1. Introduction

The Origin of Life

The planet earth came into being about 4.5 billion years ago with a primeval
atmosphere that was hostile to life. There were no continents as we see
them today and the earth was one mass of archipelagoes of volcanic rock.
Between the sun and the surface of the rocks, the ozone shield as we have
in the present day atmosphere was lacking in the oxygen devcid primeval
atmosphere and hence lethal U-V rays of the sun bathed the barren rocks
and left them sterile. The composition of the primeval atmosphere has
been debated but the primitive sea seems to have had plenty of dissolved
ammonia, carbon dioxide, and abundant deposits of sulphates and iron.
Prior to the origin of life, it looks as if the precursors to living single
celled microorganisms may have arisen either in a ball of ice or in a pond
or in a cauldron (hot spring). It has been conjectured that ice caps of the
ocean prevented the lethal U-V rays from entering the ocean and primitive
organic chemicals arose in pockets of water. Interplanetary debris,
hydrothermal vents and atmospheric reactions could have provided such
compounds as formaldehyde, cyanide and ammonia. These then could
have combined in water within a lattice of ice resulting in the formation
of simple amino acids like lysine. A huge meteorite impact could have
ultimately thawed the frozen world. Glaciers, volcanoes, geysers, in-
dividually or in combination with interplanetary debris may have been
collected in a pond or small body of water. This elemental water may have
concentrated on the internal surfaces of sheet-like minerals which attract
certain molecules and serve as a catalysts in the subsequent reactions. Two
aldehyde phosphate molecules may have combined to form a sugar phos-
phate and possibly ribonucleic acid (RNA). Before DNA and proteins
evolved, life may have consisted solely of RNA molecules floating in water
replicating, mutating and undergoing natural selection of their own. When
the planet earth was still sizzling, gases and vital compounds were
released from the molten magma. It is not unlikely that resting on a
stabilising surface of pyrite, carbon monoxide and a methyl group may
have combined towards the formation of activated acetic acid, a crucial
chemical for synthesising other organic compounds. Asteroids, comets,
meteorites and even specks of interplanetary dust may have helped in the
formation of a ‘primordial soup’, the organic base of life. In fact, modern
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experiments under conditions simulating the primeval atmosphere have
borne ample testimony to support the primodial soup hypothesis.

Since organic matter was virtually absent, it has been conjectured that
chemosynthetic microorganisms were the pioneer colonizers of the primi-
tive earth. Logically, sulphate reducing and iron oxidizing bacteria which
utilized the sulphate and iron deposits of the primitive sea might have
been the first organisms to get enriched and multiply. Fossil evidences
seem to support such a contention. The earliest evidence can be traced as
far back as precambrian period in what are known as ‘stromatolites’” which
can still be seen in nutrient poor environments such as Lake Clifton along
Australia’s southwestern coast. These precambrian stones have a spongy
ouier layer made of oxygen loving cyanobacterial filaments and inner layer
populated by bacteria that thrive in the absence of oxygen deriving energy
by anaerobic metabolism of iron and sulphur. Rod-shaped bacteria-like
organisms have been encountered as fossils in the border region between
the Republic of South Africa and Swaziland which date back to 3.2 billion
years. Similar bacterial deposits resembling iron bacteria have been en-
countered from the ‘Gunflint cherts’ from Ontario which are estimated to
be two billion years old. The Gunflint flora also show fossils of algae which
might have been both photosynthetic and nitrogen fixing. Thus, mineral
decomposing organisms may have given rise to photosynthetic organisms
(bacteria and algae), which in turn, provided the basic organic materials
for diverse groups of heterotrophic bacteria and filamentous fungi to grow

‘and evolve. At this juncture, the primitive atmosphere became increasingly
oxygenic due to photosynthetic microorganisms and the earth’s ozone
shield started emerging gradually. The environment thus became some-
what hospitable to more microbial life.

At first the primitive microorganisms did not multiply systematically in
the absence of mitosis or possess specialized structures such as mitochondria.
Such prokaryotic cells gave rise to eukaryotic cells (about 1.2 to 1.4 billion
years ago) which were capable of not only systematic division (mitosis)
but also possessed enzyme activity by virtue of having well-developed
mitochondria. Gradually, passive existence among microorganisms gave
rise to symbiosis between microalgae and filamentous fungi resulting in
the formation of lichens, which as we know have stood the test of time
as pioneer colonizers of rocks in the process of soil formation.

The Origin of Land Plants

The oxygen content of the universe reached a threshold in the beginning
of the Cambrian and Carboniferous periods. The first lowland plants may
have appeared about 400 million years ago in the Upper Silurian rocks.
They had rudimentary root and vascular systems. Upland plants appeared
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during the Carboniferous and the Permian periods. They were dominant
throughout the Paleozoic era and were huge in size resulting in the ac-
cumulation of biomass. The formation of soil may have occurred in the
Devonian period when microorganisms would have penetrated deeper
into soil and come in contact with deep-seated root system in the late
Carboniferous age. The upland plants began to increase in number in the
Triassic age and angiosperms (flowering plants) appeared in the
Cretaceous period (about 100 million years ago). The formation of organic
soil which began in the Jurassic age, became extensive in the Cretaceous
period together with the formation of soil profiles. With the extensive ac-
cumulation of dead plant biomass, saprophytic microorganisms flourished.
the rhizosphere and mycorrhizal relations developed and nodule-bearing
angiosperms became established side by side with the evolution of land
plants. The origin of life and the biological events which took place on
earth since its inception have been chronologically summarized in Fig. 1.

The Beginnings of Agriculture

The earliest hominids or man-like beings first appeared approximately one
million years ago and the modern species of man, Homo sapiens evolved
from his ancestors about half a million years ago. For a long time, man
lived hunting, fishing and gathering food from nature (random harvest)
until he learned the art of growing plants for food not so long ago (by
about 8000 B.C.), which marked the beginnings of agriculture. When man
wanted to produce his food intensively instead of merely collecting it from
places where it occurred naturally, he began to clear jungles, sow seeds
and raise a good harvest. Sooner or later, it was realized that the same
soil cannot endlessly sustain plant growth and good productivity. There-
fore, new areas were colonized and techniques for cultivation of plants
were gradually introduced as evidenced by the writings of ancient civiliza-
tions of Mesopotamia (about 3000 B.C.), the Nile (about 2000 B.C.), the Indus
Valley (about 1500-2000 B.C.), and of the Roman (around 700 B.C.) and the
Chinese (around 2000 B.C.) empires.

The Biosphere

The actual estimates of time in the sequence of events described above are
not important but the trend is clear enough to state that solar energy in-
itiated photosynthetic life in the primordial earth as a consequence of
which, earth’s primitive atmosphere changed into an oxygenated condi-
tion. Since then, evolution of life has progressed on divergent lines and
the elements, carbon, nitrogen, hydrogen and oxygen have undergone a
series of recycling processes through assimilation and decomposition,
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thereby creating a ‘biosphere’ wherein microorganisms, plants, animals
and man have lived in equilibrium for centuries. In recent years, attempts
have been made to estimate the amounts of carbon and nitrogen trans-
ferred within the different ecosystems of the biosphere but the figures for
the two elements in the biosphere may, however, be taken only as broad
guidelines. Nonetheless, the pathways by which the elements get trans-
ferred within different ecosystems have been clearly understood and some
of them fall in the purview of plant-soil microorganisms’ interactions.
Apart from the carbon and nitrogen transformations in the biosphere
which are of great magnitude, other elements like oxygen, hydrogen, phos-.
phorus, sulphur and iron undergo mutual transfers in the biosphere be-
tween ecosystems and some of these changes are also linked with plants
and soil microorganisms.

The Turnover of Carbon

It has been estimated that the atmosphere has about 700 billion tonnes (f)
of carbon and almost an equal quantity is locked up in the dead organic
matter on land. The living plants on land possess about 450 billion ¢t of
carbon which naturally undergoes interchange with atmospheric carbon.
Coal and oil resources, however, account for about 10,000 billion ¢ of carbon.
Carbon fixation is the pivotal event in the biosphere and other cycles
in nature depend on the extent and magnitude of this process. All or-
+ ganisms on land and sea which possess chlorophyll use solar energy to
combine COz and H;0 and form carbohydrates with the release of Oz into
the atmosphere. Part of the carbohydrate is directly consumed by plants
for energy and in the process, CO; is liberated through roots and leaves.
Some of the plant’s carbohydrates are eaten by animals which give out
CO; by respiration. Generations of plants and animals leave behind their
remains which are decomposed by microorganisms in soil and in the
process, the carbon in their tissues gets converted to CO2 (Fig. 2).

The Turnover of Nitrogen

Just as carbon is the key element for the synthesis of carbohydrates, so is
nitrogen for the synthesis of protein. The atmosphere is a vast reservoir
of nitrogen but the N of the atmosphere must necessarily combine with
Hz or Oz before it can be assimilated by higher plants. The inert atmos-
pheric nitrogen occupies approximately 75% by weight, and 78% by
volume of the atmosphere and totals 3.8 x 10" tonnes. However, the
amount of nitrogen in the biosphere is dependent on the rates of transfer
within the nitrogen cycle and can be estimated only within broad liinits.
Some authors have estimated that 400 x 10° t N/yr are transferred between
the various nitrogen pools, with losses of 215 x 10° t N/yr by denitrifica-
tion and 185 x 10° t N/yr by volatilization and combustion. Estimated
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Fig. 2 The carbon cycle in the biosphere.

returns are 200 x 106 ¢t N/yr in precipitation (mainly volatilized ammonia),
170 x 10° ¢+ N/ yr from biological fixation and 30 x 10° ¢t N/ yr from in-
dustrial fixation. These figures differ from those of others who estimate a
biological nitrogen fixation rate of 92 x 10° ¢+ N/yr. Nevertheless, these
data provide a rough estimate and point out unmistakably that nitrogen
fixed by biological means is more than three times that of industrial fixation.
Biological fixation of nitrogen takes place in root nodules of legumes
and also on land and water by means of free-living bacteria and microal-
gae. Of minor importance is the fixation of atmospheric nitrogen through
precipitation and lightning. Man has recently intervened in the nitrogen
cycle by industrial fixation of N in fertilizer factories where nitrogen and
hydrogen are combined at high temperature ‘and pressure with the help
of an inorganic catalyst to produce ammonia. Denitrification processes,
almost of equal magnitude, breakdown nitrates and return elemental
nitrogen into the atmosphere making the cycle complete (Fig. 3).
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Fig. 3 The nitrogen cycle in the biosphere.

The Beginnings of Soil Science

Much of the earlier knowledge on soil science in relation to plant growth
was either passed on by word of mouth from one generation to the other
or was written in books with loose generalizations lacking experimental
evidences. Plant nutrients were vaguely called as ‘principles’ in rain water,
in soil and in plant and animal remains until the French scientists Antoine
Lavoisier in 1794 and J.B. Boussingau't in 1834 and the German chemuist
Justus Von Liebig in 1840 attempted chemical analysis of plants and soils
and arrived at the conclusion that chemical elements in plants came from
soil and air. At Rothamsted in England, John Bennet Lawes in 1840 and
his associate J.H. Gilbert in 1842 produced superphosphate by chemical
treatment of crushed bones with sulphuric acid. The next major discovery
in the field of artificial fertilizers came from the German chemist Fritz
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Haber who synthesized ammonia during the First World War. Following
these two events, the concept of N, P20s and K20 containing fertilizers,
as we know today, came to stay. Later, carefully conducted experiments
in the present century showed the distinction between major and minor
nutrients and their significance in the physiology of plants. Concurrent
with these developments, soil was no longer considered as an inert
medium thanks to Beijerinck who isolated the nodule forming bacteria
from soil during the last century and Azotobacter during the first year of
the twentieth century. Since then, intensive research on soil microor-
ganisms has shown that soil is a dynamic medium in which plants and
microorganisms coexist and are mutually related in more than one way."

Thus, in retrospect, evolution has progressed from unicellular or-
ganisms to land plants over millions of years but strangely, even at the
present time, life exists on earth in all diversity and in all stages of develop-
ment and evolution except that man has intensively domesticated plants
and animals for food. Along this long road of evolution, ever since the
first seed of a land plant started germinating, plants must have begun to
interact passively with soil microorganisms. Since then such passive
coexistence between plants and microorganisms must have evolved on dif-
ferent lines into symbiosis and parasitism, whose manifestations could be
seen even now in the present-day biosphere. Free-living microorganisms
in soil which did not directly come into contact with plants also played
an indirect role in the well-being of plants (Tables 1 and 2).

Table 1 Major types of beneficial interactions/associations between plants and soil

microorganisms

Nature of
interactions/associations

Examples of higher plants
involved

Examples of microorganisms
involved

Rhizosphere, Rhizoplane
and phyllosphere
microflora

Ectomycorrhizae

Endomycorrhizae (AM
fungal association)

Root nodules of
nodulating legumes

Root nodules of plants
other than legumes

Leaf nodules

Algal associations with
higher plants

Associative symbiosis

All plants with roots and
leaves

Forest trees—Pinus

Certain orchids, cereals,
grasses and legumes

Soybean, gram, lucerne etc.
Alnus, Myrica, Casuarina

Psychotria, Pavetta

Cycas, Zamia, Heterozamia,
Gunnera scabra, Azolla

Grasses, sorghum and millets

Bacteria, fungi and
actinomycetes

Mostly basidiomycetous
fungi—Boletus, Lactarius,
Armillaria

Rhizoctonia, Endogone and
Glomus

Rhizobium spp.

Actinomycetous
endophytes (Frankia)

Klebsiella
Anabaena, Nostoc

Azospirillum
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Table 2 Major microbiological processes in soil by free-living microorganisms which
indirectly influence plant growth

Nature of microbial processes Examples of microorganisms involved

Aerobic decomposition of organic Trichoderma, Fomes, Armillaria, Achromobacter,

matter (cellulose, lignin, chitin etc.) Nocardia, Streptomyces

Anaerobic decomposition of organic Clostridium, methane bacteria (Methanobacter

matter and Methanococcus)

Non-symbiotic nitrogen fixation Anabaena, Azotobacter, Beijerinckia

Nitrogen immobilization Bacteria, fungi and actinomycetes

Nitrogen mineralization Pseudomonas, Bacillus, Serratia

Nitrification Nitrosomonas, Nitrobacter

Denitrification Pseudomonas, Achromobacter

Phosphate solubilization Pseudomonas, Bacillus, Aspergillus

Sulphur transformations Thiobacillus, Beggiatoa, Desulfovibrio

Iron transformations Gallionella, Ferribacterium, Leptothrix

Manganese transformations Aerobacter, Corynebacterium, Flavobacterium,
Cladosporium

Copper transformations Desulfovibrio, Clostridium, Escherichia
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