autotrophic bacteria, or anorgorydants, are characterized!
by a series of physiological properties, which differentiate them sharply
from the rest of the bacteria. These properties are as follows.:

1. Their development in nature takes place only in strongly elective,
almost pure mineral media, which contain specific oxidizable inorganic
substances.

2. Their existence is connected with the presence of these substances,
which undergo oxidation as a result of the life activities of the organisms.

3. This oxidation process supplies their only source of energy.

4. The organisms do not need any organic nutrients for structure or
for energy.

5. They are almost incapable of decomposing organic matter and may
even be checked in their development by its presence.

6. They use, as an exclusive source of carbon, carbon dioxide, which is
assimilated chemosynthetically.

These original conceptions of Winogradsky may be modified at
present in two respects:

1. The presence of organic matter may not prove injurious to the
activities of the autotrophic bacteria. As a matter of fact, the presence
of small quantities of certain organic substances may even be stimulating
to some. Furtler, the existence of these organisms in the soil, where
they carry on their life processes, takes place in the presence of soluble
organic substances.

1 Winogradsky, S. Eisenbakterien als Anorgoxydanten. Centrbl. Bakt. II,
b67: 1-21. 1922,
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2. Only few of the autotrophic bacteria are obligate, some are faculta-
tive autotrophic. The latter, as in the case of some sulfur, hydrogen
and methane bacteria, can exist both autotrophically and hetero-
trophically.

.- Bacterta deriving their energy from nitrogen compounds. The bacteria
which are able to derive their energy from the oxidation of simple forms
of nitrogen (nitrifying bacteria) are divided into two groups; (1) those
that oxidize ammonium salts to nitrites, and (2) those that oxidize
nitrites to nitrates. The latter comprise rather limited groups of micro-
organisms, both in their morphology and physiology. Representatives
of both groups were isolated and described by Winogradsky?in 1891 and
1892.

o Various purely chemical theories were suggested at different times to
explain the process of nitrification in nature. Pasteur® was the first
to suggest that the oxidation of ammonia to nitrate is accomplished
by the agency of microorganisms. This view was definitely confirmed
(1877) by Schlésing and Mintz,* who demonstrated that the heating of
soil, otherwise capable of rapidly transforming ammonia to nitrites, to
100°C. or treating it with antiseptics (chloroform) was sufficient to pre-
vent nitrification; when a fresh portion of soil was added to the treated
soil, the power of transforming ammonia to nitrates was restored. Aera-
tion was found to be essential to nitrification. It was obtained either
by bubbling air through the medium, or by spreading the medium in a
thin layer over the bottom of the container. According to Schlosing,®
oxygen is taken up during the process of nitrification and the quantity of
oxygen consumed bears a constant ratio to the amount of nitrogen nitri-
fied. A temperature of about 37°C. and the presence of calcium carbonate
or alkaline carbonates in low concentrations (0.2 to 0.5 per cent) were
also found to be favorable. These investigations proved that the condi-
tions commonly utilized in the saltpeter heaps were quite essential for the
activities of the organisms; namely, (1) the presence of nitrogenous

? Winogradsky, S. Recherches sur les organismes de la nitrification. Contri-
butions A la morphologie des organismes de la nitrification. Arch. Sci. Biol,,
St. Petersbourg, 1: 87, 127. 1892.

3 Pasteur, L. Etudes sur les mycodermes. Réble de ces plantes dans la fer-
mentation acétique. Compt. Rend. Acad. Sci. b4: 265-270. 1862.

4 Schlésing, Th. and Miintz, A. Sur la nitrification par les ferments organisés.
Compt. Rend. Acad. Sci. 84: 401. 1877; 856: 1018-1020. 1877; 86: 892. 1878;
89: 891-4, 1047-7. 1879.

8 Schlésing, Th. Sur la nitrification de ’ammoniaque. Compt. Rend. Acad.
Sci. 109: 423-428. 1889. )
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organic compounds thoroughly mixed with the soil, (2) a thorough aera-
tion of all the layers of the heap, (3) a proper moisture content kept up
by moistening the heap at regular intervals, (4) the presence of bases,
like calcium carbonate (or soap water). The activities were found to be
noticeable at 5°C., became prominent at 12° and reached a maximum
at 37°. Higher temperatures (45°) exerted an injurious effect and at
55°C the process came to a standstill.

Warington® confirmed the biological nature of nitrification not only
in soil, but also in ammoniacal solutions inoculated with soil. He
studied (1) the influence of organic substances upon nitrification, (2)
the abundant production of nitrites in the process of nitrification and (3)
the nitrification of organic nitrogen. Warington observed that in a
liquid medium containing ammonium chloride, chalk, and sodium-
potassium tartrate, the ammonia could be acted upon only to a very
limited extent; when sugar replaced the tartrate, there was a decided
injurious effect upon the process of nitrification, which could not be
explained, since the nature of the organism was unknown. The relative
amounts of nitrite and nitrate formed in the process of nitrification .
presented another unexplainable difficulty. As to the nitrification ¢
organic nitrogenous substances (urine, milk, asparagine), Waringﬁb‘n
demonstrated that this has to be preceded first by their tra.nsforméb{ion
into ammonia; in other words, only those substances can be nitrified
which can first be converted into ammonia. It was soon found that
nitrites arose from the oxidation of ammonia and not from the reduction
of nitrates; Munro’ distinguished ammonia formation from ammonia

oxidation (mitrification) and, without suspecting the existence of the - g

different organisms, he had a rather clear idea of the two processes.

All attempts to isolate the specific organisms concerned in the process
of nitrification failed, in spite of the fact that nitrification is an important
biological process not only in the soil but also in sewage purification. ,
This was chiefly due to the fact that the proper methods were lacking.
Although claims have been put forth by various investigators® that a

¢ Warington, R. On nitrification. Jour. Chem. Soc. (London), 33: 44-51.
1878; 36: 429-456. 1879;46: 637-672. 1884; Chem. News. 61: 135. 1890; Trans.
Chem. Soc. London, 69: 484-529. 1891.

? Munro, J. H. M. The formation and destruction of nitrates and nitrites in
artificial solutions and in river and well water. Jour.Chem. Soc. 49: 632-681.
1886.

8 Heraeus, W. Uber das Verhalten der Bakterien im Brunnenwasser, sowie
iiber reducierende und oxydierende Eigenschaften der” Bakterien. Ztschr. Hyg.
1: 193-235. 1886.
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number of organisms, some even pathogenic in nature, are able to pro-
duce nitrates, they were valueless due to improper interpretation. The
traces of nitrates probably came from the atmosphere and the nitrites
from the reduction of the nitrates present in the medium.® The
French*-5 and English®:1 investigators were primarily chemists, while
the German bacteriologists® were so much under the influence of the
gelatin plate method of R. Koch that the absence of growth on that
medium was thought to indicate the entire absence of an organism.

Winogradsky started out with the idea that we were dealing here with
an organism of unknown properties which does not develop on the
gelatin plate. Fresh from his work on the sulfur and iron bacteria
(1885—1888), whereby he recognized organisms which can derive their
energy from inorganic compounds, he reasoned that a source of energy
so abundant as ammonia would be likely to be utilized by microorgan-
isms. If so, the organisms concerned might show properties similar to
those of organisms oxidizing other inorganic substances. The principle of
elective culture was adopted, whereby conditions are made unfavorable
for the development of any other organism, except those that are able
to oxidize ammonium compounds. - Winogradsky used a medium of the
following compositions:

Ammonium sulfate.........cooiiiiiiii ittt ittt 1 gram
Potassium phosphate.........ccvviiiiiiiiriieinenrneenenns 1 gram
T T £ - oA 1000 ce.

Portions of this medium (100 cc.) were placed in flasks each of which
contained 0.5 to 1 gram basic magnesium carbonate. The flasks were
inoculated with a little soil and, when active nitrification took place,
transfers were made to fresh quantities of medium. The ammonia
- disappeared in two weeks, while the di-phenylamine reaction for nitrates
appeared in four days and reached its maximum in another three to
four days. Gelatin plates made from the flasks gave various species
of bacteria and yeasts, but none of them was able to nitrify. This
confirmed the idea of Winogradsky that the organism in question
cannot develop on gelatin. After several transfers, the observation
was made that a bacterium was present on the magnesium carbonate

sediment, covering it in the form of a zooglea. Under the microscope,

® Winogradsky, S. Die Nitrifikation. Lafar’s Handb. Tech. Myk. 3: 132
181. 1904.

10 Frankland, G. C., and P. F. The nitrifying process and its speeific ferment.
Trans. Roy. Soc. London, B, 181: 107-128. 1890.

4
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the bacterium from the sediment was found to be regularly oval or
ellipsoidal in nature; it was also present in the medium. In order to
obtain pure cultures of these organisms Winogradsky'! made use of the
two facts that the bacterium did not grow on the gelatin plate and in
nutrient bouillon but was found abundantly on the magnesium car-
bonate sediment. Some of that sediment was streaked out over a gela-
tin plate and those particles, which remained sterile on the plate, after
a few days incubation, were transferred into fresh flasks containing the
ammonium medium. The final steps in the study and isolation of the
bacteria concerned in the process of nitrification were the separation

F1c. 8. Winogradsky flask for experiments on nitrification. Layer of MgCO,
on bottom of flask and mineral salt solution above it (after Omeliansky).

of the nitrite and nitrate organisms and their cultivation upon specific
media.

-For the growth of the nitrite and nitrate forming bacteria, a
thorough aeration of the culture is essential. Winogradsky used
flasks of large diameter (12 ecm) with flat bottoms, in which the
liquid formed only a shallow layer (less than 1 cm. in height). Boul-
anger and Massol!? used scoria and allowed the liquid to reach only
half the height of the scoria layer, which was moistened at regular

11 Winogradsky, S. Recherches sur les organismes de la nitrification. Ann.
Inst. Past. 4: 213-231, 257-274. 1890; 6: 92-100. 1891.

12 Boulanger, E., and Massol, L. Etudes sur les microbes nitrificateurs. Ann.
Inst. Past. 17: 492-515. 1903; 18: 181-196. 1904. Compt. Rend. Acad. Sci.
687. 1905.
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intervals, by the shaking of the flask; this hastened the process of nitri-
fication. Still more intensive nitrification was obtained by allowing
the ammoniacal solutions to flow through peat and carbon black inocu-
lated with nitrifying organisms.!* Ignited soil placed in flat bottomed
Fernbach flasks, combined with a slow rotary movement of the culture
gave intensive nitrification.

An alkaline reaction is essential for nitrite and nitrate formation. In
the absence of basic carbonates, only ammonium carbonate is oxidized;

in the presence of sodium, magnesium or calcium carbonate, free ammonia

as well as the sulfate, phosphate and chloride of ammonium can nitrify.!®
This is due to the fact that the optimum reaction for the organisms is on
the alkaline side of neutrality (pH 7.0 to 8.0). The presence of the base
in the medium is essential as a neutralizing agent to prevent the reac-
tion of the medium from becoming too acid, due to the formation of
nitric and sulfuric acids from the oxidation of the ammonium salt.

In addition to the medium given above, two other media were used :15:18

MEDIUM 2 MEDIUM 3

(NHg)2SO04. . oo ii i it i ieiei e iiieann 2.0-2.5 grams 2.0 grams
KHPO,. ..o 1.0 grams 1.0 grams
MgSO-7THO. .o i e 0.5 gram 0.5 gram
CaCla. .ot e e e Trace
NaCl. ... i it i et ee e 2.0 grams
FeSO4. o i i 0.4 gram
Distilled water........................... 1000 cc. 1000 cc.
Magnesium carbonate (MgCO;) ........... Excess (0.5 gram | Excess (0.5 gram

per flask) per flask)

The medium is distributed into flasks (about 50 cc. portions), which are then
plugged with cotton and sterilized at 15 pounds pressure for 15 minutes. 1t is
best to sterilize the ammonium sulfate separately, as a 5 or 10 per cent solution,
and then add it by means of a sterile pipette to the sterile flasks. Gibbs!” em-
ployed medium 3, but reduced the ammonium salt to one gram and substituted
a trace of ferric sulfate for the ferrous salt.

13 Miintz, A., and Lain4, E. Utilisation des tourbiérs dans la production
intensive des nitrates. Compt. Rend. Acad. Sci. 142: 1239-1244. 1906; also
Ann. Sci. Agron. Ser. 3, 2: 287-395. 1906.

14 Bonazzi, A. On nitrification. Jour. Bact. 4: 43-59. 1919.

15 Winogradsky, 1904 (p. 64).

16 Omeliansky, V. Uber die Isolierung der Nitrifikationsmikroben aus dem
Erdboden. Centrbl. Bakt. 11, 6: 537-549. 1899.

17 Gibbs, M. W. The isolation and study of nitrifying bacteria. Soil Science,
8: 427-481. 1919.
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When 1 gram of soil is inoculated into the flasks containing the
culture medium, growth will usually take place at 25° to 30°C after 4
to 5 days, but sometimes only after weeks. Some soils, however, such
as acid peat and certain acid forest soils,'® may not contain the organisms
in question. They are not very sensitive to dryiag,!” but the action
of steam or volatile antiseptics is injurious and results in their destruc-
tion in the soil. Manured and cultivated soils contain the nitrifying
organisms in greatest abundance, especially in the upper layers of soil.'®

The appearance of growth is accompanied by the formation of nitrous
acid and disappearance of ammonia. The former is demonstrated by
the starch-zinc iodide reagent and the latter by Nessler’s reagent.
When all the ammonium is oxidized, a fresh portion of ammonium sul-
fate is added; a sterile 10 per cent solution of the salt is kept in a flask
with a plugged graduated pipette: 1 cc. will be equivalent to addition
of 0.2 per cent of the salt to the medium. When a second portion of the
ammonium salt is added, it is oxidized much more rapidly since the
specific organisms have already developed abundantly. A third por-
tion is oxidized even more rapidly, until a certain limit of reaction is
attained depending on the solution of the MgCQ; and the accumulation
of nitrous acid. The culture is then transferred to a fresh flask with
medium, using preferably a few drops from the bottom of the flask,
since the bacteria form a sediment on the MgCQO;. Oxidation sets in
now more rapidly and goes on more regularly. After four or five
more transfers and repeated addition of ammonium sulfate to each
culture before a new transfer is made, the culture is rich enough in
the specific organisms and can be used for isolation purposes.

L~ The oxidation of nitrous to nitric acid by the nitrate-forming bac-
teria does not begin until the oxidation of the ammonium salt to nitrous
acid by the nitrite-forming bacteria is completed; this is due to the fact
that free ammonia, liberated from the interaction of the ammonium
salt and carbonate, has a toxic effect upon the nitrate organism.b
The latter is present in crude culture together with the nitrite former
and, even when the latter reaches its maximum, the former is still
dormant. However, as soon as all the ammonia is transformed into
nitrite, the nitrate former becomes active. When transfers are made
from the crude culture, the stage of oxidation will account for the organ-
ism which will be prevalent. If the transfer is made at an early stage

18 Migula, W. Beitrige zur Kenntnis der Nitrifikation. Centrbl. Bakt. II,
6: 365-370. 1900.
19 Warington, 1878 (p. 63).
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of oxidation, when the ammonium salt is still abundant, the nitrate
former may be entirely eliminated in the process of several consecutive
transfers. If nitrite is substituted in the medium, in place of the
ammonium salt, and the culture is inoculated with soil or from a pre-
vious culture during the process of nitrate formation, and transfers are
constantly made upon the nitrite medium, the nitrite forming organism
may be entirely eliminated. The two bacteria can thus be separated
by means of their characteristic metabolism.

Solid media for the isolation and cultivation of the nitrite forming
organtsm. Silicic acid media were used first?® for the isolation of the
nitrite forming bacterium.

Equal volumes of clear sodium or potassium silicate (specific gravity 1.05 to
1.06) and HCI (specific gravity 1.10) are mixed by pouring the first into the second;
the mixture is then dialyzed in parchment paper dialyzers, for several days in
distilled water, which is répeatedly changed.?! When the dialyzate gives no
further reaction, other than mere turbidity, with AgNO;, the dialysis is com-
pleted. The clear solution contains about 2 per cent silicic acid and can be
preserved for three months in clean glass-stoppered bottles and readily sterilized
at 115° to 120°C. In addition to the silicic acid, four liquid solutions are pre-
pared:

1. (NH)2S04......... 3 grams 2. 2 per cent solution of ferrous
K:HPOy,.oooooo L 1 gram sulfate
MgSO,4-7H,0O....... 0.5 gram 3. Saturated NaCl solution
Distilled water..... 100 ce. 4. Milk of magnesia, i.e., a thick

suspension of finely powdered

magnesium carbonate in dis-

tilled water
Fifty cubic centimeters of the silicic acid solution is placed in a flask, then 2.5 ce.
of solution 1 are added and 1 ce. of solution 2. Enough milk of magnesia is added
to give the mixture a milky appearance (0.1 per cent sodium carbonate solution
may be used in place of the magnesia). The mixture is then poured, with con-
tinued stirring, into sterile, small thin-walled Petri dishes. Finally, one drop
of solution 3 is placed in the center of each plate. When allowed to rest in an
horizontal position, the liquid solidifies in about an hour. To get a more solid
medium, it is better to allow the dishes to rest 24 hours, then dry them out in the
thermostat.

The medium is inoculated either directly into the flask before the plates are
poured, or by placing a drop on the surface of the plate. The drop is spread over
the surface of the medium with the tip of a sterile glass rod and the same rod is
used for the inoculation of a second and third plate, so as to obtain a series of di-
lutions.

20 Winogradsky, 1891 (p. 65).
21 Omeliansky, 1899 (p. 66).
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The dishes are incubated in an inverted position at 25° to 30°C. The
development of an organism on the plate is first detected by chemical
tests for the formation of nitrous acid and disappearance of ammonia.
The tests are made by cutting a piece of the gel with a sterile loop
and placing them in dishes containing the proper reagent. The culture
can then be “fed” with 1 or 2 drops of a sterile 10 per cent ammonium
sulfate solution to bring about further development of the organism.

The minute microscopic colonies are better studied on the clear
(sodium carbonate) medium and soon after the addition of a fresh por-
tion of ammonium sulfate. The colonies are at first colorless, then they
become yellowish to brownish and finally dark brown; after a certain
time (10 to 14 days), the dark colonies clear up, beginning from the
edge toward the center, till finally the dark colony becomes colorless.
A pure colony will show uniform fine granulation up to the edge, while
contaminated colonies have an hyaline rim. A clear zone is formed
around each colony on the MgCO; medium due to the fact that the
latter is gradually dissolved by the nitrous acid; it is often difficult,
however, to demonstrate this zone. The plate is carefully examined
with a magnification of 50 to 100, and several clear surface colonies are
selected for transfer. Winogradsky recommended the use of finely
drawn sterile glass rods which are first dipped into the colony, then
transferred into the flasks with sterile liquid medium and, by striking
the bottom of the flask, the tip of the rod with the inoculum is broken
off and left in the flask. A number of transfers are made, since, in many
cases, the organism fails to develop. It is much more difficult to obtain
a culture from the dark colonies (zooglea) than from the colorless
colonies. To prove the purity of the culture, a few drops (about 0.5
cc.) of the liquid are inoculated into bouillon and meat peptone agar.
No growth should take place after two weeks incubation; this combined
with microscopic examinations indicates the absence of contaminations.

The silica gel can also be prepared by the method of Stevens and Temple,?2?
as modified by Doryland:2 24 grams of K.SiO; and 8.4 grams of Na.,SiO;
are dissolved in 500 cc. of water to give a concentration of 34.2732 grams of
H.SiO; per liter. One-half this concentration of H,SiO; per liter gives a
medium, which will solidify in approximately five minutes, thus making it
suitable for plating. The mixture of the two salts lessens the danger of too

22 Stevens, F. L., and Temple, J. C. A convenient mode of preparing silicate
jelly. Centrbl. Bakt. IT, 21: 84-87. 1908.

22 Doryland, C.J. T. Preliminary report on synthetic media. Jour. Bact.1:
135-152. 1916.
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great a concentration of sodium. The detrimental influence of too great a con-
centration of the sodium and potassium salts can still further be lessened by
using a mixture of acids, such as equivalent solutions of HCl, H;SO and H;PO,,
thus giving in the finished medium chlorides, sulfates and phosphates of both
bases.

The solutions of the three acids are standardized separately against the solu-
tion of the silicates, so that 1 cc. of each acid would just neutralize 1 cc. of the
silicate solution, against methyl orange. Methyl red and brom cresol purple
can also be employed. Before the final standardization, 0.5 gram MgSO,, 0.01
gram CaCQOj; or CaO, 0.01 gram Fe. (SO,); or FeCl;, 0.01 gram MnSO, and 1 gram
of ammonium sulfate are added to the HCI solution.

The three acids are then mixed, taking 153.5 cc. of HCl, 77 ce. of H,SO,4 and
116 cc. of H;PO4. One cubic centimeter of this mixture will just neutralize 1 cc.
of the silicate solution, using phenolphthalein as an indicator. The two solutions
are placed in sterile bottles connected by siphons with automatic burettes, the
overflow caps of which are plugged with cotton to prevent contamination from
the air. The solutions are allowed to stand several hours, to sterilize the con-
tainers, then 5 ce. portions of the acid mixture followed by the same amounts
of silicate mixture are placed in sterile Petri dishes, which are then rotated
thoroughly; the jelly sets in five minutes. This medium has, however, never
been tested out sufficiently; it is possible that the osmotic concentration of the
salts may prove too excessive.

In addition to the silica plate method, three more methods are
available for the isolation of the nitrite forming bacteria.

Method 1. Agar may be prepared according to Beijerinck,?t whereby 3 per cent
agar is dissolved in distilled water, filtered and allowed to solidify in thin layers
in glass containers. The solidified agar is then cut up into pieces, covered with
distilled water and incubated at 37° for two weeks; the soluble constituents of the
agar come into solution and are decomposed; the water is changed several times.
The agar is so purified that it can be used for the cultivation of the organisms.
It is preserved either under water or in a dried condition. Two-tenths per
cent NH ,NaHPO (-4H,0 and 0.05 per cent KCIl and chalk are then added to the
agar and brought into solution. The plates have a milky appearance. The agar
may be washed in distilled water for several days, then dried at 60°C. A 2.5 per
cent solution of agar is then made, tubed in 10 cc. portions and sterilized in the
autoclave at 15 pounds pressure. Three solutions are then prepared and sterilized

in small portions.
grams in 10C cc.

B IR LY = 15 =0 27N 1.5
2. (NH)SOgooo oo e tea ettt et e e 1.5
M OO . ittt e e et e e 0.75
Fez(SO4); ..................................................... 0.02

2 Beijerinck, W. M. Kulturversuche mit Amében auf festem Substrate. Cen-
trbl. Bakt. I, 19: 257-267. 1896.
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The agar is melted and cooled to 40°C. Portions (1 cc.) of the three solutions
are placed in sterile petri-dishes, inoculum is added, then the melted agar. ‘All
the contents of the plate are properly mixed. If it is desired to use MgCOQO,,
it should be added to the plate directly, at the time of pouring, and Na,CO,
omitted from solution 3. The colonies of the bacterium develop on this medium
only slowly and a prolonged incubation period (3 to 4 weeks) is required. Agar
media are also more favorable to the development of contaminating organisms
than silica gel.

Method 2. This is the magnesium carbonate—gypsum block method.z%2¢ A
mixture is made of 300 grams gypsum (CaSO ,-H;0), 30 grams MgCO; and 3 grams
MgNH,PO4. This is carefully made into a homogeneous putty-like mass by
means of water or of a water extract of a fertile soil, using 250 grams per liter of
water, then mixing 8 parts of the powder and 3 parts of the liquid. The paste is
then put upon a glass plate and, by means of a knife, streaked out to a thickness
of 0.5 t00.75 cm. Round portions are cut out for the plates and oblong for the
tubes. After the material has completely solidified, it is sterilized together with
the glass containers. A small amount of the sterile nutrient liquid, without the
ammonium sulfate and MgCOy, is placed at the bottom of the container, and the
surface of the plate is inoculated from the liquid culture. The nitrite forming bac-
teria develop on these blocks as yellow-brown colonies. MgCO; alone can be used,
to which the nutrient solution is added. The yellowish colonies sink into this
medium due to the dissolution of the MgCO; by the nitrous acid. The use of
filter paper, partly covered with the nutrient solution, in addition to some MgCQ;,
has also been suggested.?” The organism forms minute yellow dots becoming
gradually brown. However, even the most recent students on this subject?s
found that the original silica gel method of Winogradsky is still the best for the
isolation of the nitrite forming bacteria.

Method 3. Winogradsky?? recently suggested the possibility of using a
direct method for the isolation of nitrite forming, as well as other bacteria. This
new method promises to replace all the other methods, due to the rapidity with
which the organisms can be isolated. A series of plates containing silica gel,
prepared by one of the methods outlined above, and ammonium salt as the sole
source of energy are inoculated by placing minute particles of soil into the gel all
over the plates; these are then incubated. The nitrite-forming bacteria develop

2% Omeliansky, W. L. Magnesia-Gipsplatten als neues festes Substrat fiir die
Kultur des Nitrifikationsorganismen. Centrbl. Bakt. II, §5: 652-655. 1899.

26 Makrinov, J. Magnesia-Gipsplatten und Magnesia-Platten mit organischer
Substanz als sehr geeignetes festes Substrat fiir die Kultur der Nitrifikations-
organismen. Centrbl. Bakt., 1T, 24: 415-423. 1910.

27 Omeliansky, W. L. Kleinere Mitteilungen iiber Nitrifikationsmikroben.
Centrbl. Bakt., IT, 8: 785-787. 1902.

28 Bonazzi, A. On nitrification. III. The isolation and description of the
nitrate ferment. Bot. Gaz. 68: 194-207. 1919.

?9 Winogradsky, 1925 (p. 7, 11).
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in the form of a zooglea-like zone around the soil particles, and can be readily
isolated by transferring to sterile liquid medium.

Morphology of the nitrite forming bactertum. In the process of nitrifica-
tion we are dealing not with one organism, but with a group of closely
related organisms. One strain was isolated®® from soils of Western
Europe and was called Nitrosomonas (Nilr. europea Winogradsky).
Another strain was isolated from soils of South America (Campinas-
Brazil, Quito-Ecuador) and Australia (Melbourne) and was called
Nitrosococcus.

When a vigorous culture of Nitrosomonas is inoculated into the sterile
liquid medium, an appreciable nitrite reaction is obtained in 2 to 3
days, reaching a maximum in 5 to 6 days. When the culture is
examined microscopically, very few organisms are found in the super-
natant liquid, but rare, compact, variable (10 to 50u) zooglea recognized
with difficulty are formed in the sediment. When a drop of KI-I
solution is added, the cells are easily recognized. In 8 to 10 days, the
liquid becomes opalescent and, on examination in a hanging drop, it
is found to consist of swarming, ellipsoidal, motile microbes, as seen in
Plate III. This shows the zooglea broken up into a swarm stage.

The cells of the Niir. europea are always oblong, similar to a zero,
never coccus-like, 1.2 to 1.8u long by 0.9 to 1u wide. They can be
stained with all ordinary basic anilin dyes and are Gram positive.
The motile cells of the swarm carry on one end a moderately long

PLATE II1

NITRIFYING BACTERIA

5. Surface colonies of Niirosomonas on silicic acid gel; stained with carbol
fuchsin, X 130 (from Gibbs).

6. Surface colony of Nziirosomonas on silicie a.01d gel; stained with carbol
fuchsin, X 800 (from Gibbs).

7. Nitrosomonas europea, X 660 (from Winogradsky).

8. Nitrosomonas javanensis, X 660 (from Winogradsky).

9. Colonies of Nztrobacter, deep-seated colonies on washed agar, unstained,
X 240 (from Gibbs).

10. Nitrobacter from culture in liquid medium; stained with carbol fuchsin,
. X 1660 (from Gibbs).

11. Nitrobacter from nitrite-agar cultures, 2 months old (from Fred and Daven-
port).

12. Niirobacter from nitrite-agar cultures, 15 days old, showing polar flagella
(from Fred and Davenport).

30 Winogradsky, 1892 (p. 62).
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flagellym; the latter can be stained by the Loeffler method, by adding
10 to 15 drops of 1 per cent sodium carbonate solution to the ferro-
tannate, or by the method of Zettnow.

In some cases the motile stage may be predominant over the zooglea
formation or vice versa. It isimportant to note that the predominance
of the particular stage is characteristic of the strain, so that one might
suspect that we are dealing here with two distinct races. The two
stages are also distinguished by their rapidity of oxidation of ammonia,
the motile stage being the stronger. Winogradsky suggested that the
cause for this lies in the fact that the active stage (monas) consumes
more energy and comes more readily in contact with the ammonia and
oxygen than the non-motile zooglea. The zooglea are probably resting
stages, being also more resistant to drying. Gibbs isolated the Nitro-
somonas from soils of North America and found it to be 1.2 to 1.5 by
0.9 to 1.0u in size, rounded or oval, which stained uniformly. The
organism was found chiefly in the free cell stage. Thermal death point
of the organism was between 53° and 55°C. (10 minutes).

Other organisms also capable of oxidizing ammonia to nitrite, but
having different morphological characters, were isolated by Winogradsky
from soils in Europe. 8o, for example, the form isolated from soil of
St. Petersburg was a true coccus, about 1u in diameter, sometimes form-
ing zooglea and sometimes growing free, but never in the swarm stage.
A constant property of its morphology is a central nucleus-like body,
made visible by various stains, particularly by methylene blue.

The N7ir. javanesis is a still smaller coccus (0.5 to 0.6x) and has been
isolated by Winogradsky from the soil of Buitenzorg, Java. This form
grows both in the monas and zooglea stages, the first having very long
(up to 30u) flagella. Free cells are present only in the swarm stage,
mostly in pairs. Winogradsky also isolated from the soil of Quito,
South America, a non-motile coccus (Nitrosococcus) termed by Migula
Micr. nitrosus. This organism consists of large cocci 1.4 to 1.7u in
diameter, always growing as free cells and never forming zooglea,
while the motile stage could never be demonstrated. It is obli-
gate aerobic, gram-positive. It forms rather large, opaque yellowish
colonies on the silica gel but the colonies are made up of free cells.
The cells appear larger in the living state than in the stained prepara-
tion, probably due to a thick gelatinous membrane which does not
staln or becomes invisible on desiccation. Bonazzi®! isolated the

31 Bonazzi, 1919 (p. 71).
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Nitrosococcus also from the soil of North America (Ohio): it forms small
yellowish colonies (224 by 160u on the silica gel) surrounded by a
colorless halo, due to the solution of the MgCQOj3;. Colonies of 1 mm. in
diameter have been obtained by renewing the (NH,).SO, in the plates
when necessary. The organism was found to be present in two stages:
(1) as megalococci, 1.25u in diameter, of a slightly irregular form, oc-
curring in thick gelatinous masses; when the cultures are in the process
of active oxidation, the megalococei give rise to small cocei; (2) a form
which leaves the gelatinous mass and become free. The hanging drop
cultures showed no motility.

The organism is stained as follows. The cover glass preparation is
fixed in flame, treated with mordant 1 minute in the cold with a 0.25
per cent solution of malachite green in distilled water, washed with
cold water, and stained cold with a 0.25 per cent water solution of
gentian violet for another minute. The stain is then rapidly washed
with water previously heated to 50 to 60°C. The megalococci are
stained deep purple and the small cocci purple-black.

The existence of the several forms of nitrite-forming organisms in
the soils from different continents was explained by Winogradsky as due
to the probability that local conditions favored the adaptation of a
particular variety.

Nitrate forming bacteria (Ntitrobacter). The organism that is able
to oxidize nitrite to nitrate was discovered by Winogradsky3? in 1891
in the solutions where nitrate formation was taking place.

It was finally cultivated in a sodium nitrite medium to which the ordinary
nutrients and magnesium carbonate or sodium carbonate have been added as
follows:

NaNOs................. 1.0 gram NaCl................. 0.5 gram

KHPO,.....ooo.... ... 0.5 gram Na;CO; (anhydride).. 1.0 gram

MgSOy4..oiiivviin.... 0.3 gram FeSOys.ovva... 0.4 gram
Distilled water........ 1000 cc.

(The ferrous sulfate may be reduced to a trace and the anhydrous Na,CO; to
0.5 gram.)

Fifty cubic centimeter portions of the sterile solution in flagks are inoculated
with soil. The course of the reaction is followed by the disappearance of the
nitrous acid and the appearance of nitric acid (using diphenylamine and concen-
trated sulfuric acid). When all the nitrite has been oxidized, fresh portions of
the salt are added, ip the form of a sterile solution as in the case of the ammonium
sulfate, and the culture is studied microscopically, using carbol fuchsin for
staining.

32 Winogradsky, 1904 (p. 64).
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The inoculated solutions show no turbidity or pellicle formation. It
is only after repeated additions of nitrite that a bluish slime can be
distinguished on the bottom and wall of the flask wherever it is in con-
tact with liquid. When this slime is examined microscopically, it is
found to consist of a layer of minute, spindle-shaped (generally) rods
staining with difficulty. After several transfers into fresh flasks con-
taining sterile liquid medium, the culture is sufficiently enriched, so that
plates can be prepared.

The following agar medium is used for the isolation and cultivation of the
organism:

NaNOg.............. .. 2.0 grams Agar................. 15.0 grams
Na,COj; (anhydride)... 1.0 gram Tap water............ 1000 cc.
K:HPO,.......... .... 0.5 gram

The surface of the solidified agar plate is smeared with a drop of the solution
in which the organism has developed, and the plates are allowed to incubate 14
days at 30°. The streak then appears opaque and rounded numerous small drop-
lets are differentiated with the naked eye. The sub-surface colonies are shining,
slightly brownish, of various shapes developing in two weeks to a diameter of
30 to 50x. On the surface of the plate, the colonies appear as round homogeneous
drops, reaching, in two weeks, a diameter of 100 to 180x. On slants the growth is
dirty white, with a large, semi-fluid drop at the bottom. When aloop of this ma-
terial is transferred into a 25 cc. portion of nitrite solution, the nitrite reaction
disappears in 3 to 4 days.

Care should be taken not to mistake other bacteria for the nitrate
former, since several soil bacteria grow on this medium. The smallest
colonies are selected and carefully checked up with the disappearance
of the nitrite reaction, combined with prolonged incubation (3 weeks at
30°C.). Transfer is then made of characteristic colonies by means of the
open capillary glass rods described above. From a series of transfers,
some will be found to develop into pure cultures. To ascertain the
purity of the culture, several drops of the liquid culture are added
to bouillon or agar. :

Nitrobacter i8 a non-motile, rod-shaped bacterium, obligate aerobic,
non-spore forming, gram-negative. The cells are stained with carbol
fuchsin, and can then be washed with dilute acidified alcohol. Itis1 by
0.3 to 0.4u in size, with one or both ends pointed; the staining is not uni-
form, the central part being stained, while the pointed endsremain almost
colorless. In Loeffler’s alkaline methylene blue, only the nucleus-like
bodies are stained well, but not the surrounding cell. By staining in
warm gentian-violet, then washing with a 2 per cent NaCl solution, the
cells are found to be 1.2 to 1.5 by 0.6 to 0.7y, surrounded by a capsule,
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commonly found in single cells or in pairs. The thermal death-point is
56° to 58°C. The colonies on agar are rounded and light-brown, in 7 to
10 days at 28°C. After two weeks, they are darker in color; deep
colonies are 30 to 50u in diameter and surface colonies are 50 to 150u
in diameter, with a tendency to spread. The nitrate bacteria may also
be isolated directly from the silica gel plate, when nitrite is used as the
only source of energy.

Beijerinck® claimed that the nitrate-forming bacterium can grow in
the presence of various organic substances but that the organism loses
some of its power of oxidation after growing in the presence of soluble
organic matter. = Accordingly, he suggested that growth and oxidation
are two distinct functions and that even if small amounts of organic
substances (0.05 per cent) did not prevent the oxidation of nitrite to
nitrate, reproduction of the organism in solutions containing large
amounts of these substances caused a stable modification in their
physiology.

However, Fred and Davenport* obtained no evidence to support the
statements of Beijerinck. Contrary to the general opinion, they found
that certain forms of organic matter benefit rather than injure the
nitrate-forming bacterium. They grew the Nitrobacter on washed
nitrite agar and on slants of Nihstoff-Heyden agar with or without
NOg-ion present. The organism does not reproduce in Nihrstofi-
Heyden solution, which is non-toxic, while beef-infusion and peptone-
beef infusion, in higher concentrations, are toxic. The harmful ma-
terial is non-volatile and can be removed by extraction with ether
or alcohol. Nitrobacter will live 2 to 6 weeks in 1 per cent solutions of
Nihrstoff-Heyden, gelatin, peptone, casein, yeast water and milk,
and also in distilled water without any further development. Gelatin,
peptone, casein, skimmed milk, beef infusion and beef extract do not
decrease the oxidation of nitrite by the organism; asparagine,
(NH,):S0,, and urea retard the oxidation; Nihrstoff-Heyden increases
it above water controls; sealed agar slants of Nitrobacter were kept
more than a year without serious injury to their power of oxidation.

Winogradsky?® definitely pointed out that growth and nitrite oxida-

33 Beijerinck, M. W. TUber das Nitratferment und iiber physiologische Art-
bildung. Folia Microb. 3: 91-113. 1914.

3 Fred, E. B., and Davenport, A. The effect of organic nitrogenous com-
pounds on the nitrate-forming organism. Soil Sei. 11: 389-407. 1921.

35 Winogradsky, S. Sur la prétendue transformation du ferment nitrique en
espéce saprophyte. Compt. Rend. Acad. Sei. 176: 301-303. 1922.
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tion are inseparable functions; organic matter (1 per cent peptone) may
paralyze the organism, but does not kill it and does not change it, since,
when transferred upon proper media, it resumes its activities.

The respiration of the organisms, the chemistry of the processes of
nitrite and nitrate formation, and their importance in soil fertility
are discussed in detail elsewhere (p. 525).

Occurrence of nitrifying bacteria in the soil. All soils, not very acid in
reaction, contain bacteria capable of oxidizing ammonium salts to
nitrites and the latter to nitrates. The limiting acidity for the develop-
ment of these bacteria in the soil is pH 4.0 to 4.4, while the optimum
reaction is at pH 6.8 to 7.3.3 When a soil more acid in reaction than
the minimum for their development is treated with lime, the or-
ganisms will gradually appear in the soil; however, inoculation with
a good fertile soil is often practiced, so as to introduce the or-
ganisms immediately. The numbers of the nitrifying bacteria per
gram of soil vary from a few to 10,000.3?” The method commonly used
for this determination consists in diluting the soil with sterile water,
then adding 1 cc. portions of the various dilutions to the proper media.
Positive growth indicates a minimum number of organisms. It is
possible, however, that many cells have to be added to a liquid medium,
before growth can take place, since conditions are not made as favorable
for their development in artificial liquid media as in normal soil. In
humid soils, the bacteria are present in the upper few inches and
rapidly disappear in the subsoil. However, in arid soils, they occur to
a depth of many feet.38

In addition to the typical nitrite and nitrate bacteria described by
- Winogradsky and isolated by other investigators, various reports have
been made concerning the isolation of nitrite and nitrate forming
organisms, ranging from typical autotrophic forms, like the nitro-
microbium of Stutzer and Hartleb,?® to forms possessing properties
altogether uncharacteristic of autotrophic bacteria, such as cellulose
decomposition, gelatin liquefaction, nitrate reduction, etc.;* however,
the last investigations still remain to be verified.

36 Gaarder, T., and Hagem, O. Nitrifikation in sauren Losungen. Bergeng.
Museum Aarbook. 1922-3, No. 1.

37 Diiggeli, 1923 (p. 39).

38 Lipman, 1912 (p. 36).

39 Stutzer, A., and Hartleb, R. Untersuchungen iiber die bei der Bildung von
Salpeter beobachteten Mikroorganismen. Mitt. landw. Inst. Breslau, 1: 75-99,
197-232. 1901.

40 Sack, J. Nitratbildende Bakterien. Centrbl. Bakt., II, 62: 15-24. 1924;
64: 32-37, 37-39. 1925.
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Bacteria deriving their energy from the oxidation of sulfur and its com-
pounds. The sulfur bacteria do not form any uniform group of micro-
organisms, as in the case of the nitrifying bacteria, either morphologi-
cally or physiologically. Morphologically they are found among the
Desmobacteriaceae (Thiobacteriales) and among the Bacteriaceae
(Eubacteriales). Physiologically they may oxidize hydrogen sulfide
and other sulfides, elementary sulfur, or thiosulfate and they may act
either in an acid or in an alkaline reaction. Some are obligate auto-
trophic and some are facultative. The bacteria which are found in
normal, fertile soils or those that become active in the soil, when intro-
duced, are limited chiefly to the genus Thiobacillus among the Bac-
teriaceae.

All microorganisms require minute quantities of sulfur for the syn-
thesis of their protoplasm. Various bacteria and even some fungi seem
to be capable of oxidizing small amounts of sulfur. But only certain
bacteria work over much larger quantities of sulfur than would be neces-
sary for their body structure, since they utilize the sulfur or its com-
pounds as a source of energy. The sulfur is to the sulfur bacteria, as

PLATE 1V

SuLFUR AND IRON BACTERIA

13. Beggtiatoa alba, thread forming sulfur-oxidizing bacterium: a, in liquid
culture rich in H,S; b, culture kept 24 hours in liquid freed from H,S; ¢, 48 hours
later in the same liquid (sulfur droplets have disappeared, cell division takes
place and protoplasmic contents are left), X 600 (after Omeliansky).

14. Thread-forming, sulfur-oxidizing bacteria: (x) Beggiatoa media and (y)
Beggiatoa minima, X 600 (after Omeliansky).

15. Thioploca tngrica, X 200 (after Wislouch and Omeliansky).

16. Young threads of Thiothriz nivea, X 600 (after Omeliansky).

17. Thiophysa macrophysa, showing drops of sulfur on periphery and oxalate
crystals in center, X 660 (after Nadson and Omeliansky).

18. Thiospirillum winogradskii: a X 100 and b X 660 (from Omeliansky).

19. Chromatium okénii, X 660 (after Omeliansky).

20. Achromatium ozxaliferum: A, showing the calcium bodies, but not sulfur;
B, without the caleium bodies, but with a number of droplets of sulfur (from
Nadson and Wislouch).

21. Thiobacillus thioparus, showing drops of precipitated sulfur among the rod-
shaped organisms, X 1000 (from Diiggeli).

22. Thiobacillus thiooxidans, X 660 (Original).”

23. Diagrammatic sketch of several typical iron bacteria: a, Spirophyllum fer-
rugineum; b, Gallionella ferruginea; ¢, Leptothrixz ochracea, X about 720 (from
Harder, by courtesy of U. S. Geological Survey).

24. Cladothriz dichotoma, X 190 (after Molish).
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the ammonium sulfate is to the Nitrosomonas and Nitrosococcus, the
nitrous acid and nitrite to Nitrobacter and the carbon compounds to the
heterotrophic bacteria.

The sulfur bacteria, or those bacteria which are capable of obtaining
the energy necessary for their growth from the oxidation of sulfur or its
compounds, should be distinguished from other bacteria taking part in
the sulfur cycle, such as those liberating H,S in the hydrolysis of pro-
teins or in the reduction of sulfates.

Classification of sulfur bacteria. The sulfur oxidizing bacteria can
be divided into five groups.

1. Thread-forming, colorless bacteria, accumulating sulfur within their
cells; Beggiatoa and Thiothrix are representatives of this group.

2. Non-thread forming, colorless bacteria, accumulating sulfur within
their cells; a number of forms (Thiospirillum, Thiovulum, Achromatium,
etc.) of various sizes and shapes, the distinguishing characteristic of
which 1s the fact that they oxidize H,S and accumulate sulfur within
their cells, are included in this group. Some of these have been isolated
in pure culture.

3. Purple bacteria. Some of these seem to play a part in the sulfur
cycle, although none of the sulfur forms have yet been isolated in pure
culture.

4. Colorless, non-thread forming sulfur oxidizing bacteria, which do
not accumulate sulfur within their cells, but which produce an abun-
dance of sulfur (from H,S and thiosulfates) outside of their cells. The
two characteristic and most important forms belonging to this group are
Thiobacillus denitrificans Beijerinck, an anaerobic form, deriving its
oxygen from the decomposition of nitrates, and Thiobacillus thioparus
Beijerinck, which oxidizes thiosulfates, H»>S, and S and allows an exten-
sive accumulation of sulfur from the first two.

5. The fifth group is similar to group 4 in morphology (but is less than
1x in length) and is distinctly different physiologically. The organisms
belonging to this group can act upon thiosulfates and H,S, but
they oxidize elementary sulfur very rapidly, allowing the medium to
become acid up to a reaction of pH 0.6 to 1.2. The only known
representative of this group is Thiobacillus thiooxridans Waksman and
Joffe.

The sulfur bacteria can also be divided into, a, sulfide bacteria, or those
organisms which act primarily upon H,S and sulfides and which would
include the first three groups in the previous classification; b, thiosulfate
or ‘““thionic acid’’ bacteria, equivalent to group 4; ¢, sulfur bacteria,
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acting primarily upon elementary sulfur, equivalent to group 5. The
first four groups have their optimum on the alkaline side of neutrality,
while the last group has its optimum on the acid side of neutrality.
Only the last two groups (4 and 5) occur in the soil and play an active
part in the oxidation of sulfur and its compounds in the soil. The
first three groups do not occur to any extent in normal cultivated soils,
but are mentioned here for the sake of completeness.

Group I. Colorless, thread-forming sulfur hacteria, accumulating sulfur
within their cells (Nos. 13-16, Pl. IV). The representatives of this
group are able to act only upon H,S. In view of the fact that these
are primarily water and mud forms, only the general principles in-
volved are discussed. This group of sulfur oxidizing bacteria consists
of three genera: Beggiatoa,including motile organisms forming nosheaths;
Thiothrixz, fastened forms forming no sheaths; and Thioploca, thread-
forming bacteria, surrounded with a jelly-like sheath. The Beggiatoa
were the first organisms to attract attention as having to do with the
oxidation of sulfur or its derivatives. Cramer*' pointed out that the
granules found within the cells of Beggiatoa consisted of sulfur. Cohn*
then proposed the theory that the Beggiatoa and the purple bacteria
produce hydrogen sulfide by the reduction of sulfates. But it was
Winogradsky** who demonstrated that the hydrogen sulfide is pro-
duced by other bacteria and is oxidized by the Beggiatoa to sulfur and
sulfuric acid.

This oxidation is so important for the very existence of these organ-
isms that, when the hydrogen sulfide is taken out of the medium, they
oxidize the sulfur present within their cells and, when this is used up,
they die out. The energy liberated in this process is utilized by the
organisms for the assimilation of carbon dioxide. For every gram of
carbon, 8 to 19 grams of sulfur are consumed. If there is enough H,S,
the presence of traces of organic substances and nitrates in the water is
sufficient for the development of these organisms, while the presence of
sugars, peptone and like nutrients will stimulate the growth of other
microbes but will injure these sulfur bacteria.

41 Cramer, In Miller, C., Chemisch-physikalische Beschreibung der Thermen
von Boden in der Schweiz. 1870.

42 Cohn, F. TUntersuchungen iiber Bakterien II. Beitr. Biol. Pflanz. 1: H. 8,
p. 141. 1875.

4 Winogradsky, S. Beitrige zur Morphologie und Physiologie der Bakterien.
I.-Schwefelbakterien. Leipzig. 1883; Ann. Inst. Past. 8: 1883, No. 2; Uber
Schwefelbakterien. Bot. Ztg. 46: 489, 513, 529, 545, 569, 585, 606. 1887.
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According to Winogradsky, the sulfuric acid formed is neutralized
by the caleium carbonate or bicarbonate present in the water, since the
reaction of the water cultures of these bacteria was not found to become
acid. In reference to the physiology of these organisms, the results of
Winogradsky can be summarized as follows: (1) The sulfur bacteria
oxidize hydrogen sulfide and accumulate sulfur in the form of small
spheres, consisting of soft amorphous sulfur which never crystallizes
in the living cells. (2) They oxidize the sulfur to sulfuric acid, which
is at once neutralized, by the carbonates present, into sulfates. (3)
Without sulfur, the organisms soon die off. (4) They can live and
multiply in liquid containing only traces of organic substances.

This last point was refuted by Keil,* who demonstrated that the
organisms are autotrophic and do not need organic substances for their
growth. Xeil claims to have isolated pure cultures of Beggiatoa and
Thiothrix, and found that these organisms are capable of living in
media free from any traces of organic matter, although the presence of
small quantities of organic substances is not detrimental to them.
The raw cultures were obtained by Keil by placing a layer of black mud
containing these bacteria on the bottom of a glass container, 3 to 4 cm.
high, covering it with 2 to 3 cm. of river water and placing in the dark,
at room temperature. The Beggiatoa formed a white layer over the
mud. The Thiothrix could be easily distinguished by the fact that they
were fastened at one end. By adding water from a sulfur spring to
Petri dishes, then placing these under a bell-jar, the amount of gas
necessary for the growth could readily be ascertained. Ammonium
salts were found to be used as sources of nitrogen and only carbonic
acid as a source of carbon. Carbon dioxide pressure may vary within
the limits of 0.5 and 350 mm. (25 mm. is the optimum); oxygen may
vary within 10 to 20 mm., and H,S within 0.6 to 1.7 mm. The presence
of carbonates is important for the neutralization of the acids.

The pure cultures were obtained from the enriched culture by the
mere mechanical process of washing out all other organisms first with
ordinary water and then with sterile water. This was followed by
growth under the bell-jar, at definite gas pressures and frequent changes
of medium. Further information on this group of organisms is found

# Keil, F. Beitrige zur Physiologie der farblosen Schwefelbakterien. Beitr.
Biol. Pflanz, I1: 335-372. 1912.
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in the work of Omeliansky,* Diiggeli, Bavendamm,*” and others.t®
The Thioploca has been studied in detail by Wislouch*® and Kolkwitz.5°
Group II. The second group of the sulfur oxidizing bacteria is
heterogeneous in nature and consists of all colorless organisms, which
form no threads and which contain sulfur within their cells. These also
act only on H,S (Nos. 17-20, Pl. 1V). This group includes organisms
of various forms. They may be obtained by placing the cut rhizomes
of water plants, together with the mud, into tall glass cylinders with
some river or canal water and a few grams of calcium sulfate. When
placed in the dark, H,S will be produced in 5 to 10 days, and the color-
less non-thread-forming sulfur bacteria are found in 3 to 6 weeks. The
nature of the plant or animal material, nature of the mud and quantity
of H,S produced, determine which species will predominate. Among the
organisms described at various times we might mention: Monas mailler:
and Monas fallax Hinze,*® Thiophysa volutans Hinze,* Thiospirillum wi-
nogradskit Omeliansky,5? Thiovulum Hinze, Spirillum Molisch, Bacterium
bovista (2 to 4 by 0.6 by 1.5u), Bacillus thiogenes (2 to 6 by 0.9 to 1.34u),
and Achromatium.-* Most organisms belonging to this group have
been found in water and in mud; few of them have been obtained in
pure cultures. They play an important part in the formation of the

4 Omeliansky, W. L. Der Kreislauf des Schwefels. Lafar’s Handb. techn.
Mykol. 8: 214-244. 1904,

4 Diiggeli, M. Die Schwefelbakterien. Neujahrsbl. Naturf. Gesell. Ziirich.
1919, No. 121, 43 p.

47 Bavendamm, W. Die farblosen und roten Schwefelbakterien des Siisz- und
Salzwassers. G. Fischer. Jena. 1924.

48 Hinze, G. Beitrige zur Kenntnis der farblosen Schwefelbakterien. Ber.
deut. bot. Gesell. 31: 189-202. 1913. Molisch, H. Neue farblose Schwefel-
bakterien. Centrbl. Bakt. II, 83: 55-62. 1912.

4 Wislouch, S. M. Thioploca ingrica nov. spez. Ber. deut. bot. Gesell. 30:
470-473. 1912.

80 Kolkwitz, R. Uber die Schwefelbakterie Thioploca ingrica Wislouch.
Rer. deut. bot. Gesell. 30: 662-666. 1912.

81 Hinze, G. Thiophysa volutans, ein neues Schwefelbakterium. Ber. deut.
bot. Gesell. 21: 309-316. 1903.

2 Omeliansky, W. L. Uber eine neue Art farbloser Thiospirillen. Centrbl.
Bakt. II, 14: 769-772. 1905.

83 Nadson, G. A. On the sulfur bacteria of the sea of Hapsala. Bull. Jard.
'Bot. St. Petersburg, 13: 106-112. 1913; On the sulfur bacteria Thiophysa and
Thiosphaerella. Jour. Microb. (Russian) 1: 52-72. 1914.

84 West, G. S., and Griffith, B. M. The lime-sulfur bacteria of the genus Hil-
lowia. Ann. Bot. 27: 83-91. 1913. '
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curative muds.?® According to Nadson, some of these organisms, like
Achromatium and Thiophysa, can accumulate in their cells sulfur as
well as oxalate crystals. Jegunow described two sulfur bacteria:
Thiobacterium «, a motile, colorless, slightly curved organism, 4.5 to 9u
long and 1.4 to 2.3; wide, containing a finely granulated plasma and
large sulfur granules, and Thiobacterium B, motile, colorless, curved,
2.5 to 5 by 0.6 to 0.8u, and containing a row of shining sulfur granules.
Various bacteria belonging to this group have been reported® to occur
in the soil, namely: Sprillum agilissimum filled with black sulfur granules,
measuring about 6 to 10 by 1.8 to 2.0y, having rapid motility, and
isolated from river mud in Gratz; Chromatium cuculliferum which is
round to slightly elliptical, 6 by 4u, of a slow motility, with black,
shining, sulfur drops always found in one pole, with one flagellum on the
granule-free pole. This latter form was found in rotting mass of algae
in the garden basin at Gratz. However, since none of the forms has
been considered from the point of view of its r6le in soil transformations,
their importance in the soil is doubtful. A detailed study of the
morphology and biology of Achromatium oxaliferum Schew., containing
granules of a calcium salt (oxalate, carbonate or thiosulfate) and sulfur
has been made by Nadson and Wislouch.5”

Group III. This group consists of the sulfur oxidizing organisms
found among the purple bacteria. They are distinguished from the
sulfur bacteria described above by the production of a red, red violet
or red brown pigment which is unevenly distributed throughout the
cell; in addition to the red pigment (bacterio-purpurin), there is also
present in all these bacteria a green pigment (bacterio-chlorin). These
bacteria are found abundantly in sulfur springs and in mud waters.
Not all the purple bacteria are able to utilize hydrogen sulfide and not
all of them accumulate sulfur within their cells. Molisch®® succeeded
in cultivating some of them in pure culture, but not the sulfur forms.
The role of sulfur in the metabolism of the purple bacteria is still an
open question, since, according to Molisch, the hydrogen sulfide is not

8 Jegunow, M. Bakterien Gesellschaften. Centrbl. Bakt. IT, 2: 11-21, 441~
449; 478-482; 739-752. 1896.

56 Gicklehorn, J. Uber neue farblose Schwefelbakterien. Centrbl. Bakt. II,
60: 415-427. 1920.

§7 Nadson, G. A., and Wislouch, C. M. La structure et la vie de la bactérie
géante Achromatium oxaliferum Schew. Bull. Jard. Bot. Rep. Russe. 22: 1-24.
1923.

88 Molisch, H. The Purpurbakterien nach neuen Untersuchungen. Jena.
G. Fischer. 1907.
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required for nutrition. These results are in direct opposition to the
earlier ideas of Winogradsky and others.

Group IV. This group includes the colorless organisms that do not
accumulate sulfur within their cells, but produce sulfur abundantly from
thiosulfate and hydrogen sulfide outside of their cells (No. 21, Pl. IV).
These were first demonstrated by Nathanson® (1902) in sea water.
They were found to be able, by means of oxidation of hydrogen sulfide
or sodium thiosulfate, to reduce carbonic acid and construct organic sub-
stances from it. Nathanson used a medium of the following composi-
tion:

NasS:03..c it 2-10 grams NaCl................. 30.0 grams

KNO;sooooiaal 1 gram MgCOs...oovvveenn some
Na,HPO4............ 0.5 gram Water................ 1000 cc.
MgCly. .............. 2.5 grams

A good growth of these bacteria was obtained after 1 to 2 days, in the
form of a white pellicle covering the surface; this consisted of rod-
shaped organisms intermixed with amorphous sulfur.

On adding agar to the above medium Nathanson has been able to
isolate the organism in pure culture. In the absence of the carbonate,
but in the presence of air containing carbon dioxide, the growth was
much slower. In the absence of both carbonate and carbon dioxide,
no growth took place, even in the presence of various organic substances.
The medium did not become acid even in the absence of carbonate.
While no sulfur accumulated within the cell, there was an abundant
production of free sulfur outside of the cell, not in direct contact with
the colony but at some distance from it. This led to the theory of
extracellular oxidation. . Nathanson suggested that the sulfur is pro-
duced in a secondary reaction between the undecomposed thiosulfate
and the tetrathionate formed from the oxidation of the thiosulfate.

Beijerinck®® employed the following medium:

Na:S,03-5H,0......... 5.0 grams NHCIL. ............... 0.1 gram
NaHCO;.............. 1.0 gram MgCly................ 0.1 gram
NaHPO 4............. 0.2 gram Water................. 1000 cc.

The medium was left unsterilized and was inoculated with canal water
and incubated at 28°to 30°C. 1In 2 to 3 days, the surface of the medium

89 Nathanson, A. Uber eine neue Gruppe von farblosen Schwefelbakterien
und ihren Stoffwechsel. Mitt. Zool. Station, Neapel 15: 655. 1902.

60 Beijerinck, M. W. TUber die Bakterien, welche sich im Dunkeln mit Kohlen-
siure als Kohlenstoffquelle ernihren kénnen. Centrbl. Bakt. II, 11: 593-599.
1904.
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became covered with free sulfur, intermixed with bacteria. On making a
transfer into a fresh flask with medium, a sulfur layer was obtained in
24 hours, originating from the thiosulfate. This reaction is exothermic
and functions as a source of energy. The energy is used for the reduc-
tion of NaHCO; and for the building of the bacterial body. Calcium
sulfide, hydrogen sulfide and tetrathionate can replace the thiosulfate.
The ammonium salt can be replaced by nitrates. None of the
organic substances tested could replace the carbonic acid as a source of
carbon. The organism, Thiobacillus thtoparus Beijerinck, was reported
to be a short rod, 3 by 0.5, not forming any spores, very motile and
very sensitive, so that on plates the organisms die off in a week.

By adding 2 per cent agar to the above medium the organism can be
grown on the plate; transfers are then made from individual colonies
into fresh lots of the liquid medium giving a pure culture of the organism.
The colonies are of a pin-point form and are distinguished from con-
taminations by their yellow appearance, due to an abundant separation
of sulfur. According to Diiggeli,® this organism is only 0.3 to 0.5u long.
Jacobsen®? demonstrated that this organism can also oxidize sulfur to
sulfuric acid, in the following medium:

K:HPOy. ool 0.5 gram CaCO; or MgCO;. ... 20.0 grams
NH.CIL................ 0.5 gram Precipitated sulfur... 10.0 grams
MgCly...ooooio . 0.2 gram Distilled water....... 1000 cc.

An organism similar to the Thiobacillus thioparus was found®® to be
active in the oxidation of sulfur in alkali soil, giving the gross micro-
scopic reactions of the form studied by Nathanson and Beijerinck.

Group IV of the sulfur bacteria includes, in addition to the aerobes,
anaerobic bacteria which are able to obtain their oxygen from nitrates.
Beijerinck obtained an oxidation of sulfur accompanied by a reduction
of the nitrate to atmospheric nitrogen by using the following medium
in closed flasks and incubating at 30°C.

KNOz......o.......... 0.5 gram CaCOjz..cvvvee ... 20.0 grams
NaCOs..oovven...... 0.2 gram Sulfur............... 100.0 grams
KHPO,. ..o L. 0.2 gram Canal water......... 1000.0 cc.

61 Duggeli, 1919 (p. 82).

2 Jacobsen, H. C. Die Oxidation von elementarem Schwefel durch Bakterien.
Folia Microb. 1: 487-496. 1912; 3: 155-162. 1914.

% Waksman, S. A. Microorganisms concerned in the oxidation of sulfur in the
soil. V. Bacteria oxidizing sulfur under acid and alkaline conditions. Jour.
Bact. 7: 609-616. 1922. '
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The sulfur is oxidized to sulfuric acid which acts upon the CaCO;
giving Ca30, and CO,. Beijerinck isolated, in pure culture, an organ-
ism, T'hiobacillus deniirificans, which is a very motile, short rod, hardly
distinguishable microscopically from the Thiobacillus thioparus, using
the following medium:

Na.S:0;-5H0. ....... 5.0 grams Agar................. 20.0 grams
KHPO4.oooviaol . 0.1 gram Tap water........... 1000 cc.
NaHCOs.............. 0.2 gram

On the plate, both organisms lose their ability to grow very rapidly,
long before they are dead.

The denitrifying organism was studied in greater detail by Lieske,%
who used a medium having the following composition:

Na,S,03-53H,0. ....... 5.0 grams MgClg...ovveaaaa... 0.1 gram
KNOs................. 5.0 grams CaCle.........cooo.... Trace,
NaHCO;.............. 1.0 gram FeCls................. Trace
KHPO,.............. 0.2 gram Distilled water........ 1000 cc.

This medium is placed in tall glass cylinders and is inoculated with river
mud containing H,S. In a few days, one or more opalescent zones are
formed in the liquid, at some distance from the surface, containing the
denitrifying bacteria in question. The culture is then transferred into an
Erlenmeyer flagk filled with the medium and stoppered with a rubber
stopper through which a bent glass tube is passed, one end of which is
dipped in mercury and the rest filled with medium. The culture is
incubated at 25° to 30°C. and in a few days the active formation of nitro-
gen gas takes place. By inoculating the above medium, to which 1.5
per cent washed agar has been added, pure cultures are obtained. The
organism can also be cultivated in dilute meat extract media to which
thiosulfate has been added.

Thiobacillus denttrificans Beij.. as described by Lieske is a small
narrow rod, 1 long, not producing any spores. It is not injured by sun-
shine or oxygen, although it thrives better in its absence. It is auto-
trophic, but is not injured by organic substances. Various carbonates
and bicarbonates can be used as sources of carbon, but CO, cannot be
used because of the injurious effect of the free sulfuric acid formed.
In the presence of nitrates, the following substances can be utilized as
sources of energy: hydrogen sulfide, flowers of sulfur, sodium thio-

¢4 Lieske, R. Untersuchungen iiber die Physiologie denitrifizierender Schwe-
felbakterien. Ber. deut. bot. Gesell. 30: 12-22. 1912.
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sulfate and sodium tetrathionate, which are completely oxidized to
sulfate.

The energy liberated in the process is sufficient both for the reduction
of the nitrate, which is an endothermic phenomenon, and the assimila-
tion of CO; from the carbonate and bicarbonate. The reason why the
same organism can oxidize various compounds of sulfur, while other
autotrophic soil bacteria, like those concerned in nitrification, can act
only on one definite compound, is explained by Lieske to be due to the
step-like oxidation of the sulfur compounds. For every 100 gm. of
Na,S;0; oxidized to sulfate, Lieske found that 1 gm. of carbon is
assimilated.

The Thiobacillus denitrificans is of universal occurrence in various soil
types, the number of bacteria increasing with the increase in the carbon
content of the soil.®* By adding thiosulfate and bicarbonate to the
soll, intensive nitrate decomposition takes place. The organism oc-
curring in various soils varies in activity, so that the forms from com-
posts, forest soils and peat belong to a group which is four times as
active as the form from cultivated soils. Thiobacillus denitrificans
offers, according to Beijerinck,* the natural connecting link between
sulfur oxidizing bacteria and denitrifying bacteria.

Trautwein®’ isolated an organism from the soil which was clas51ﬁed
with Thiobacillus denitrificans Beij.; this organism is 1 to 2 by 0.5u in
size, motile, can reduce nitrate, but can grow also under aerobic condi-
tions; it grows well on organic media and does not precipitate any
sulfur from thiosulfate. The organism is facultative autotrophic,
since it can obtain its carbon both from CO, (with thiosulfate as a
source of energy) and from organic substances (in the absence of thio-
sulfate). It was grown on the following medium:

KNO;..........covatt. 1.0 gram NaHCOs.............. 1.0 gram

(or NHCI)......... 0.1 gram MgCly................ 0.1 gram
Na,HPO4............. 0.2 gram Distilled water........ 1000 cc.
NazS203 . 5H20 ......... 2.0 grams

To prepare a solid medium, agar is added to the above solution. As organic
media, ordinary bouillon or nutrient agar can be employed.

8 Gehring, A. Beitrige zur Kenntnis der Physiologie und Verbreitung deni-
trifizierender Thiosulfat Bakterien. Centrbl. Bakt. II, 42: 402-438. 1915.

¢ Beijerinck, 1920 (p. 547).

*7 Trautwein, K. Beitrag zur Physiologie und Morphologie der Thionsiure-
bakterien (Omelianski). Ceuntrbl. Bakt. IT, 63: 513-548. 1921.
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The bacterium was found to be related®® to the fluorescens group in the
Lehmann and Neumann system, especially to the Baet. denitrificans
(Stutzer and Burri) L and N.

According to Klein and Limberger®® the thionic acid bacteria are
capable of oxidizing all sources of sulfur found in the soil (elementary
sulfur, hydrogen sulfide, other sulfides, sulfites and hydrosulfites) to
sulfate and polythionate. The sulfur can also be utilized in the form
of organic sulfur (cystin, albumin, nuclein, meat extract) and is oxidized,
through the sulfur stage, to sulfate. The organism reduces KNOj;
to nitrite and to ammonia, in the oxidation of sulfur. The claim, how-
ever, that this organism can also oxidize NH,Cl to nitrite needs further
confirmation, especially since the cultivation of these organisms in
pure culture may not often be a very easy matter.

In this group of thionic acid bacteria, we have another connecting
link, between autotrophic and heterotrophic nutrition in nature.

Group V. Minute, colorless, aerobic, non-spore and non-thread
forming bacteria, acting primarily on elementary sulfur and oxidizing it
rapidly to sulfuric acid (No. 22, Pl. IV).

When sulfur is mixed with soil, it is oxidized slowly at first and then
as the soil becomes acid it oxidizes rapidly. If powdered rock phos-
phate is added to the mixture of soil and sulfur, the rock is transformed
into soluble phosphates by the acid formed from the sulfur. This
process has been utilized™ in composting sulfur, rock phosphate and
soil In various proportions. A direct correlation was found between
the acid formed, as shown by the increase in the hydrogen-ion con-
centration, and the amount of phosphates going into solution. When
a fresh compost is inoculated with some material from an old compost,
the reaction goes on more rapidly, indicating the biological nature of
the process.

By inoculating a medium free from any organic compounds and car-
bonates and containing sulfur as the only source of energy, in addition
to minerals and tri-calcium phosphate as a neutralizing agent, the

8¢ Trautwein, K. Die Physiologie und Morphologie der fakultativ auto-
trophen Thionsiurebakterien unter heterotrophen Ernihrungsbedingungen.
Centrbl. Bakt. IT, 61: 1-5. 1924.

60 Klein, G., and Limberger, A. Zum Kreislauf des Schwefels im Boden.
Biochem. Ztschr. 143: 473-483. 1923.

70 Lipman, J. G., McLean, H. C., and Lint, H. C. Sulfur oxidation in soils
and its effect on the availability of mineral phosphates. Soil Seci. 2: 499-538.
1916. McLean, H. C. The oxidation of sulfur by microorganisms and its relation
to the availability of phosphates. I?oil Sci. 6: 251-290. 1918.

13
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growth of a bacterium, capable of oxidizing sulfur to sulfuric acid,
was obtained.”” The acid produced interacted with the tricalcium
phosphate and transformed it into CaSO, and monocalcium phos-
phate and finally into phosphoric acid. The bacterium was, however,
accompanied by other organisms, chiefly mold spores, which persisted
in the medium on repeated transfer. Repeated attempts to grow
the bacterium on agar plates failed. After all the calcium of the
phosphate had been transformed into calcium sulfate, the medium be-
came very acid, as low as pH 0.58.

In order to make use of the fact that the organism can withstand a
high acid concentration, the media were prepared with an initial reac-
tion of pH 2.0. This allowed only the development of the sulfur-
oxidizing organism. The high initial acidity accompanied by the
use of high dilutions of the culture in making the transfers (1:100,000),
finally resulted in obtaining the culture pure. This was demonstrated
by the fact that no growth took place when inoculated on bouillon and
other media, favorable for the development of bacteria and fungi, even
after 10 to 14 days incubation. Microscopic examinations also demon-
strated the purity of the culture. This organism was described as
Thiobacillus thiooxidans.” It is a small, non-motile organism, 0.75
to 1.0 by 0.5 to 0.75u, producing cloudiness throughout the medium
but without the formation of any pellicle. The two media best adapted
for the growth of this organism have the following composition:

I 11
(NH.)S04........... 0.2 gram (NH)2804........... 0.2 gram
MgSO47H,O......... 0.5 gram MgSO,4.7THO......... 0.5 gram
KHPO,4............. 3.0 grams KHPO4............. 1.0 gram
CaCle................ 0.25 gram Re-precipitated
Elementary, pow- Caz(POy)s....... ... 2.5 grams

dered sulfur........ 10 grams Sulfur................ 10.0 grams
. e M
Distilled water....... 1000 cc. - HsPO, (T) to adjust reaction to
pH = 3.0
Distilled water....... 1000 cc.

The sulfur in both media and the Ca3(PO,)2 in medium II are weighed out sepa-
rately in the individual flasks into which the media are distributed (100-ce. por-
tions are usually placed in 250-cc. flasks). The media are sterilized for thirty
minutes, in flowing steam, on three consecutive days.

"1 Lipman, J. G., Waksman, S. A., and Joffe, J. 8. The oxidation of sulfur by
soil microorganisms. Soil Sei. 12: 475-489. 1921.

2 Waksman, S. A., and Joffe, J. S. Thiobacillus thiooxidans, a new sulfur-
oxidizing organism, isolated from the soil. Jour. Bact. 7: 239-256. 1922.
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When a flask with one of these two media is inoculated from a fresh vigorous
culture (seven to fourten days old) of the Th. thiooxidans, growth will be mani-
fested by a uniform turbidity, without any pellicle formation, within four to five
days, at 25 to 30°C., the culture becoming very turbid in seven to eight days;
the sulfur which has been floating on the surface begins to drop down. The same
phenomenon is observed when the medium is inoculated with a little soil con-
taining the bacterium, only the length of time required for development is some-
times a little longer, depending upon the abundance of the organism in the soil,
condition of soil, etc. By using the dilution method, even the approximate
number of the organisms in the soil can be estimated. The culture obtained on
the two media is practically pure, due to the fact that very few other organisms
would develop under these conditions.

The bacterium is strictly aerobic and is benefited both by aeration and
greater surface exposure. When a particle of sulfur from the flask is
examined, it is found to be surrounded by the bacteria. At the same
time there is an intense increase in acidity of the medium.

In the presence of calcium phosphate or carbonate, the sulfuric acid,
as soon as formed, interacts with the calcium salt giving crystals of
CaS0,-2H;0, which are seen in the culture hanging down from the
particles of sulfur floating on the surface, till finally the bottom of the
- flask is covered with gypsum crystals. The organism forms no
spores and is destroyed at 55 to 60°C. in several minutes. The limiting
alkaline reaction is about pH 6.0, which is distinctly acid, while at the
other extreme it will grow at pH 1.0. The optimum lies at pH 2.0 to
4.0. It is possible, however, to accustom the organism to a neutral
and even an alkaline reaction, especially when transferred from one soil
to another before the reaction becomes too acid.

The organism derives its carbon from the CO; of the atmosphere;
carbonates and bicarbonates affect it injuriously in so far as they tend
to make -the reaction alkaline. The presence of organic substances is
not injurious. As a matter of fact, sugars, like lactose and galactose,
ethyl alcohol, and glycerol may even slightly stimulate growth but
without affecting sulfur oxidation and carbon assimilation. For
establishing the purity of the culture, the organism can be grown on a
solid medium having the following composition:”

Na.S.0,4-5H.0. ....... 5.0 grams CaCly............... 0.25 gram
KHPOy4. ..o 3.0 grams Agar................ 20.0 grams
NHCL............... 0.1 gram Distilled water...... 1000 cec.
MgCly. ............... 0.1 gram

™ Waksman, S. A. Microorganisms concerned in the oxidation of sulfur in the
soil. IV. A solid medium for the isolation and cultivation of Thiobacillus thio-
oxidans. Jour. Bact. 7: 605-608. 1922.
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The medium is prepared as usual and sterilized at 15 pounds pressure for
fifteen minutes. Plates and slants are inoculated from a vigorous liquid culture
and incubated at 25° to 30°C. Growth appears in five to six days in the form of
minute straw yellow to cream-colored colonies. Under the microscope, each
colony is found to be surrounded with crystals of gypsum due to the action
of the sulfuric acid, formed from the oxidation of the thiosulfate, upon the
CaCl,. This phenomenon is particularly prominent in media containing tri-
calcium phosphate in place of the chloride; a clear zone is formed around each
colony, due to the disappearance of the insoluble calcium salt.?4

When, instead of an ordinary neutral or acid soil, an alkaline soil is
used for composting, the sulfur is also oxidized to sulfuric acid with
the result that the alkalinity of the soil is decreased. When enough
sulfur is added, black alkali soil having a reaction of pH 9.8 can be
made neutral and even acid. At first it was thought that Thiobacillus
thiooxidans is responsible for this oxidation, particularly since the same.
acid composts were employed. It is possible, however, that the or-
ganism concerned in the oxidation of elementary sulfur in alkali soil is
of an entirely different nature, approaching more the Th. thzoparus of
Beijerinck, in its cultural and some physiological characters, rather than
the Th. thiooxidans. The latter, however, is also found in alkaline
composts, and it is possible that both organisms take an active part in
the oxidation of the sulfur under alkaline conditions. The Th. thioparus
group has its optimum on the alkaline side (pH 7.0 to 9.0), as shown by
Trautwein, while the Th. thiooxidans has its optimum on the acid side.
Both organisms may, therefore, act upon the sulfur under alkaline con-
ditions. However, the phylogenetic relationship of the various species
of Thiobacillus, as well as the differences in their chemical action still
remain to be investigated. A

Oxidation of selentum and its compounds. Brenner™ isolated from the
soil an organism (M<icrococcus selenicus, less than 0.5u in size), which i1s
capable of oxidizing selenides and using the energy obtained for its
activities. - Sodium selenite, sodium thiosulfate or sodium selenate, as
well as litmus, methylene blue or indigo carmin, can be used as hydro-
gen acceptors (or sources of oxygen) but not nitrates, sulfates, sulfites
or tellurites. In addition to selenide, the organism can also use various

74 The occurrence of the Thiobacillus group in the soil has been further studied
by Brown, H. D. Sulfofication in pure and mixed cultures, with special refer-
ence to sulfate production, hydrogen-ion concentration and nitrification. Jour.
Amer. Soc. Agron. 16: 350-382. 1923.

76 Brenner, W. Ziichtungsversuche einiger in Schlamm lebenden Bakterien
auf selenhaltigem Nihrbodem. Jahrb. wiss. Bot. 57: 95-127. 1916.
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alcohols (ethyl-, iso-butyl) as well as asparagine and glucose as sources of
energy, but not proteins. The carbon is obtained, however, only from
organic substances (ethyl alcohol). The possible oxidation of elemen-
tary selenium, in the absence of organic matter, with an increase of
acidity of the medium has also been suggested.” The Th. thioparus and
Th. thiooxidans were found to be inactive in both cases. The relation
between the oxidation of selenium and of selenide and autotrophic proc-
esses is unknown.

Bacteria oxidizing iron compounds. The nitrifying bacteria are ;found
to be strictly autotrophic and, in the case of the nitrite formers, are even
injured by the presence of organic matter. The sulfur bacteria are
not injured by the organic matter present in the medium (except Th.
thiooxidans which is injured by nitrogenous substances above 0.2 per
cent) and some of them can even utilize organic materials. The
utilization of complex organic substances is true even to a greater extent
in the case of iron bacteria, only one or two forms of which are known
to require iron compounds as a source of energy, while the majority are
able to derive their energy heterotrophically. The strictly iron bacteria,
or those organisms that are capable of oxidizing ferrous to ferric iron,
whereby the energy obtained is used for the chemosynthetic assimila-
tion of carbon, should be distinguished from those organisms that can
absorb or accumulate iron, when living in media containing iron.
Unlike the latter process the precipitation of iron by true iron bac-
teria is a direct result of utilization of energy from the oxidation of
iron.”?

As early as 1836, Ehrenberg,’® found that microorganisms play an
important part in the formation of ochraceous-deposits of bog iron ore.
The iron precipitating organisms are present universally in nature,
wherever iron-bearing waters occur. They belong chiefly to the thread-
forming bacteria, although a number of them have also been found to
belong to the Eubacteria. Here again we find a similarity between
the iron and sulfur bacteria, a large number of forms belonging to
distinctly different morphological groups. The majority of these forms
belong to the higher bacteria, according to the following classification3s:

7 Lipman, J. G., and Waksman, S. A. The oxidation of selenium by a new
group of autotrophic microorganisms. Science, N. S. §7: 58. 1923.

77 Winogradsky, 1922 (p. 61).

8 Ehrenberg, C. G. Vorlidufige Mittheilungen iiber das wirkliche Vorkommen

fossiler Infusorien, und ihre grosse Verbreitung. Poggendoff’s Annalen 88:
213-227. 1836.
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I. Thread-forming bacteria consisting of sheaths with included cells generally
plainly visible. Reproduction by internally produced conidia or by the separa-
tion of motile and non-motile cells (Trichobacteria).

Crenothrix
Leptothrix

L. ochracea
L. trichogenes

II. True bacteria:

Gallionella (Sptrophyllum)
Siderocapsa
Stderomonas

Only a few of the numerous forms described are true iron bacteria.

It was assumed that the higher bacteria present a variety of forms,
such as single threads composed of cylindrical cells placed end to end
and generally inclosed in sheaths; ribbon forms, twisted spirally;
cylindrical threads showing false branching, or coiled threads and
ribbon forms produced by the bending of the filaments in the middle
and the twisting of the ends around each other like a rope.” Gallio-
nella (Spirophyllum)?®® was considered to be the most abundant of the
iron bacteria. The flat ribbon-like or tape-like threads are twisted in
the form of spirals. These spiral bands may occur as single filaments or
may be coiled together.

Some of the iron bacteria are also capable of oxidizing manganese
salts and precipitate manganese hydrates in their cells;3 Winogradsky ~
suggested that we may be dealing here with organisms less specialized
than the other autotrophic bacteria, some being iron-bacteria in the =
proper sense (Gallionella, Spirophyllum, etc.), some iron-manganese
bacteria (Crenothrix, Leptothrix, etc ) and some may possibly be;
obligate manganese-bacteria. ~

Winogradsky?®? found in 1888 that Leptothrix will live and grow only
in solutions in which iron is present in the ferrous form; where the living
cells are present, a brown coloration of the sheath takes place due to the
oxidation of the iron salt. The oxidation of ferrous compounds (FeCO3)

7 Harder, E. C. Iron depositing bacteria and their geologic relations. Prof.
paper 113, U. S. Geological Survey, Dept. of Interior, 1919.

80 Ellis, D. On the discovery of a new genus of thread bacteria (Spirophyllum
Jerrugineum Ellis). Proc. Roy. Soc. Edinburgh, 27: 21-34. 1907. Lieske, 1911
(p. 95).

81 Schorler, B. Beitrige zur Kenntnis der Eisenbakterien. Centrbl. Bakt. 11,
12: 681-695. 1904; Die Rostbildung in den Wasserleitungsrohren. Ibid. 16:
564-568. 1906.

2 Winogradsky, S. Uber Eisenbakterien. Bot. Ztg. 46: 262-270. 1888.
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Lieske®? working with Spirophyllum confirmed the original observa-
tions of Winogradsky. The oxidation of FeCO; takes place according
to the following equation:

2FeCO; + H:0 = Fe (OH)s + 2CO; + 29 calories
Lieske used a medium having the following composition:

(NH)2804........... 1.5 grams K,HPO4.............. 0.05 gram
KCl.................. 0.05 gram Ca(NOg)s....covvn. .. 0.01 gram
MgSOyoovvoii.. .. 0.05 gram Distilled water........ 1000 cc.

The medium was placed in Erlenmeyer flasks (100 cc.) to a height of 2 cm.,
sterilized and allowed to stand two days. Coarse iron filings, which had been
dry sterilized for one hour at 160°C. were then added, 0.05 gram to each flask.
The flasks were inoculated with a small amount of culture of iron bacteria, placed
under a bell-jar in a cool place, and CO; added up to 1 per cent. This resulted in
the formation of about 0.01 per cent of FeCOj;, which remained constant as long
as there was metallic iron present.

Spirophyllum developed in four days in the cultures to which iron was
added. Pure cultures were obtained by repeated transfers to sterile
flasks. Similar results were obtained in 1888 by Winogradsky for
Leptothrixz ochracea, although he did not work with pure cultures.
Organic matter in concentrations of over 0.01 per cent (peptone, aspara-
gine, sugar) produced an injurious effect upon the growth of Spiro-
phyllum. This organism can oxidize no other iron salt, except the
bicarbonate, and also not MnCO; showing it to be strictly auto-
trophic and highly specialized. . Leptothriz ochracea was found by
Lieske to be able to utilize manganese carbonate as well as iron car-
‘bonate as a source of energy and to be facultative autotrophic, capable
of existing also in organic media.

The two media used by Lieske for pure culture study have the following com-
position:
I II
Distilled water....... 1000 cc. Manganese car-
Agar................. 10.0 grams . bonate saturated
Manganese acetate... 0.1 gram solution......... 1:10
NaHCOs;.......... 0.001 per cent
(NH,)2S804........ 0.001 per cent
K.HPO, and
MgSOg.......... Traces

One may well agree with Harder” that certain iron-depositing organ-
isms, such as Spirophyllum, require ferrous bicarbonate in solution and

8 Lieske, R. Beitrige zur Kenntnis der Physiologie von Spirophyllum ferru-
gineum Ellis, einem typischen Eisenbakterium. Jahrb. wiss. Bot. 49: 91-127,
1911; Zur Ernihrungsphysiologie der Eisenbakterien. Centrbl. Bakt. II, 49:
413-425. 1919.



AUTOTROPHIC BACTERIA 95

Lieske®® working with Spirophyllum confirmed the original observa-
tions of Winogradsky. The oxidation of FeCO; takes place according
to the following equation:

2FeCO; + H;0 = Fe:(OH)s + 2CO, + 29 calories
Lieske used a medium having the following composition:

(NH4)s8O4. ..o ... 1.5 grams K,HPO4.............. 0.05 gram
KCL.................. 0.05 gram Ca(NO3g)a...covevnn. .. 0.01 gram
MgSOy4oviion. ... 0.05 gram Distilled water........ 1000 cc.

The medium was placed in Erlenmeyer flasks (100 cc.) to a height of 2 cm.,
sterilized and allowed to stand two days. Coarse iron filings, which had been
dry sterilized for one hour at 160°C. were then added, 0.05 gram to each flask.
The flasks were inoculated with a small amount of culture of iron bacteria, placed
under a bell-jar in a cool place, and CO; added up to 1 per cent. This resulted in
the formation of about 0.01 per cent of FeCQs;, which remained constant as long
as there was metallic iron present.

Spirophyllum developed in four days in the cultures to which iron was
added. Pure cultures were obtained by repeated transfers to sterile
flasks. Similar results were obtained in 1888 by Winogradsky for
Leptothriz ochracea, although he did not work with pure cultures.
Organic matter in concentrations of over 0.01 per cent (peptone, aspara-
gine, sugar) produced an injurious effect upon the growth of Spiro-
phyllum. This organism can oxidize no other iron salt, except the
bicarbonate, and also not MnCOQO;, showing it to be strictly auto-
trophic and highly specialized. . Leptothrix ochracea was found by
Lieske to be able to utilize manganese carbonate as well as iron car-
bonate as a source of energy and to be facultative autotrophic, capable
of existing also in organic media.

The two media used by Lieske for pure culture study have the following com-
position:
I II
Distilled water....... 1000 cc. Manganese car-
Agar................. 10.0 grams . bonate saturated
Manganese acetate... 0.1 gram solution......... 1:10
NaHCO;.......... 0.001 per cent
(NH4):SO4........ 0.001 per cent
K:HPO, and
MgSO4.......... Traces

One may well agree with Harder’® that certain iron-depositing organ-
isms, such as Spirophyllum, require ferrous bicarbonate in solution and

8 Lieske, R. Beitrige zur Kenntnis der Physiologie von Spirophyllum ferru-
gineum Ellis, einem typischen Eisenbakterium. Jahrb. wiss. Bot. 49: 91-127.
1911; Zur Ernihrungsphysiologie der Eisenbakterien. Centrbl. Bakt. II, 49:
413-425. 1919.
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cannot live without it (obligate autotrophic), others, like Leptothrix,
can live without any iron compounds, but, if they are present, can use
either ferrous bicarbonate (or manganese bicarbonate) or soluble
organic compounds (facultative autotrophic). Others, such as the
various lower bacteria, will use the organic radical of certain soluble
organic iron salts when present but cannot utilize any inorganic iron
salts; in other words, the accumulation or incrustation of iron is purely
mechanical and these bacteria should not be considered as iron bacteria
at all. Among the latter organisms we would probably include the
form (similar to Bac. subtilis),? which precipitates ferric hydroxide from
solutions of iron salts, then reduces the hydroxide anaerobically to bog
iron.

Bacteria oblaining their energy from the oxidation of simple carbon
compounds. Methane bacteria. Methane may be produced in appre-
ciable amounts in volcanic eruptions, around oil mines and as a result of
different chemical processes. It is also produced in the anaerobic
decomposition of cellulose, of other carbohydrates, organic acids and
proteins.”! Swamps,”? manure heaps and low-lying meadows also
contribute large amounts of methane to the atmosphere.

Although the chemical oxidation of methane has been d