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PREFACE

The following volume is based on the author’s former work
entitled An Introduction to Bacteriological and Enzyme Chem-
tstry, which has now been out of print for some years.

In considering with the Publishers the question of a second
cdition the suggestion was made that in order to keep the size
of the book within reasonable bounds, and at the same time
to give space for the inclusion of fresh matter necessary to
bring the bobk up to date, certain sections of the subject
might be omitted, more especially the chapters on organic
chemistry, and many of the details of laboratory practice,
which will find their place more suitably in a special lahora-
tory handbook.

Recently the author was requested to give a course of lectures
as Sakhraj Ray Reader in Natural Science to the Patna
University. He chose as his subject The Biochemistry of
Nitrogen Conservation since the main objective of his
scientific and professional life’s work has been the solution
of the problem of the satistactory utilization of nitrogenous
waste material.

As the preparation of the lectures progressed it became
evident that their subject alone would provide adequate
material for a book without the inclusion of any of the other
topics dealt with in the original volume. On placing this
suggestion before the Publishers, they fully agreed, and the
present volume, in conscquence, is more of the nature of a
specialist monograph than of a general handbook on Bio-
chemistry and its applications.

For this reason a considerable proportion of space has been
devoted to researches for which the author has been person-
ally responsible, or which have come specially under his
consideration.

Sufficient references are, it is hoped, given in the text, or in

v
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the short bibliography at the end, to enable the reader to
follow up the subject in any desired direction.

The author desires to thank the Honourable the Vice-
Chancellor and Syndicate of the Patna University for nominat-
ing him as Sakhraj Ray Reader, and for their courtesy in
facilitating arrangements for the publication of the present
volume.

His thanks are also duc to the Director of the Indian In-
stitute of Science for permission to use the blocks illustrating
nightsoil conservancy in Shanghai; to Dr. V. Subrahmanyan,
Professor of Biochemistry in the Institute of Science, for
arranging to have the drawings of micro-organisms made by
the artist to the Department; to Messrs. Activated Sludge,
Ltd., for the illustrations and diagram in Chapter IX; and
to George L. Harvey, Esq., for the photographs of compost
heaps in Chapter X.

G. J. F

BaNvALORE,

S. INpIA.
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AN INTRODUCTION TO THE
BIOCHEMISTRY OF NITROGEN
CONSERVATION

INTRODUCTION

Some Characteristics of Nitrogen. From many points
of view nitrogen is one of the most interesting of the elements,
and one, moreover, of the utmost importance to hufna,nity.
We commonly think of nitrogen as an inert constituent of the
atmosphere whose main function seems to be to moderate the
excessive activity of its companion element oxygen. Actually,
however, nitrogen once it is liberated from its quiescent con-
dition as a free gas may exhibit very different properties.
Thus the earliest of the published researches undertaken by the
author when he was quite a young student, was concerned with
certain silver compounds in the preparation of which silver oxide
had to be dissolved in strong ammonia. While warming this
mixture cautiously over a flame, there was noticed a black
substance suddenly forming on the neck of the flask, and a
moment afterwards a violent explosion occurred and the
student was left with the neck of the flask in his hand and
the remainder of it scattered about the laboratory as a fine
powder. Mercifully, so rapid is the reaction even of a young
chemist to danger, none of it entered his eyes, and in fact he
was quite unhurt.

What had happened was that under the conditions of the
experiment a small quantity of nitride of silver or fulminating
silver had been formed which is only stable if left severely
alone. It is possible that most young students of chemistry
have amused themselves and annoyed their neighbours by
smearing damp iodide of nitrogen on the handles of doors and
so forth, while the even more violent chloride of nitrogen has

1 B



2  BIOCHEMISTRY OF NITROGEN CONSERVATION

only been seen by most of us as a lecture preparation. The
author is old enough to have had the privilege of listening as
a first-year student to the delightful lectures of Sir Henry
Roscoe, who spared no pains to illustrate by specimen or
lecture-experiment every important fact referred to. Chloride
of nitrogen was no exception.! A small quantity of this com-
pound collected in a leaden dish, was touched off by the addi-
tion of a drop of turpentine at the end of a long fishing rod.
The imperturbability of the stately College porter of those
days, Sergeant Nish, when the explosion went off like a gun
immediately behind his back, was something to be remembered.

We have, alas! too great cause to be aware of the violent
nature of nitrogen in certain of its combinations when we know
that it was the ability of Germany to convert the placid nitrogen
of the air into high explosive that made it possible for her to
carry on the War. Tt is of interest to the author that early
work of his on the chemistry of iron nitride in part of which
he was associated with a good friend of India, then Mr., and
now Sir Philip Hartog, played some part in building up the
technique of the catalytic action of iron in the Haber process,
now employed to furnish ammonia compounds for the peace-
ful service of agriculture.

Since those days, however, the author has been mainly con-
cerned with the quieter activities of nitrogen in the permutations
and combinations which it undergoes in the world of nature.
For twenty years he was occupied with the problem of the trans-
formation of nitrogen from its potentially offensive combinations
in the raw sewage of Manchester, into harmless nitrates which
could be discharged into the Ship Canal with actual benefit
to that rather insalubrious water-way.

Since taking up his permanent residence in India from 1916
to the present time a large proportion of his scientific effort
has been directed to the utilization of the waste products of
human and animal life for the benefit of agriculture. It has

1 Cf. Ruskin, Unto This Last, p. 3: * We made learned experiments
upon pure nitrogen, and have convinced ourselves that it is a very
manageable gas : but behold ! the thing which we have practically to
deal with is its chloride ; and this, the moment we touch it on our
established principles, sends us and our apparatus through the ceiling.”
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thus been necessary for him to study closely some of the num-
berless transformations which take place in the journey of
nitrogen from the plant in the field through men and animals
back to the soil again. In his opinion there are few lines of
inquiry to which the chemist can devote himself of more
fascinating interest or of greater importance to humanity.

The Problem of Nitrogen Conservation. It is evident
that the nitrogen we are accustomed to in the air we breathe
is something very different from nitrogen in combination with

Lost in Atmosphere
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Nitrates M.)D(/ut/bg in
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Lost by Dilution in River or Sea
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itro
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oxygen as nitrate, which can serve as food for plants, or from
nitrogen in combination with carbon, hydrogen and oxygen
with possible smaller quantities of sulphur and phosphorus,
when as protein it is the foundational food for men and
animals. We thus see how necessary it is to hold nitrogen in
some such state of combination and prevent it from becoming
inert through its return to the atmosphere. The problem of
retaining nitrogen in combination and preventing its return to
the free state and of bringing it back into combination, should
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such return to the free state take place, is the problem of
Nitrogen Conservation.

The conservation of nitrogen may indeed be said to be the
most important problem confronting the human race. With-
out an adequate supply of nitrogen the soil loses its fertility,
and food ceases to be produced. Long before this complete
exhaustion takes place, however, limited supply will become
evident in poverty and stress of competition, which may
explode in war.

It may fix our ideas if we visualize the problem for a moment
in a simple diagram (Fig. 1). This cycle may quite properly
be termed the wheel of life, for it will be seen that if the whole
of the nitrogen passes off at the periphery, life will cease.
Life is retained in proportion as the nitrogen is retained, and
is more intense in proportion as the cycle of changes takes
place rapidly or slowly, or as it might be expressed, as the
wheel revolves with greater or less rapidity. This appears in
practice in the fact that land which is intensively cultivated
will support a larger population per acre than where primitive
methods prevail. The problem of the conservation of nitrogen
will be solved when the whole cycle is so far under control that
adequate food supply can be assured for any desired popula-
tion.

The Warnings of Liebig and Crookes. Some seventy
years ago Liebig wrote as follows of ancient Rome :

The sewers of the immense metropolis of the Ancient World engulfed
in the course of centuries the prosperity of the Roman peasants, and
when the fields of the latter would no longer yield the means of feeding
her populations, these same sewers devoured the wealth of Sicily,
Sardinia, and the fertile lands on the coast of Africa.

Describing medixeval agriculture in KEngland, Prothero
writes :

There was little to mitigate, cither for man or beast, the horrors of
winter scarcity. Nothing is moro characteristic of the infancy of
farming than tho violence of its alterations. On land which was
inadequately manured, and on which neither field-turnips nor clovers
were known till centuries later, there could be no middle course between
the exhaustion of continuous cropping and the rest curc of barren-
ness.



INTRODUCTION 5

Considerations such as these, applied to the conditions
existing in his time, led to the famous warning of Sir William
Crookes in 1898 as to the crying need for nitrogen conservation.
Happily this warning has been heeded and modern chemical
technology has come to the rescue, and by the expenditure of
very considerable physico-chemical energy in the various pro-
cesses of what is known as nitrogen fixation has succeeded in
obtaining nitrogen from the air in simple combinations suitable
for use as fertilizer such as ammonium salts, nitrates, calcium
cyanamide, etc.

These modern methods of recovery of nitrogen from the air
have so developed, especially since the War, that according to
the latest statistics there would seem to be little danger of
nitrogen famine. In fact therc is a possibility of a glut of
nitrogen compounds. Nevertheless, the problem is not, even
80, entirely solved since it has been found that mineral nitrogen
in the form of ammonium compounds and nitrates, or amino
compounds such as cyanamide and urea, is not fully adequate
to meet the needs of plants. Just as nitrogen in the form of
gelatine was long ago found inadequate to supply the require-
ments of human food, and as all modern researches have
indicated, certain accessory substances are necessary to main-
tain proper nutrition, so in the case of plants it has been found
by age-long practical experience that something more than
mineral nitrogen is required for healthy crop development.
The experience of forty centuries of Chinese agriculture, and of
more than half a century of scientific experiment at Rothamsted,
has been confirmed by the researches of the Madras Depart-
ment of Agriculture working in conjunction with the Deficiency
Diseases Inquiry under Lieut.-Colonel Sir R. McCarrison, who
together have shown that in order to obtainincreased crop yields
and to secure seed which will give a vigorous crop in the next
generation, organic manure is essential. McCarrison has shown
by feeding tests that wheat grown on a crop which received cattle
manure was 15 per cent. more nutritious than wheat produced
from a crop manured with artificials alone. Thus we find that
the problem of agriculture and of nitrogen conservation cannot
at present be met by the provision of mineral compounds on
however vast a scale modern technology can produce them.
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In India there is the further handicap of the poverty of the
peasant and his lack of scientific knowledge which, even if he
can afford mineral fertilizers in quantity, would make it almost
certain that much of them would be wasted by inefficient
application.

Warnings from Modern Germany. The extreme im-
portance of the maintenance of what has come to be termed
the “humus capital ” of the land is being stressed in the
modern literature of scientific agriculture in Germany.

In a review of recent literature on organic manure by
Dr. G. Ruschmann, published in July, 1931, in Biedermann’s
Central Blatt, the following statements are made :

The Humus Question.—The humus economy ([wirtschaft] is not
only for Germany but for all civilizod European States with their
oxtensive agriculture [Ackerbauwirtschaft] an over-burning question.
The evils of one-sided measures for manuring assume continually more
obvious forms. However much mineral manures serve to increase
the yield for the moment, so much the less can they safely maintain
their position. This knowledgoe is spreading both among scientists
and practical men. In spite of constant or increasing use of mineral
manures, yiclds are decreasing.

The increase of soil fertility which is the aim of all modern scientific
and practical effort cannot be attained by minecral manures. These
by accelerating the breaking down of humus are actually detrimental.
Increase of crop by improving the soil properties, and greater returns
by addition of plant foods, arc two difforent things, which are often
confused. The latter can be effected by mineral manures which act
immediately. On tho other hand, to build up a good soil is a more
lengthy process. While it is relatively simple to maintain the fertility
of soil rich in humus, it is difficult in a soil which is mainly mincral
to build up the necessary humus.

Arable soil [ackerkrume] is a living thing. The complaints of
insufficient or completely negative results with mincral manurc are
rapidly increasing.

The humus capital of German soil has, according to Lohnis, a value
of 30 milliards of Reichs-marks [German Mark currency] although
Germany possesses mainly sandy soil. To increase this capital by
skill is the important task of both the agricultural and business com-
munity. Humus capital puts every other kind of soil wealth on one
side. Directly or indirectly all plant and animal life is made possible
by the soil humus. To its increase may be systematically employed
all those organic materials which at present are virtually wasted.
The greatest attention should be devoted to the albuminous or nitrogen-
containing organic dejocta and residues of human and animal life which
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aro admirably suitable for increasing tho formation of humus in the soil.
Unfortunately we are to-day still far from the general knowledge of
what great importance attaches to all organics and the energy con-
tained in them which comes to us through the sun’s rays, and which
is set free by the decomposition of these substances in the soil.

The Needs of India. Some ten years ago the author, as
onc of the representatives for India of the League of Red Cross
Societies, received a questionnaire asking for a brief general
statcment as to what he considered the most important
sanitary problem in the country. His reply was in part as
follows :

The great difficulty in India in my viow is the poverty and ignoranco
of the people. Religious prejudico provents the systematic use of
human excreta for manurc as in China, and much animal manure,
o0.g. cow dung, is sold for fuel on account of the dearness of wood and
coal, and mach nitrogen from oil cake is lost to the country owing to
the export of oil seeds, so that the soil is becoming unfertilo and unable
to sustain life at a high levol.

There is consequently littlo power of resistanco to diseases and for
the bulk of the population the provision of a more ample and nutritious
diet scoms to be the most important sanitary problem.

He was confirmed in these views by economists such as Dr.
Slater and Mr. Dubey and by agricultural authorities such as
Mr. Anstead and Dr. Norris, formerly of the Madras Agri-
cultural Service.

Indian Crop Yields. More recently important data have
been put forward by Sir Alfred Chatterton in a lecture on the
fertilizer problem in India,! from which certain outstanding
statements may be quoted. The average yield of wheat
lands in India is 605 lb. per acre, compared with 1,526 lb. in
Japan, 1,530 1b. in Egypt, 1,246 lb. in Canada, and 2,202 1b.
in Great Britain.

For rice the figures are as follows :

India . . . . . 1,295 Ib. per acre
Japan . . . . . 3,040 ,, ”»
Egypt . . . . . 2,783 ,, »

1 “The Fertilizer Problem in India.” A Lecture by Sir Alfred
Chatterton, Kt., C.L.LE., F.C.G.L, on the 8th April, 1931, at the Central
College, Bangalore.
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The yield of cotton per acre is:

India . . . . . . . 87lb.
America . . . . . . . 155 ,,
Japan . . . . . . . 181 ,,
Egypt . . . . . . . 371,
While for sugar comparative returns are :
India . . . . . . 2,400 1b.
Japan . . . . . . 3,340 ,,
Egypt . . . . . . 3,378 ,,
Java . . . . . . 11,988 ,,
Hawaii . . . . . . 18,799 ,,

These typical crops serve to show the low standard of cultiva-
tion prevalent in India as compared with other countries, in
some of which, such as Egypt, Japan and Java, the system
of small holdings also prevails.

It is clear that the prime necessity for India is to ensure a
greatly increased return for the cultivation of the soil. Only
by more efficicnt agriculture can the standard of living be
raised, and a market be found for the products of those indus-
tries which we all desire to see established in this country.

Increased crop production is manifestly conditioned by the
amount of plant food applied in the form of fertilizer. The
amount thus applied can be to a large extent measured by the
ratio of the expenditure on fertilizers to the value of the crop.
According to Sir Alfred Chatterton, the value of agricultural
produce raised in Great Britain is about £250 million a year,
and the expenditure on fertilizers and feeding stuff is roughly
£50 million a year, or 20 per cent. of the gross out-turn. In
India the equivalent figures are only roughly known, an
estimate for the value of crops in an average year being 1,200
crores of Rupees, while the expenditure on the purchase of
fertilizers and feeding stuffs is insignificant. In this connec-
tion we must not forget the use by the cultivator in India of
green manures, but, as will be shown later in this volume,
there are great possibilities of improvement by the more
scientific utilization of this source of nitrogen and organic
matter.
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It is true, as Sir Alfred Chatterton points out, that the
potential resources of India in respect to the generation of
hydro-electric energy are such as to make possible the
economic production of nitrogenous fertilizers by the fixation
of atmospheric nitrogen, but as has been already indicated,
there are limits to the use of such products, and moreover
there are possibilities of handling the less spectacular forces of
biochemistry to produce nitrogenous fertilizers from materials
at present wasted, and also from the air by processes which
can be adopted in every town and village in India, with the
assistance of a little intelligence and organization without the
necessity for capital expenditure or complicated and highly
technical machinery and plant.

There is, indecd, a great field for the encrgies of young
chemists in studying and utilizing to the best advantage the
sources of nitrogenous fertilizer which lie ready to hand, and
the object of this volume will be attained if a stimulus of
interest can be given to this important subject which may bear
fruit ultimately in the village and the countryside.

Subject Headings. It is proposed to deal with the sub-
ject under the following heads :

1. The methods and reagents of biochemical research in its
application to nitrogen conservation.

2. Sources of organic nitrogen.

3. Building up and breaking down of nitrogenous matter :

(@) In the soil,
() In manure and compost heaps,
(c) In sewage tanks and filter beds.
4. The assimilation of nitrogen by plants.
5. Practical application of the foregoing :
(@) Making of compost.
(b) Purification of sewage.
(c) Increase of crop yields.
6. General conclusions and recommendations.



CHAPTER I

METHODS AND REAGENTS OF BIOCHEMICAL RE-

SEARCH IN ITS APPLICATION TO NITROGEN
CONSERVATION

Biochemistry a Kinetic Science. When the student of
systematic chemistry whether inorganic or organic takes up
the study of biochemistry, he is confronted with a new set
of conditions; thus, in his efforts to make some new com-
bination among the numberless derivatives handled by the
organic chemist, he may not infrequently set aside an appar-
ently intractable syrup and return after a short leave to find
that it has set into the hoped-for crystalline mass. If on
the other hand he should leave a solution in which the living
reagents of biochemistry are present, ecither actually or
potentially, he may return to find an overgrown and some-
what offensive agglomeration of living substance. By such
experiences he soon learns that biochemistry is essentially a
kinetic science, thus differing from the static conditions met
with in reactions into which life activity does not enter.

No better illustration could be found of the difference
between biochemistry and what may be termed ‘ straight ™
chemistry than the incident of the croquet party in the Eng-
lish children’s classic, Alice in Wonderland. There instead of
hitting wooden balls with wooden mallets through iron hoops,
which remained quietly in their places, Alice had for a mallet
a long-necked flamingo who used to look up at her plain-
tively when she wanted to use it for hitting the ball. The
balls, consisting of rolled-up hedgehogs, would uncurl them-
selves and run away at inconvenient moments. The hoops
were formed by soldiers doing “ touch toe ” exercises, of
which they often became tired ; altogether the game was

rather difficult and strenuous. Real biochemical research,
10
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however, is similarly concerned with conditions which are
constantly changing in response to the vital activities of the
particular organism or organisms which are under investiga-
tion. When the change ceases the result is death, and the
study is no longer the study of biochemistry but of ordinary
organic chemistry. Biochemistry, therefore, may be defined
as the study of the chemical phenomena which accompany
vital action. On the other hand, the simple study of the
products of vital action, such as the colouring matters or
sugars or alkaloids occurring in plants, belongs to pure organic
chemistry. The tracing of the changes by which simple
raw materials are built up into these complex end products
is the task of the biochemist. The lectures which form
the basis of the present book were concerned particularly
with the transformations of nitrogen under the influence of
vital action, and it is here that we can at once see the extra-
ordinary differencc between the methods which obtain in
nature’s laboratory, and those which are made use of in the
modern factory to produce the same results.

The Methods of Nature and Art Contrasted. Thus if
a dilute solution of carbonate of ammonia is allowed to perco-
late through a layer of soil containing the organisms necessary
for fertility, the ammonia will be found to have oxidized
to nitrate without any appreciable rise of temperature. To
convert ammonia into nitric acid in the factory, platinum
gauze is made use of, heated to 500°C. or a low red
heat.

The contrast is even more striking when we consider the
conditions under which nitrogen as it occurs in the inert
form in the atmosphere can be made to combine usefully
with other elements with the ultimate production of the
complex known as protoplasm. Thus we may sow some
sweet-pea seeds in a sandy soil practically devoid of nitrogen,
and they will germinate and produce lovely blossoms and
long climbing stems and leaves and wispy tendrils, which
on analysis will contain large percentages of nitrogen which
can only have come from the atmosphere. In order to bring
atmospheric nitrogen into combination with oxygen in the
great works in Norway, temperatures of 3000° to 3500° C.
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are made use of with an arec of 6500 volts, in order to burn
the nitrogen of the air.

To produce cyanamide or nitrolin, calcium carbide is first
obtained by heating carbon and lime in an electric furnace
employing a current of 130 volts and 20,000 amperes, and
the carbide thus formed is held in a current of nitrogen at
1100° C. to produce calcium cyanamide.

In the Haber process where nitrogen and hydrogen are
caused to combine to form ammonia, a pressure of 200 atmo-
spheres is employed with an iron catalyst heated to 600° C.

We may well inquire how does nature bring about similar
changes by non-violent means.

Nature’s Methods. A summary answer may be given
by saying that nature achieves these results through tho
employment of vast numbers of living reagents, each bringing
to bear efficient and powerful catalysts, and operating on a
very extended front, that is to say, utilizing the effect of
extended surfaces.

Cell, Enzyme, Colloid. We may perhaps define our living
reagent as the cell, whether scparatc or conjoined. Our
catalysts are the product of the life activity of these cells,
and are known as enzymes, and our surface is the surface
of a jelly or colloid.

The Cell and the Amceeba. Some detailed attention may
be devoted to the general characteristics of our living reagent,
that is the cell. It is not strictly correct to say that the
unit of life is the cell, since phenomena which are clearly
characteristic of life are exhibited by masses of protoplasm
which are unbounded by the wall which is characteristic
of the cell. This simple non-cellular form of life is known
as the ameba. That it is living and not dead protoplasm
is clear from the fact that it exhibits the fundamental pro-
perties which distinguish living from non-living matter, viz.
assimilation and reproduction. A crystal grows by accretion,
it takes on additional substance and at the same time in-
creases its size, but does not give out anything to its surround-
ings. The amaba takes in fresh substance and discharges
waste. The crystal once formed does not reproduce itself
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by giving rise to other crystals by division of its own sub-
stance. The amceba is capable, like other living things, of
splitting off portions of itself which in turn possess the power
of assimilation and reproduction.

A further characteristic of living matter which is presented
by the amceba, and to a greater or less extent by all forms
of life, is the power of spontaneous movement.

The Cell. Turning now to the cell which we may perhaps
define as the unit of structural life, we find that all cells,?
whether occurring separately or conjoined, that is whether
present in unicellular organisms or in polycellular animals
or plants, consist each one of a firm cell wall enclosing a cavity
containing liquid plasma or sap, throughout which and lining
the interior of the cell wall is a semi-fluid mucilaginous reticu-

| S —

F1a. 2.—Typical Living Cell.

lated substance referred to as protoplasm. This is in a con-
tinual state of movement and of chemical change, and in
the midst of it is a cell nucleus (Fig. 2).

It is clear that substances entering or leaving the cell
must be possessed of certain physical properties if they are
to pass through the cell wall, and particularly through the
continuous layer of protoplasm which lines the interior of the
cell wall, and adheres closely to it. Manifestly in the first
place, insoluble matter will not even pass through the cell
wall, but not all substances which are apparently in solution

1 Recent research has shown that just as the unit of matter is no
longer the atom but the electron, so the phenomena of life are first
manifest in the * gene,”” an invisible point whose presence and position
in the visible ‘‘ chromosome >’ can be deduced from its offects on the
character of the organism.
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can pass quite freely through the layer of protoplasm which
lines the cell. It is found, for example, that if certain plant
cells are immersed in solutions, e.g. such as potassium nitrate,
the protoplasmic layer tends to shrink away from the cell
wall owing to the difference in the number of soluble ions
within and without the cells and the consequent increase of
osmotic pressure which forces away the protoplasmic layer
from the cell wall.

Plasmolysis. This effect is known as plasmolysis. By
observing the behaviour of selected plant cells in solutions
of various concentration we can determine the osmotic pres-
sure in the interior of the cell. This phenomenon is of very
great importance in determining the optimum condition of
life of practically all living things, thus a fresh water fish
if plunged suddenly into salt water will die, but if the salinity
of the water is increased gradually, the cells will adjust them-
selves to the difference in osmotic pressure, and the fish
will continue to live under the new conditions. Such instances
could be multiplied, and would concern such varied pheno-
mena as the multiplication of bacteria in the soil, or the effect
of high altitudes on the human organism.

While under greater or less pressure substances in true
solution can find their way into the interior of the cell there
to be worked up in Nature’s laboratory into substances of
increased complexity, it is otherwise with material which,
although apparently in solution, is made up of particles or
molecules of such a size that they will not pass through the
membrane. Such material is said to be in the colloid state.

CorLrLoIips AND CRYSTALLOIDS

Of late years the chemistry of colloids has developed to
an extraordinary extent, in fact the study of biochemistry
requires, at any rate, some elementary conception of the
nature and properties of colloids.

It was first shown by Graham that by appropriate means
solutions could be obtained which while devoid of visible
particles were incapable of passing unchanged through a
parchment membrane. Substances which were soluble and
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which would pass while in solution through a parchment
membrane Graham termed crystalloids. Substances which
while soluble, as judged by ordinary physical tests, would
yet not pass through a parchment membrane he termed
colloids. A typical case illustrating the difference between
a crystalloid and a colloid is the one selected by Graham,
viz. silicate of soda. If a dilute solution of silicate of
soda is carefully acidified with hydrochloric acid, no pre-
cipitation takes place. If the solution is now placed in a
cylindrical vessel, one end of which is closed by a parchment
diaphragm, and the whole immersed in clean water which
is renewed from time to time, sodium chloride formed by
the action of hydrochloric acid on the sodium silicate will
diffuse through the parchment and eventually be completely
removed.  The silicic acid will remain behind in the cylinder.
The sodium chloride in this case is the crystalloid and the
silicic ‘acid the colloid, the apparatus used in the experiment
is known as a dialyser, and the process as dialysis.

Permeable Membranes. Considerable progress has been
made of recent years in the technique of dialysis, membranes
of varying permeability being obtained from collodion films
of varying thickness and density according to the detail of
technique of their preparation.

Ultramicroscope. Another line of investigation of col-
loids makes use of the ultramicroscope, an instrument the
design of which is founded upon what is known as the Tyndall
phenomenon, which is illustrated by the common observation
of the lighting up by a sunbeam of the dust particles or cigar-
ette smoke in the air of a room. The same phenomenon
is observed with solutions; a solution practically free from
suspended particles allows a beam of light to pass through
and remain invisible ; on introducing a colloidal substance
such as gum mastic into the solution, the path of the beam
at once lights up.

The application of this phenomenon to the study of colloidal
matter has been the subject of very interesting researches by
Zsigmondy and Siedentopf. Fig. 3 clearly illustrates the
principle of the ultramicroscope. The solution to be examined
is placed in the glass cell at b and is strongly illuminated by
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a converging beam of light. On observing the lighted-up
solution by the microscope at right angles to the path of the
beam the colloidal substance present in the solution is visible
as brightly illuminated particles. The methods of producing
a brilliant converging beam of light and the construction of
the observation cell have in practice been improved and
rendered more compact and precise, but Fig. 3 sufficiently
illustrates the principle employed.

A special condenser has been devised which can be attached
to any microscope and which permits solutions to be observed
under this strong beam of light.

©

Fra. 3.—Tho Principlo of the Ultramicroscope.

By means of the ultramicroscope particles are rendered
visible which are far smaller than any that can be seen under
the ordinary microscope. Thus, for example, if an ordinary
blood corpuscle be represented by a circle 3 inches in dia-
meter, a particle of colloidal gold at the same magnification
would be barely visible as a minute dot, but yet it can be
distinguished by means of the ultramicroscope. Colloid
particles, therefore, are of sufficient size to be seen under
the ultramicroscope. The difference in the size of the par-
ticles is probably the reason why certain colloids are des-
cribed as irreversible and others as reversible. An irreversible
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colloid is one which having been precipitated from solution
cannot readily be brought into solution again or be redispersed,
to use the term generally employed. A reversible colloid, on
the other hand, readily passes into solution if the precipitating
agent is removed, e.g. by dialysis, or if its effect is diminished
by dilution.

A characteristic example of an irreversible colloid is the
soluble silica, already referred to; on addition of hydrochloric
acid or saline solution to the aqueous solution of silica, the
latter gelatinizes and cannot readily be brought into solution
again.

On the other hand certain colloids, notably enzymes, can
be precipitated by alcohol from their aqueous solutions but
will redissolve in water if the alcohol is removed by filtration.
A colloid in solution is generally known as a ‘“sol,” when
precipitated in a gelatinous or anhydrous form it is known
as a ‘“gel.”

According to the solvent used, we may speak of a ‘‘ hydro-
sol > or a ‘“ hydrogel,” or an “ alcosol”” or an ‘ alcogel.”

True colloids conduct electricity very slightly if at all,
in fact under the influence of the electric current they move
as a whole towards one pole or the other.

The precipitation of one colloid by another has been shown
to be connected with the electrical condition of the respec-
tive substances. An electropositive colloid will precipitate
an electronegative colloid, and vice versa. The condition
of a colloidal solution depends indeed on the hydrogen ion
concentration of the solution, that is on the electric potential
of the solution. There is usually a specific hydrogen ion
concentration, or as it is generally expressed a P, value at
which maximum dispersion or maximum aggregation or
precipitation takes place. This factor is of great importance
in the precipitation of colloidal matter in water supplies or
in sewage by the addition ofcertain salts such as sulphate
of alumina.

The flocculation or deflocculation of clay soils and the
consequent effect upon the conditions of biochemical change
therein, are controlled by their P, value.

Colloids exercise a very low osmotic pressure, and since
o
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this pressure has been shown to be proportional to the
number of molecules in a given volume of solution, the
molecular weight of a colloid is assumed to be very high.
Colloidal particles, therefore, cannot pass directly into or
out of the cell. The changes taking place in the cell must
therefore consist in a breaking down of colloidal substances,
such as starch and albumen, into crystalloidal substances,
which escape from the cell, and the building up of complex
matter from other crystalloidal substances which find entrance
to the cell. Further, it is obvious that these changes must
be analogous to those chemical changes which require the
least complexity of chemical conditions, that is they must
be of the nature of catalysis.

CATALYSIS

The characteristic of a catalytic change is that a very
small quantity of the catalyst will chemically affect com-
paratively large quantities of reacting substances without
itself apparently suffering any serious change. Thus if a
thread of asbestos is soaked in a solution of platinum
chloride, and the chlorine driven off by heat, a grey film of
finely divided platinum is left on the asbestos. If such a
thread of asbestos is covered with platinum in the manner
described and then warmed and held in a stream of coal gas
escaping, e.g. from an unlit Bunsen burner, the platinized
asbestos will glow, and continue to glow so long as the gas
passes over it. If the gas after passing over the platinized
asbestos were analysed, it would be found to have undergone
considerable changes in composition. Little change will be
observed in the platinum.

In modern industry a vast number of different catalysts
are used, in all these cases the acceleration of the chemical
change is largely due to physical causes, the finely divided
metal and the extended surfaces on which the reacting sub-
stances are brought into intimate union. Chemical agencies
may be at work at the same time, e.g. the formation of un-
stable intermediate compounds, such as oxides or hydrides,
but the physical conditions are probably the governing factor.

It is otherwise with certain other catalytic agents, notably
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the combination of sulphur dioxide with oxygen through
the intervention of nitric oxide which is the basis of the *“ cham-
ber process’’ for the manufacture of sulphuric acid. Sulphur
dioxide does not combine directly with oxygen, but when
oxygen is presented to it in combination as nitrogen peroxide
it is easily oxidized with simultaneous formation of nitric
oxide. Nitric oxide, on the other hand, readily combines
with the oxygen of the air, again producing nitrogen peroxide ;
the changes are expressed in the following simplified equa-
tion :

NO +0 =NO,

80, + NO, =80; + NO

It will thus be seen that in presence of oxygen or equally
of air a very small amount of nitric oxide, NO, is capable
of converting an indefinite quantity of SO, into SO, while
itself remaining unchanged at the end of the process.

The catalytic action of nitrous fumes can be readily shown
in the laboratory by shaking a solution of ferrous sulphate
(green copperas) with a little sodium nitrite and sulphuric
acid in a bottle nine-tenths full of air ; the green colour of the
copperas solution quickly changes to yellow owing to the form-
ation of ferric sulphate according to the following equation :

2FeSO, -+ H,80, + NO, = Fe,(80,); + NO + H,0

The NO combines with the O in the air present, to form
NO,; and so continues the reaction.

Whether a catalytic reaction is brought about largely by
physical conditions or by purely chemical combination, the
general process is essentially the same.

The catalyst acts as an accelerator reducing the amount
of energy necessary to bring about the reaction. A useful
analogy which may be quoted as an illustration of catalytic
action is an operation which can be frequently seen in the
streets of Manchester when heavy bundles of cotton goods
have to be transferred from a warehouse floor on the ground
level to a lorry standing at the pavement curb. The effort
to throw the bundle from the warehouse across the pave-
ment on to the lorry would be rather too much for one man.
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If a second man standing on the pavement can catch the
bundle holding it only for an instant and then passing it
to the lorry the operation is facilitated. The nitric oxide
in the equation just given for the oxidation of sulphur dioxide
plays exactly the part of the man on the pavement. In
the case of an organic catalyst or enzyme the factor of sur-
face plays a more important part, and instead of simple chemical
combination as in the case of nitric oxide, the physical attrac-
tion of surface comes into play, giving rise to what is known
as adsorption, such as occurs when a salt is adsorbed by a
flocculent precipitate. The difficulty of washing the preci-
pitate, e.g. of alumina, from adsorbed saline impurity is well
known to every student of analytical chemistry. Such
adsorption is more intense when precipitation is carried
out in a concentrated solution, and it is frequently necessary
in consequence to re-dissolve the precipitate and form it
again in a more dilute solution before the adsorbed material
can be removed.

Organic Catalysts or Enzymes. Organic calalysts or
enzymes are of a colloidal nature and thus tend to adsorb
reacting substances from the solution containing them, which
is often spoken of as the substrate. At the same time the
enzymes would appear to be possessed of a certain amount
of definite structure since their reaction is specific and is
not merely a simple matter of surface.

Whatever the exact and intimate facts of the case may
be, and it is necessary to be guided largely by analogy, the
result of the reaction is that changes take place in Nature’s
laboratory, i.e. in the living cell, with great rapidity and
within very narrow limits of temperature and hydrogen
ion concentration.

While it is possible to bring about these reactions by means
of enzymes separated from the cell and which have none
of the characteristic properties of living matter, yet these
enzymes are, nevertheless, products of life, and the continu-
ous and varied changes which are met with in nature find
their full activity only when the cell is alive. While it would
lead too far to attempt to define precisely what is meant
by vital action it may be stated that the cell can be
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looked upon as an energy fransformer in which the energy,
characteristic of living matter, and which may be termed
biotic energy, is transformed into chemical activity, and eventu-
ally into heat, in the cell processes.

While a large number of fermentations are known which
can be produced by the action of enzymes, there are others
which so far have only been produced by the action of living
organisms, i.e. it has not been possible hitherto in such cases
to separate the enzyme from the living cell. A notable
instance is the case of nitrifying bacteria, which are con-
cerned in oxidizing ammonia to nitric acid. While this
change can be brought about by inorganic catalysts, and
probably by activated carbon, specific enzymes have not
so far been isolated from the micro-organisms concerned.

Digestive and Respiratory Processes. It may here
be pointed out that the activity of the cell is of a complex
nature and in general the living organism is concerned in
two distinct modes of activity, that is in maintaining its
body substance and in developing energy for growth and
reproduction. Thus broadly speaking, in the animal body
the processes of digestion are concerned with maintenance
of the body substance, the processes of respiration with the
maintenance of energy. In both cases the chemical action
is probably resolvable ultimately into similar factors though
the nature of the products and the energy or heat changes
are different in the two cases.

A simple case which illustrates the difference between
what may be termed digestive and respiratory fermentation
is afforded by the decomposition of urea in the presence
of micro-organisms. The simple fermentative change con-
sists in the transformation of the urea into ammonium
carbonate by the addition of two molecules of water as in the
following equation :

CO(NH,), + 2H,0 = (NH,),CO,

This change can be brought about by the enzyme wurease,
which is active even when the specific organisms bringing
about the change are inactivated by alcohol, and which
also occurs in, and can be separated from, the soya bean.
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The conversion, therefore, of urea into ammonium carbonate
is a comparatively simple catalytic reaction the conditions
of which are not difficult to follow. At the same time, how-
ever, that the organism concerned with this fermentation
is functioning in the manner described, it is also actively
using a portion of the nitrogen present to maintain its body
substance, and at the same time a corresponding amount
of carbon dioxide is produced characteristic of respiratory
change. This type of change is much more complex than
the simple fermentative activity involved in the hydrolysis
of urea, but although its conditions are not fully understood,
it is probable that here also we have to do with a chemical
change in which intermediate loosely compounded complexes
are formed.

The utilization of nitrogen in this way is more characteristic
of actual living matter than is the mere breaking down of
more complex substances into simpler forms, by simple
catalytic activity, nevertheless enzymes have been isolated
by Croft Hill, Emil Fischer and others which are capable
of bringing about synthetic or anabolic changes as distinct
from breaking down or catabolic processes.

Definition of Fermentative Change. We may sum-
marize the foregoing general discussion by defining biochem-
ical or fermentative change, as the chemical change produced
by the agency of protoplasm or of a secretion prepared from
it.

NATURE’S REAGENTS

We have now to consider the reagents employed in nature
in the environments and conditions under which they oper-
ate. The reagents, as we have seen, are enzymes and they
are active in the environment of the cell which may be
looked upon as Nature’s laboratory or the unit of bio-
chemical activity ; we thus arrive at the place where we
have to consider the organisms which function in the changes
which have to be studied in connection with our main sub-
ject, the conservation of nmitrogen. The organisms with which
we are chiefly concerned are bacteria, yeasts, moulds, algw®
and protozoa; we are also interested in the cellular activity
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of higher animals and plants, but by the study of the
simpler organisms we can better understand the more com-
plex changes in plants and -animals which belong to that por-
tion of physiological chemistry with which the conservator
of nitrogen has chiefly to do.

We may conveniently classify various types of cells and
organisms which we are to study broadly as follows :

Organisms which are Monocellular and Monoenzymic. The
majority of bacteria come under this head.

Organtsms which are Monocellular and Polyenzymic. Under
this category are included yeasts and protozoa.

Polycellular and Polyenzymic Organisms. Under this head
are comprised moulds.

We shall also encounter numerous forms of alge, and
a somewhat indefinite class of organisms, intermediate be-
tween bacteria and fungi which are known as actinomyces.
The more highly organized plants and animals may be termed
polycellular and monoenzymic, in the sense that different
cells exercise quite different functions, and secrete entirely
different enzymes, the whole organism being, as it were,
a controlled community whose members are exercising differ-
ent functions working in harmony one with another. A
simple illustration of what is meant by this description is
afforded by an experiment which can be made on any dog
and to which no objection can be taken either by the dog
or his friends. If a dog is given a piece of toast he will
chew it carefully and at some length before he swallows
it ; if he is given a piece of meat, on the other hand, he will
swallow it instantly without mastication. The dog pre-
sumably has no knowledge of biochemistry, but in fact he
behaves in accordance with its laws, since the enzyme which
dissolves the starch and carbohydrate of the toast is con-
tained in his saliva, while the pepsin which breaks down the
albuminoid of the meat is particularly active in his stomach,
so much so that he has found preliminary mastication to
be unnecessary.
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DEsoripTIVE NOTES ON TYPICAL MICRO-ORGANISMS

After the foregoing general introduction we may now
study in particular the micro-organisms with which we are
specially concerned, and their conditions of life and develop-
ment, taking each in turn.

Fro. 4.—Typical Forms of Bactoria.

. Beggiatoa (drawn from original photomicrograph by E. M. Mumford).
Sprocheeta.

. Bacllii.

. Spore-forming and motile bacteria, showing spores and flagella.

fatad 3 ad

Bacteria. These are the lowest forms of vegetable life.
Under a high-power microscope they appear as minute round
dots or threads. They multiply either by splitting into
two (that is, by fission or cell division), or by production
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of small protuberances which separate eventually from the
main organism and develop into fresh organisms similar to
the parent organism ; this method of reproduction is known
as spore formation. Bacteria are colourless, i.e. they con-
tain no chlorophyll, they all possess an envelope or capsule
consisting probably of cellulose or allied substances. For
these various reasons they are classed among the fission
fungi and from their method of reproduction are known
as schizomycetes.

They are further divided according to their main differ-
ences into the following subdivisions :

1. Coccace®, round cells.

2. Bacteriace®, rods and threads.

3. Leptotriches ) ... .

4. Cla?dotricheae }ngher Bacteria.

The round cells of the cocci and thread-like forms of the
bacteria are exceedingly small, how small may be judged
from the fact that if the largest single bacterial cell were
magnified to the size of a man and the man magnified in
proportion, he would be large enough to rcach from Bombay
to Calcutta. Among the cocci and bacteria those forms which
transform urea into ammonium carbonate, and those which
oxidize ammonia to nitrous and nitric acid, are of special
importance in connection with our subject. The higher
bacteria are distinguished by their growth in masses of long
threads; such organisms are characteristic especially of
sewage polluted streams. In such a stream, especially if
the pollution is fairly fresh and if it contains carbohydrates
as, e.g., the waste from beet sugar factories, one may see
the long waving plumes of spherotilus natans which has
attached itself to stones in the bed of the stream and whose
threads wave with the movement of the water. If the pollu-
tion is less recent and putrefaction has begun to set in, in-
stead of Spherotilus may be seen the sulphur organism,
Beggiatoa, whose threads when examined under the micro-
scope are found to contain minute granules of sulphur, giving
rise to unpleasant-smelling products should the growths
decay.

In water supplies containing iron in solution either as
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ferrous bicarbonate or in combination with some organic
acid there may often occur luxuriant growths of numerous
types of higher bacteria which have the property of oxidizing
the soluble compounds of iron and of causing simultaneous pre-
cipitation of the separated ferric hydrate as a coating on the
gelatinous sheath of the organism. Certain simple bacteria
have also this property of precipitating oxide of iron, and it is
probable that some of the great iron deposits in northern Europe
owe their origin to such bacterial activity. One of these
organisms was found to be present in some old colliery workings
near Manchester, and was investigated by E. Moore Mumford
under the writer’s direction. In conjunction with traces of
iron salts and in presence of artificial aeration it was employed
to bring about clarification of sewage and so played an import-
ant part in the development of what afterwards came to be
known as the Activated Sludge Process, which will be considered
later as a means of nitrogen conservation.

All the various types of bacteria above mentioned are thus
concerned in the changes which we have to study.

Yeasts. These are closely allied to the bacteria, differing
mainly in size and shape of the cell, and their method of
reproduction, which normally consists in the formation of
small daughter cells or buds which are extruded from the
parent cell in a process known as budding. Under certain
conditions, however, yeasts are propagated from spores,
and the various species of yeasts can be to a large extent
differentiated by the character ol their spore formation.

Speaking generally we may say that yeasts and spore-
forming bacteria tend to form spores when there is a limited
food supply, thus yeasts can be caused to spore by spreading
a film of cells on the surface of a block of plaster of Paris
kept moist by placing it in a shallow dish of water. Under
these conditions on examining the growth after a day or
so, sporing will be found to have taken place. In the case
of spore-forming bacteria the culture is generally allowed
to develop until all the food supply present is exhausted,
after which spores will generally be found in the deposit
present in the culture tube.

The importance of spore formation lies in the greater resist-
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ance which these offer to adverse conditions so that while
it may often happen that adult organisms are destroyed
under certain adverse conditions the spores retain their vitality
and become active again when conditions are more favour-
able. There is an analogy here to hibernating animals and

Fi1e. 5.—Yoasts and Actinomyeces.

5 and 6. Yeasts showing spores and buds.
7 and 8. Actinomyces showing mycclial development.

resting seeds showing that the broad phenomena of life retain
their characteristics throughout nature.

Moulds. These are more highly organized than the
bacteria or yeasts, and they are sporing organisms; the
spores or conidia give rise to long threads of cylindrical cells



F1a. 6.—Protozoa and Moulds.

1-4. PROTOZOA,

1. Naegleria. 3. Vorticella.
2. Colpoda. 4. Gonostomunts
5-6. MOULDS,

5. Aspergillus. 6. Penicillium,

28



TO NITROGEN CONSERVATION 29

forming a network known as mycelium. The individual
threads are known as hyphe. From these organs the moulds
derive their general name of hyphomycetes.

A mould which at first has a fine thread-like appearance
on further growth will be seen to be covered with minute
dots which are often darker than the mycelium ; these on
microscopical examination will be found to be clusters of
spores or conidia ; in the case, e.g., of aspergillus niger they
are black and in the case of penicillium they are green.
According to the form of the hyphe, the moulds are divided
into four divisions, viz. :

Mucorinez.

Aspergillinge.

Pencilliacez.

Oidaceze.

. Mwucor is distinguished by richly branched mycelium
w1th large club-like brownish-coloured sporangia.

2. Aspergillus as distinguished from mucor has a septate
mycelium, ie. the threads are divided into sections by
septa or partitions though the conidia occur in club-like
masses.

3. Penicillium is distinguished by a septate mycelium
and brush-shaped as distinguished from -club-like conidia-
phores.

4. Oidium. The general shape of oidium is quite different
from the foregoing, the mycelium, actually consisting of
elongated conidia, being known then as oidia. Oidium would
appear to be intermediate between true fungi and actinomyces.

Researches by Delepire have shown that a typical mould,
e.g. Aspergillus niger, can thrive on a great variety of sub-
stances ; consequently we may properly define moulds as
polycellular polyenzymic organisms.

Actinomyces. These are a group of organisms inter-
mediate between bacteria and fungi. In their appearance
they are difficult to distinguish from bacteria owing to the
readiness with which the fine mycelia break up. The genus
is characterized by the formation of a monocellular mycelium
composed of hyphwe, which show true branching like that
of the higher fungi. The aerial mycelium breaks up into

L o o
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short fragments which resemble bacterial rods. They take
an active part in the decomposition of organic matter in
the soil.

Algee. These are chlorophyll-containing forms of micro-
scopic plant life. Together with certain groups of bacteria
termed autotrophic they are the only micro-organisms in
the soil that can synthesize organic matter from inorganic
material. The autotrophic bacteria obtain their energy
chemosynthetically, using inorganic substances as a source
of energy, thus the nitrifying organisms can thrive in pres-
ence only of salts of ammonia and phosphoric acid. The
alge obtain their energy photosynthetically, using the energy
of the sun’srays with which, for example, to utilize the carbon
from carbon dioxide.

The alge are represented in the soil by three large
groups :

Cyanophycez.

Clorophyceze.

Bacillaraces.

The first are blue, green with violet, or brown in colour. The
second grass green or yellow green, the third golden brown
according to the particular combination of chlorophyll and
related colouring matters present. They are essentially
monocellular organisms and occur in numberless and varied
beautiful forms.

Protozoa. These organisms are classified as coming
under the animal kingdom, and they form numerically the
most abundant group of the animal population of the soil,
as many as 15,000 species being estimated as known ; they
are unicellular organisms varying in size from a few microns
to 4 or 5 centimetres. They may also form colonies.
Although they are essentially unicellular organisms, the
single cell highly differentiated in structure, they are classi-
fied on the basis of locomotion into :

1. Sarcodinia or Rhizopoda, motility by means of pseudo-
podia, i.e. extensions, usually temporary, of the cell
body.

2. Mastigophora or Flagellata, motility by means of flagella
(whip at end).
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3. Ciliata or Infusoria, motility by means of numerous cilia
or short hair-like processes, present during the entire
existence of the protozoa or during the embryonic
stage only.

Most protozoa are free swimming, but some are attached
by rigid or flexible stalks or pedicles. Protozoa are many
of them carnivorous, larger forms in many cases actually
devouring smaller protozoa, and quite generally feeding
on bacteria. In absence of necessary food supply protozoa
tend to encyst themselves, the cysts being usually small
circular disc-like bodies.

Worms, etc. Besides the foregoing the organisms con-
cerned with the conservation of nitrogen in the soil include
numerous species of worms and insect larvee. The study
of these larger organisms leads to the problems of biology
and physiology.

To the biochemist these various micro-organisms are living
reagents and he is concerned with the chemical changes
they effect.

CONDITIONS OF BACTERIAL ACTIVITY

In the earlier days of the study of bacteriology it was laid
down by Pasteur that for each fermentation there was one
corresponding organism ; we know now that this is only true
of strictly monoenzymic organisms, the number of which is
becoming fewer as their reactions are more carefully studied.
By careful changes of environment, however, it is possible to
bring into activity for practical purposes only one of the
possible reactions which any given organism can bring about,
thus in the case of Aspergillus niger, referred to above, if
grown in a medium consisting largely of cane sugar, it will
secrete invertase, and the medium can be used as an important
source of this enzyme. On the other hand, if the same mould
is grown on fat it will secrete the fat-splitting enzyme lipase.
This has its analogy in the experience of travellers in the Arctic
regions who under those conditions are able to consume quan-
tities of fat which would be nauseating in a warmer climate.

Occurrence of Micro-organisms. All the above-
mentioned classes of organisms, bacteria, yeasts, moulds,
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actinomyces, alg® and protozoa occur very widely distri-
buted in nature. Bacteria, yeasts and moulds being, in
a spore condition at any rate, microscopic in size, are easily
carried by wind and in dust. Encysted forms of protozoa
can also be carried in this way and thus attach themselves
to vegetation or make their appearance in water supplies.

All micro-organisms are most abundant where there is
the needful food supply. It is a matter of common know-
ledge that meat goes bad if long exposed to the air and jam
if uncovered develops mould, that milk becomes sour, that
sewage or excretal matter becomes offensive if allowed to
accumulate. These changes are due to micro-organisms
either originally present in the decomposing substance, or
carried in air and deposited on substances capable of putre-
factive change which themselves thus become sources of
infection. The presence of bacteria or moulds in the air
can be demonstrated by exposing a slice of potato for some
time in a room. In the course of 48 hours or so small spots
or centres of growth will appear, which can be recognized
as colonies of bacteria or as moulds by methods shortly to
be described.

Certain organisms are capable of producing chemical
changes in the bodies of higher living organisms, and have
been found to accompany the development of specific dis-
eases ; such organisms are termed pathogenic. Other organ-
isms perform exceedingly useful functions. It is scarcely
necessary to refer to the technical importance of yeasts in
the brewing and baking industries. Special varieties of
bacteria are concerned in the production of vinegar and
the ripening of cheese or are useful at certain stages in the
manufacture of leather in the tannery. The harmless dis-
posal of refuse matter from men and animals is effected,
largely by the activity of bacteria, and the processes of agri-
culture are increasingly found to depend upon the activity
of the organisms in the soil ; they are therefore well described
by Percy Frankland as * our secret friends and foes.”

In order to make the most efficient use of our allies among
the population of the soil, we have to study the conditions
under which they can best thrive or which are detrimental
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to those organisms which we may term enemies. The follow-
ing conditions are favourable to the development of micro-
organisms :

Moderate warmth.

Moisture.

Organic fermentable matter.

Darkness.

Absence of Antiseptics.

The opposite of these conditions, viz. extremes of heat
or cold, dryness, absence of organic fermentable matter,
light and the presence of antiseptics, are all conditions un-
favourable to the development of micro-organisms.

Sterility. The first lesson which the student of bio-
chemistry in its relationship to micro-organisms has to
learn is the acquirement of a strict sense of sterility. In
the early days of bacteriological research there was a pro-
longed controversy on what is known as abiogenesis or spon-
taneous generation, that is the production of living forms
from materials in which life was not originally present. Our
space does not permit a detailed history of this subject,
but it is sufficient to say that all experiments which have
been brought forward in support of spontaneous generation
have been found to be due to faulty technique, that is a
failure to achieve complete sterility in the materials under
investigation. If, therefore, a student finds an unexpected
growth in his culture medium, it is not to be concluded that
he has been favoured by the discovery of a new form of life,
but rather that his sense of sterility has not been adequately
cultivated.

That such a sense of sterility is unfortunately not pos-
sessed by many of our sanitary authorities is obvious from
the quaint methods not infrequently used to allay the appre-
hensions of the public.

Actually it is by no means easy to render any medium
really sterile, the reason, e.g.,, why meat ‘“goes bad” near
the bone is because the heat of cooking has not completely
penetrated to that point.

Investigations in the Biochemical Department of the
Indian Institute of Science showed that the ordinary methods

D
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for cooking rice were by no means effective in producing
a sterile pudding. The spores of the acetone bacillus which
medical authorities believe to be associated with the symptoms
of diabetes, can only be destroyed by heating for an appreci-
able period under at least 10 1b. pressure.

It is important, therefore, carefully to study the methods
which are available for ensuring the sterility of the media
to be employed in growing the organisms whose actions
we desire to study. The methods for securing sterility
comprise dry heat, moist heat and steam under pressure.

For dry heat, a hot-air sterilizer is used which is virtually a
simple box of sheet copper heated by a gas flame to any
desired temperature.

Sterilization by moist heat is easily effected by simply
heating in a steam bath. By this method, however, it is
not always possible to attain a temperature sufficiently high
to destroy resistant spores, consequently it is customary
when sterilizing in this way to repeat the process two or
three times at 24 or 48 hours interval. In this way any
spores which may have been left alive have time to develop
into adult organisms which are killed in the next heating.

If steam wunder pressure is made use of so that a higher
temperature is attained, sterilization may be effected in one
operation. About 20 minutes’ exposure to steam under
30 1b. pressure is sufficient to sterilize most materials, though
certain exceptions may occur in practice.

For sterilization under pressure vessels known as auto-
claves which are constructed to withstand high pressure
are made use of. It is convenient in a bacteriological labora-
tory to have a number of autoclaves constructed to resist
different pressures suited to the particular problem in sterili-
zation which has to be dealt with.

Having learned the necessary conditions of sterilization
and the methods of attaining them, the biochemist is now
able to prepare media suitable for the particular micro-
organism which he desires to study. The principles govern-
ing the preparation of such media may be illustrated by
reference to certain typical culture media which are used
in the investigations with which we are specially concerned.
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Before describing these media in detail a short allusion
to the history of bacteriological methods will be of value.

For the purpose of studying the precise chemical changes
effected by a single organism, it is necessary to obtain it in
pure culture in the laboratory, i.e. free from any admixture
of any other organisms. The earliest method for accom-

"
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F1a. 7.—Apparatus for Bacteriological Culture.

plishing this, such as was used by Pasteur and Lister, was
the method of dilution. A small portion of the solution
containing the mixture of organisms was transferred to a
second portion of the same solution rendered sterile by heat,
and after development of the organisms a small portion
of this solution was again transplanted and so on until a
growth was obtained consisting only of one species of organ-
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ism arrived at through a process of natural selection. Such
a method is exceedingly tedious, but it is surprising what
great advances in knowledge were made by this means. The
method of plate culture described by Koch in 1881 is much
more rapid and certain. Koch introduced a solution con-
taining bacteria into a mixture of suitable nutritive sub-
stances thickened with gelatine, the mixture being kept
at a temperature slightly above the melting-point of gela-
tine. On pouring the gelatine culture medium on to a plate
and allowing the gelatine to set, wherever a micro-organism
was present it developed ¢n situ, forming a small opaque
centre of growth or colony, which could be picked out and
transferred to a similar gelatine culture medium and if neces-
sary replated until only one species of organism was found
to be present upon the gelatine plate. The form of plate
now generally used is known from its inventor as a Petri
dish, and consists of two shallow dishes fitting into one another,
the larger serving as cover for the smaller, into which the
gelatine is poured (Fig. 7a).

Different culture media have been found to be necessary
for different organisms, but all require nitrogen in some
form together with certain salts, especially phosphates.

Direct Method of Culture. Although the method of
pure culture has added enormously to our accurate know-
ledge of the functions and reactions of innumerable special
organisms, yet the method contains a fallacy when its results
are applied to the study of the biochemical phenomena actu-
ally occurring in the soil. It is clear that the conditions
obtaining in a pure culture in artificial media are not com-
parable with those of the free natural existence of any type
of bacteria. The pure culture eliminates the struggle for
existence. These considerations have been brought forward
recently by Winogradsky, whose fundamental work on the
nitrifying bacteria is esteemed by all soil biochemists. Wino-
gradsky points out that bacteria as they have to live in the
soil and bacteria in pure culture are analogous to wild and
cultivated plants, and when it is considered that one year
of bacterial life is equivalent to one or more centuries in
the life of any phanerogam it is obvious that we must not
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apply ideas derived from pure cultures directly to the con-
ditions met with in the soil.

For this reason Winogradsky has brought forward what
he terms a direct method of culture which aims at studying
bacterial phenomena under conditions approaching those
which occur in nature. Briefly, one gram of soil is shaken
with successive lots of 3 c.c. of water, and the washings
centrifuged yielding two suspensions and three deposits.
These are fixed on slides with agar, if necessary, stained
with erythrosin, and washed and fixed with absolute alcohol.
So-called auxiliary cultures are made by inoculating minute
particles of the deposits or suspensions into various media,
thus by inoculating the earth into peptone, growth of
proteolytic organisms may be obtained, which can be further
grown on auxiliary plates. Similarly, in media containing
urea, starch, mannose, nitrate, etc., the organisms affecting
these substances tend to develop to the detriment of others.

These observations show that it is not the inherent quali-
ties of a bacterium such as are exhibited in pure culture,
which determine its role in the soil, but it is the struggle
of the cells with unfavourable conditions which really governs
the distribution of bacterial activity.

This new method is an attempt, in fact, to introduce a
dynamic micro-biology and bears a similar relation to orthodox
pure culture methods that these bear to the static concep-
tions of pure non-vital chemistry.

We may now consider in some detail the preparation of
certain typical media used in the study of pure cultures of
soil bacteria.

CuLTURE MEDIA FOR BACTERIA

The basis of most media suitable for cultivating bacteria
is broth or bouillon. The following formula has been found
satisfactory as a general base :

Liebig’s Meat Extract (Lem(,o) . . 9 grams
Peptone . . . . 9 »
Sodium chloride . . . . . 43 .,
Distilled water. . . . 900 ’

This broth can be thlckened with gelatine or with agar
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(a Japanese product made from a species of marine alga).
For work in hot climates or for organisms which grow best
at a high temperature agar is preferable to gelatine. For
a gelatine medium some 10 to 15 per cent. of gelatine is
required to produce a stable jelly, whereas 2 per cent. or
so of agar is generally sufficient. It should be remembered
that gelatine is rich in nitrogen while agar is a carbohydrate.

To prepare nutrient gelatine, meat extract, peptone, salt
and water are boiled for } hour and gelatine gradually added
to the hot solution. The whole is allowed to cool (to 50° C.
approx.) and neutralized with about 30 c.c. of a 4 per cent.
solution of caustic soda (NaOH).

The white of an egg is mixed with an equal volume of
water and added to the neutralized liquid. The mixture is
placed in the steam bath for 1 hour and 8:5 grams soda crystals
added.

For exact work the reaction of the medium should be
brought to a definite I, value depending on the characteris-
ties of the organism to be studied. For this purpose a given
volume of the approximately neutralized medium is titrated
either with acid or alkali in presence of the indicator suited
to the range of P, required. The bulk of the medium is
adjusted to the required P, in accordance with the result
of the titration.

After a further 40 minutes in the steam bath the liquid
is filtered through a hot filter funnel.

The melted and filtered medium is carefully poured, pre-
ferably from a separating funnel, into a series of sterile test-
tubes ; about 10 c.c. are added to each test-tube, care being
taken not to allow any medium to run down the sides. The
test-tubes are plugged with cotton-wool, placed in wire cages
and sterilized in the manner previously indicated. The
medium should remain perfectly clear after sterilization and
the tubes are then ready for use. (See Fig. 76, p. 35.)

Agar medium is prepared in a similar way except that
owing to its greater setting power it has to be filtered at a
high temperature ; this is generally accomplished by placing
the whole filter funnel and subjacent flask in a large auto-
clave.
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It may be noted that it is frequently necessary thoroughly
to soak and wash agar free from adherent impurities. For
work at specially high temperatures percentages of dry agar
possibly up to 5 per cent. may be requisite.

To these ‘‘ foundational ’ media, as they may be termed,
various suitable additions may be made when special
organisms are being investigated. Thus starch or sugars
may be added, when organisms concerned with the break-
ing down of carbohydrates have to be studied, potassium
nitrate when denitrifying bacteria are under observation
and so on.

Certain organisms of great importance in the study of
nitrogen conservation, namely those concerned with nitri-
fication, i.e. the oxidation of ammonia to nitric acid, do
not grow freeiy on ordinary nutrient gelatine, and a method
was devised by Kiihne and by Percy Frankland, in which
gelatinous silica is used instead of gelatine, the medium
being entirely free from organic matter.

The method of preparation is as follows :

Two solutions of the following composition are prepared.

(¢) Ammonium sulphate . . . 04 gram.
Magnesium . . . . . 005
Calcium chloride . . . . trace
Distilled water . . . . . 50 cec.

(b) Potassium phosphate. . . . 01 gram.
Sodium carbonato . . . . 075
Distilled water . . . . . 50 c.c.

These two solutions are rendered sterile and then mixed.

A sterile solution of dialysed silicic acid is now prepared
as follows :

A solution of potassium or sodium silicate (1-05 to 1-06
sp. gr.) is poured into an equal volume of dilute hydrochloric
acid (1-1 sp. gr.); the mixture is then placed in a dialyser
the outside of which is kept surrounded with running water
during the first day and subsequently with distilled water
which is frequently changed until this yields no trace of
turbidity with silver nitrate, thus showing the whole of the
chlorides to have been extracted. The contents of the dia-
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lyser, if the solution of alkaline silicate originally employed
is not too strong, will be quite clear.

This liquid is then poured into a flask and concentrated
by boiling until it is of such strength that it is found that
on cooling a little of the solution and mixing it with } of
its volume of the above mixed alkaline solution it readily
gelatinizes on standing. When the solution of silicic acid
is found to give this result it is cooled and } to } of its volume
of the mixed alkaline solutions (@) and (b) are added, the
solution is well mixed and at once poured into Petri dishes
or flat-bottomed flasks. The medium should gelatinize in
5 to 15 minutes. The above method with possibly slight
modifications depending on actual experience is the safest
on the whole to adopt.

It is, however, possible to avoid the trouble of dialysing
by mixing equivalent solutions of sodium silicate and hydro-
chloric acid directly in a Petri dish when a layer of gelatinous
silica separates out. This can be thoroughly washed, and
the necessary saline solution poured over the surface.

Anaerobic Bacteria. A certain number of bacteria are
found to develop in absence of air ; such organisms are classed
as anaerobic in distinction to aerobic organisms which thrive
in presence of oxygen or air. In order to cultivate such
bacteria it is necessary to remove the oxygen from above
the medium. This can be done most simply by enclosing the
culture tube in a larger tube or receptacle containing alkaline
pyrogallate, which has the property of rapidly absorbing
oxygen. (See Fig. 7c, p. 35.)

An even simpler method is to fill the tube nearly to the
top with medium and after inoculation to fill up the remain-
ing space with vaseline.

In the case of anaerobic cultures in Petri dishes, it is cus-
tomary to place these in an ordinary vacuum desiccator or
specially constructed glass cylinder with a false bottom beneath
which there is a layer of alkaline pyrogallate, the greater
part of the air is removed by a vacuum pump and any remain-
ing traces of oxygen are absorbed by the pyrogallate.
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CurLTURE MEDIA FOR MIOCRO-ORGANISMS OTHER THAN BACTERIA

Yeasts. While most yeasts will grow on the same media
which are utilized for bacteria, they grow more freely when
supplied with nutriment specially suited to them. In this case
instead of bouillon boiled hot extract of malt or wort should
be diluted with water to a specific gravity of about 1050.
The wort must be filtered until it is quite bright and should
remain free from deposit after sterilization. Wort gelatine
and wort agar are prepared in a similar manner to ordinary
nutrient media, using wort instead of bouillon as a basis.

It is convenient where possible to obtain wort ready-made
from a brewery. Where this cannot be arranged malt extract
must be prepared by allowing a sufficient quantity of barley
grains to sprout by spreading them on a surface of moist
sand, and the growth stopped by heat as soon as the rootlets
are about } inch long. The dried malt can then be ground
and extracted with hot water to the necessary concentration.

Actinomyces. These will grow on ordinary culture
media, special additions being made where required for pur-
poses of differentiation.

Moulds. Moulds will also grow on nearly all the media
so far considered, but the solution specially suited for their
development is known as Raulin’s solution. It is prepared
as follows :

Water . . . . . . . 1,500 grams.
Cane sugar . . . . . . 70
Tartaric acid . . . . . +
Ammonium phosphate . . . . 060
Magnosium carbonate . . . . 040
Ammonium sulphate . . . . 025,
Zinc sulphate . . . . . 0-07 '
Ferrous sulphate . . . . . 007 ,,
Potassium silicate . . . . 007

Algze. The presence of alga in the soil is readily demon-
strated by moistening a small portion of soil with water
and exposing to light in a Petri dish. By adding instead
of ordinary water various saline solutions some differentia-
tion in the growth of various species will be obtained. A
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pure culture can eventually be isolated by streaking out
the crude material on the surface of an agar plate. The
following two media have been largely used in the investi-
gation of algee :

Bristol's Solution. Detmer’s Solution,

iram Gram
NaNO;. . . . . 05 Ca(NOg), . . . . 10
KH,PO, . . . . 05 KH,pO, . . . . 025
MgSO,, 7TH,O0 . . . 015 KCl .. ... 025
CaCl, . . . . . 005 MgSO,, 7TH,O . . . 025
NaCl . . . . . 005 Tap water. . . . 1000 c.c,
FeCl; . . . . . 0005
Distilled water . 1,000 c.c.

Detmer’s medium is diluted to one-third of its strength
and 0-01 per cent. FeCl; is added to the diluted solution.

Protozoa. The cultivation of protozoa and their observa-
tion in pure culture is a somewhat difficult and special tech-
nique since the majority of protozoa feed on bacteria and
consequently need the presence of these in addition to various
synthetic media. Thus infusions of hay and straw or horse-
dung or even Lemco may be used. It is necessary frequently
to transfer the culture to prevent the accumulation of injurious
products, or of too rapid development of bacteria.

Higher Organisms. Apart from bacteria and other
classes of micro-organisms which have been referred to, the
changes which confront the biochemist are also influenced
by larger organisms, especially various types of worms, small
crustacee, arachnida, including mites, ticks and spiders,
centipedes (myriapoda), termites and insects. Molluscs are
also present in the soil and the chemical changes are also
affected by the activity of mice and moles, and other bur-
rowing animals.

The study of the latter classes of living things is the special
task of the botanist and biologist rather than of the bio-
chemist. The latter, however, should be able to perform
the manipulative operations necessary for the study of the
changes brought about by bacteria, yeasts and moulds in-
cluding actinomyces whose reactions compose by far the
greater number of those met with in the study of nitrogen
conservation.
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EXAMINATION OF MICRO-ORGANISMS

It will be useful, therefore, briefly to describe the methods
used for the isolation of these organisms and their examina-
tion under the microscope.

In transferring small quantitics of material from one medium
to another for the purpose of inoculation, short lengths of
platinum wire mounted on glass rods are used. For minute
quantities of liquid a wire with a small loop at the end is
employed. With a little care loops can be made which will
take up almost exactly a milligram, i.e. 0-001 c.c. of liquid.
For transferring colonies of bacteria a small hook is made
at the end of the wire. To inoculate a test-tube of gelatine
or agar the cotton-wool plug is first sterilized by singeing
in a Bunsen f{lame, is removed by a pair of forceps similarly
sterilized and held between the first and second fingers of
the left hand, while the test-tube is held between the first
finger and thumb. The platinum wire after having been
sterilized by passing through the flame is dipped into the
solution to be examined and then inserted into the gelatine
to about half the depth, quickly withdrawn, and the plug of
cotton-wool again singed and replaced (Fig. 8a). Such a culture
is known as a stab culture, and is chiefly used when inoculating
from a pure cultivation. If the culture is a mixed one, the
gelatine or agar medium is melted before removing the cotton-
wool plug, by allowing the tube to stand for a few minutes
in a beaker of water which has been heated to a tempera-
ture some 10 or 20 degrees above the melting-point of the
medium. After inoculating and thorough mixing of the
culture with the melted medium the latter is poured into a
sterile Petri dish.

The medium is allowed to set in the Petri dish which is
then placed in a moist chamber ; the latter is a similar glass
vessel of a much larger size in which some moist blotting-
paper or a small Petri dish of water has been placed.

In order to accelerate the growth of organisms on the
medium in the Pctri dish, it may be necessary to place the
latter in an incubator.

The incubator consists essentially of a water-jacketed
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chamber, the temperature of which is kept constant either
by a gas flame regulated by a thermostat, or better, by con-
trolled electric heating (Fig. 9). Modern electric incubators
are designed to give very steady temperatures irrespective of
slight fluctuations of current.

If the electric current can be relied on to be reasonably
constant, incubators sufficiently accurate for preliminary
investigations can be made by inserting an ordinary eclectric-

F1¢. 8.—(a) Method of Inoculating the Culture Medium. (b) Fixing.

light bulb into a simple wooden box. The bulb should be
covered with black paper to prevent the bactericidal effect
of light.

After 24 hours in the incubator the Petri dish should be
examined and signs of the development of colonies will then
be probably apparent, though it is generally necessary to
allow at least 2 days to elapse before making the stab cul-
ture. Specific sub-cultures are best made when the number
of colonies on the plate does not exceed a hundred ; it is
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generally, therefore, best to make two or three plates by
transferring a loopful of the inoculated and melted medium
from the first culture to a second and similarly to a third,
plates being poured in each case. Well-defined colonies
having been obtained on a plate culture, separate colonies
can be removed by means of the platinum hook and trans-
ferred to a tube of gelatine or agar, there to develop.

For the proper carrying ou