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FOREWORD

During its life in the soil, a plant root is associated with a mynad of soil
microorganisms. These associations are quahtatlvely and quantitatively
dynamic.

Non-pathogenic microorganisms associated with roots are known to affect
plant growth, their effect being either detrimental or beneficial. The magni-

. tude of microbial activity depends not only on the partners (plant and root
microorganisms) but also on the environmental (climatic and edaphic) con-
ditions. Thus the study of the interactions between soil microorganisms and
plants should not be restricted to the soil compartment but should be
considered within the framework of the whole soil—plant—atmosphere sys-
tem. This book is an attempt to bring together all these different aspects of
the science. The contributors come from different fields of research: plant
physiology and anatomy, microbiology, soil science, general ecology and
agronomy. The contributions vary in detail and presentation, but the scope
is always that of presenting an overall summary of our current knowledge,
together with general concepts and ideas of the individual contributors.

We hope that this book will serve as a useful focal point for further studies
on the interactions between plants and soil microorganisms, thus providing
an impetus for the development of agricultural practices which could main-
tain or expand-the potential for food production while avoiding anthropo-
genic pollution of agrosystems and waste of energy resources.

Y. R. DOMMERGUES
S. V. KRUPA

CNRS and ORSTOM, Dakar, Senegal, and
Department of Plant Pathology,
University of Minnesota, U.S.A.

October, 1977



CONTENTS

List of contributors . . . .. .. e e e e e e
Foreword .......... ...t it i i i

Chapter 1. The Plant—Microorganism System, by Y. R. Dommergues . . .. ... ...

L INtrodUCHIOR . . .. i e e e e e

1.1. The plant—microorganismsystem . ...............00ouovvo...
1.2. The plant—microorganism system as a compartment of the soil—plant—

atmogpheresystem . ... .. ... ... ...t e e

1.3. Biological equilibrium of the plant—microorganism system . .........

2. Interrelations between plant roots and microorganisms'. . . . .. ..........

2.1. The different plant—microorganism systems ................... :

2.2. Types of interaction involved in the different systems . ............
2.3. Prerequisites for the establishment of plant—microorganism systems

3. Influence of environmental factors on the plant—microorganism systems cee
31.Generalremarks ... ................... ...l
32.8nilfactors . ......... ... .. .
3.3.Climaticfactors ...................... E
3.4. Extrinsic bioticfactors ... ....... ... ... .. .. .. .. . ... ... ..

4. References . . .. ... . e e e e e e

Chapter 2. Growth and Structure of Roots, by F.M. Scott . ... .............
L.Intraduction ............ .. . . ... ...,

2. Techniquesof observation . ....................... ... . ....
2.1.Freshmaterial ... ........ ... ... ... i .

2.3. Ultrasonic fragmentation . . ... ..............0uuu'nno. ..
2.4. Electron microscopy . ........ e e e e e e e e e

4.2. Waterroots . .......... R e e e
4.3. Adventitiousroots . ........................ e s
44.Proproots . . ..... e e e e ettt e et e e e
4.5.CHmbIngroots . . .. ... ... .. e e
4.6.Storageroots . ............. e e e e

. Germination. ......... e e et e e e e L.
. Structure of the cell wall ... .. e e i ettt e e
. Growth of a typicalroot. . ................... e e e e e
TA RootCap . . ..t e e,
7.2.Apicalmeristem . ... .......... .. ...
73.Roothairzone .. ............. 0.0 il .. e e e e e
T4.Matureregion .. ..............c.0.0 it
8. Tissuesof theroot . . . ............ [
8.1.Primarygrowth . ............... ... .,
.8.2. Secondary thickening . ................ ... ... ...,

9. 8tOrage root . . . ..

Mo



12. Root-microbial interactions -, . . ................ ... ....... P 55

12.1. Rootnodules . . . ... ...ttt e oo enens e e e 65
12.2. Mycorrhiza ... ...... ... .0ttt ittt 65
123.Rhizomorphs . . ... ........... i, B6
13. References and furtherreading. . ... ... .. .. ... vt ernnnn 66
Chapter 3. The Physiology of Roots, by H. E. Street, M. C. Elliott and M. W. Fowler 69 .
LoIntroduction .. .... ... .. ..t iiinnnennennveeeeenn 69
1.1, The basic physiology of L 69
1.2. The relationship of physiology toanatomy ................... .12
1.3. The shoot/root relationship and its expenmental modification ....... 74
2. Basicrootmetabolism .. .........c0 ittt i e e 75
2.1. Carbohydrate metabolism: respiratory pathways and their intracellular
location ... ... .. it et e e e 75
2.2. Nitrogen metabolism: assimilation of nitrogen sources, amino acid and
protein biosynthesis . ............... ... ... ... ... ....... 80
2.3. Nucleicacidmetabolism ................................ 86
2.4, Lipidmetabolism . ... ... e 87
3. Biochemical interactionsinroots . .................. e e e 87
4. Biochemistry of root differentiation ........ e e e 89
4.1. Gradients in the content of cellular components . . . .............. - 89
4.2, Changes in metabolic patterns durmg differentiation . ............ o9
5. The nature and source of the natural regulators of root growth ......... . 95
51.Rootauxins. .............. et e ittt e . 9b
5.2.Gibberelling . . . .. ... ... . it e e e 98
5.3.Cytokining . ... .....0iiet ittt e i e e t.... 99
5.4.Othernaturalregulators . . . .. .....................c0 ..., 100
6. Hormonal control of root growth and differentiation .. ... ... . e e 101
6.1, Controlofcelldivinonattherootapex T S X 13 1
6.2. Control of cell expansion and differentiation . . ......... ... ..., 103
6.3. Initiation of lateralroots ............. . ... ... ... ... 109
7. Hormonal control of root tropisms . . . ... .. ..................... 109
8. Genetic modifications of root physiology . ...................cc0.. 112
O References . . .. ... ...ttt e e e e 114
Chapter 4. Nutrient Uptake, by D. A.Barber . . ... .. ................... 131
Lintroduction ........... ...t ittt inenennenss 131
2.8olutionculture ... .. ... i e e e e 133
2.1. The culture of plants under aseptic conditions . ................. 133
2.2. Absorption of phosphate . . . . . R e .. 134
2.3. Absorption of other macro-nutrientelements . . . ................ 139
2.4. Absorptionof traceelements. . . . . ... ... ........ .. ... .. ..., 141
B 80l L e e e e e e 144
31 Phosphorus ..................... e e e e e 144
3.2. Traceelements . . . ...........c. .0t tinnnenmenns 148
3.3. Major nutrientcations . . ... .............. ... .. ..., 150
4. Possible mechanisms of the microbial effects. . . .................... 1563
5.Conclusions .. ......... ... ... 0.t i e 166
6. References . . .. ............... e e i e e e 156
Chapter 5. Root Exudates and Exudation, by M. G. Hale, L. D. Moore and
G JGriffin. . ....vi ittt i e R IPE 163

1. History and introduction. . .. .. .......0 vt 163



1.1. What are exudates? . ... ........cvv vt umeennnnnnennens 163
1.2. What are the roles of exudates? ... .. F 164
1.8.Evolutionofconcepts . .. ... ... ..ttt tonnennnenns 165
. The physiology of exudation . . . ............. ... ... ........ 165
2.1. Sources of naturally occurringexudates . ..................... 165
2.2. Mechanisms ofexudation . . . .. ........... .0t enn.. 172 -
2.3, Plant factors affectingexudation . . .. ..................... .. 176
. Environmental factors affecting root exudation . ............... w... 181
3.1. Effects of light intensity and temperature . .................... 182
3.2. Effects of soil pH and CO, concentration ... ................. . 183
3.3. Soil solution salt and ionic concentration ......... PN 184
3.4. Soil moistureand moisturestress . . . ............... ... ...... 184
3.5.0xygenconcentration . . ... ... ... ...ttt e 185
. Evaluation of methods of investigation . ......................... 187
4.1: Theuse of ISOtOPES . . . . .. . . ¢t v it i ittt it intee e ieienee s 187
4.2. Foliar application of chemicals ....,........ ® ... .... 188
43.Gnotobiotics . ... ... ... e e e e e 189
4.4, Quantificationofexudation . ...................... ... .... 189
4.5. Insituvs. model systems . .. ..........c.0tittrtn 191
46.Biocassaymethods . . ............. ...t 192
.Summaryandconclusions . . ... ... ..... .. .. .. i 196
CReferences . . . ... ... L e e e e 197

Chapter 6. Energy Flow in the Plant—Microorganism System, by F. R. Warembourg

andR.A. A Morrall . . .. ... ... ... .. .. 205
LIntroduction .. ... ... ... ... . 00ttt 205
2. Carbon gain: photosynthesis and net production . . . ... .............. 206

2.1, Pathwaysof CO, fixation ...................c........ -~ .. 206
2.2. Physical environmental effects on photosynthesis . . . ............. 207
23;Plantpathogens . ............................ e 208
24.Internal factors . ... ..... ... ... ... e 209
2.5. Net production in diverse groupsof plants . . ... ................ 209

3. Distributionofgarbon . .. ... ........ ... . ... 211
3.1. Translocationtotheroots . ............... .00 vreun.. 212

" 3.2. Fate of carbon translocated totheroots . ..................... 216
3.3. Carbon allocation to root-associated microorganisms . . . .. ......... 223
4.Carbonturnover ..................... I e e 230
5. Modelling the carbon flow in the plant—microorganism system ... ... ... 232
6. References . . . . ....... it e e e e, 235
Chapter 7. The Rhizosphere, by J. Balandreau and R. Knowles . ........... 243
l.Introduction .. ....... ... ... . .. .. . it 243
2.Somestructural aspects . ... ... .. ... . e e 243
21, Mucigel . . ............... B e 243
2.2, Bareepidermis . . . ................ ... ...... e 249
2.3.Endorhizosphere . ........... ... . ... .. . . 249
2.4.Rhizospheresoil . .. ... ... ... ... . e 250
3.Somemetabolicaspects . ............ ... ... 262
3.1.Introductoryremarks ................... . ... ... ..., 252
3.2. Nitrogen fixation . ................. .. 0. .... Y. 253
3.3. Denitrification .. .. ... ... ... ... . .. . . . ..., 259



3.5.Methane production . .. ... .....civurrurrernrnnnnnnn... 262

4. 8permosphere . . .. ... ... e e i e e e 263
5.Concludingremarks . . ... ... ... ... ..t e 264
6.References . . ................. e e e e e e e 264
Chapter 8. Legume Symbiosis . . .. ........... N 269
Chapter 8A. Ecology of the Legume Root Nodule Bacteria, by E. L, Schmidt. . ... 269
L.Introduction . ... ....... ..ttt etemennnnnnenenenns 269
2. Techniques for ecological study of rhizobia . . ..................... 270
2.1. Soil dilutionplating . ................... JR 270
2.2. Plant-dilution (plant infection) techniques. . ......... e e 271
2.3. Immunological approaches . . ................ .. . . it 273
2.4. Mutant markersand phagetyping . . ... ........ . ... ... .. . ... 277
3. Rhizobia and soil physical—chemical features . . .................... 278
3.1. Temperature ........... e et ettt e 278
32.Moisture . .................... e e e et e ... 279
33.8oilpH . ......... ... i, P e e 280
3.4.Carbonandenergy basesinsoil . ........................... 281
35 Nitrogen . ................. e e et e e 283
3.6. Soil management .......... e et et e e 284
4. Rhizobia and soil biological features . . .. ... ...... P sse.. 284
4.1. Microbial interactions . ............ e e e e e e 2856
4.2. Bacteriophage and bacteriocins . .. .......... e e e 286
4.3. Persistence of thizobiainsoils . . . . .. ... ...... . ... ... ..... 287
5. Rhizobia in therhizosphere . . . .. .. .. ... ... ... .. .. 289
: 5.1. Occurrence of rhizobia intherootzone ...................... 289
5.2. Mobility of rhizobia in the rhizosphere . . ... .......... e 292
5.3. Rhizobium/host root specificrecognition . .................... 293
5.4.Competition . ........... ... 0.t e e .. 297
6. Analysisand projection .. ... .... .. ... ... e, 298
7. References ............................................. 300
Chapter 8B. Physiology of Legume Symbxoszs by F. J. Bergersen. . ... A 305
LoIntroduction .. .. ... ... i i e i e e e e e 3056
2. Infectionof legumeroots . ... ........ ... .ot 306
2.1. Rhizobia in the rhizosphere ....................... PUP N 306
2.2. Patterns of susceptibility to infection . . ... .. .. e s e e e e e 307
2.3.Infectionthreads .. .............. ... ... 308
3. Structure of nodules and their development . ... ................... 310
3.1. Initial noduledevelopment . . .. ............ ... ... . ... .... 310
3.2. Grossmorphologyofnodules . ............................ 311
3.3. Structural features related to function .................. N 312
4. Physiology and biochemistry of N, fixation . . ... .............. .... 818
4.1. Studies with intact nodulated plants . . . . . . e e we... 318
4.2. Physiological features of N, fixation . ................... .... 320
4.3. Pathways of metabolism in N, -fixing nodules —asummary ......... 326 ..
5. References .............................................. 326
Ckapter 9. Root Nodule Symbioses in Non-Legummous N, -Fixing Plants, by
A.D.L. Akkermans ..................... e e 335
1. Introductlon ........................................... 3356



2.1. Occurrence of root nodules . ............. e et 336

2.2. Initiation and developmentofnodules . ...................... 337
2.3. Differentiation of theendophyte . . . . ... .................... 340
2.4. Growth and distribution of theendophyte ... ................. 343
2.5. Factors affectingnodulation . . . ............................ 347
2.6. Host-strain specificity and classification of the endophytes . . .. ... ... 350
2.7. Physiology of N, BXALION . .ottt e 351

3. Rhizobium symbiosis in nondeguminousplants . . .. ................. 360
3.1. Occurrenceofnodules . . . . ... ... .. ... ... .. ... ... ... ..... 360
3.2. Structure and functionofnodules . .. ....................... 361

4. Blue-green algae symbioses in gymnospermnodules . . . . .. ............ 362
4.1.Occurrenceof nodules . . . . ... ... ... ittt rnrnn.. 362
4.2. Development and structure of nodules . ... ... .. e e 362
4.3. Physiology of N, fixation . .............................. 363
5.Ackmowledgments . . . ........ ... ... . .. .. ., 366
B.References . . .. ...t e e e e 366
Chapter 10. Mycorrhizae ............ e e e e e e e e 373
Chapter 10A. Ectomycorrhizae, by D. H, Marx and S V. Krupa ............. 373
l.Introduction ........... . ... .. ... . . . 373
2. External and internal characteristics of ectomycorrhizae . . .. ........... 374
_3. Taxonomy and physiology of ectomycorrhizal fungi ................. 375
4. Interactions between fungal symbionts and treehosts . . .......... .. .. 378
5. Factors affecting ectomycorrhizal development .. ... ............... 380
6. Ectomycorrhizae as deterrents to feeder root pathogens . . ............. 381
7. Ectomycorrhizae and afforestation practices ......... e e e 386
8. Ectomycorrhizae and reclamation of adversesites . ., ... ............. 387
9. Ectomycorrhizae and reforestation practices . ..................... 391
10.Conclusion . . . .. .. ... 394
T1. References . . ... .. ooveu ittt 395
Chapter 10B. Endomycorrhizae,by D. S. Hayman .............0........ 401
LiIntroduction ....... ... ... . ... . . .. . 401
2._Ericaleanmycorrhiza............................., ........ 403
2.1.0ccurrence . ... ... .. e 403
2.2. The fungalendophytes .................. ... 000 0. .. ... 403
2.3. The infection: structure, factors influencingit ........... . PR 405
2.4. Host—endophyte interactions and physiology .................. 406
2.5. Interactions with other microorganisms ... .. ................. 407
26.Conclusions . . .. ... L 408

3. Vesicular—arbuscularmycorrhiza . . ... ......................... 408
3.1. Occurrence: host plants and habitats . ................ Pre e 408
3.2. The fungalendophytes ..................... 000 .. .. . 410
3.3. Theinfection: structure . ... .. ............00uvumunnon. .. 413
3.4. The infection: factors mﬂuencmg 1 414
3.5. Resting spores: production and distribution . . . .. ............... 415
3.6. Host—endophyte interactions and physxology .................. 416
3.7. Interactions with other microorganisms . ..................... 421
3.8. Practical considerations and conclusions . ..................... 423

4. Orchidaceousmycorrhiza .. .......... ... ... .. ... ... ... .. 424

4.1.0ccurrence ............0uttt e e e e e 424 .



4.3.Theinfection . .. .................. e e e e e e
4.4, Host—endophyte interactions and physiology . .................
45 .Conclusions . . .............. T T
. The significance of endomycorrhiza . ......... f et e e
.Acknowledgements . . ... .. ... L e e e

@AM

. Referencesaddedinproof ............... ... ... ... L

Chapter 11. Impact on Soil Management and Plant Growth, by Y. R. Dommergues
LIntroduction .. ... ... ... ... ...ttt tnnnennnneeneennn

2. Utilization of chemiecals . .................... PN
2.1. Effect of conventional chemicals on plant—microorganism systems .
2.2. New forms of chemical fertilizers. . . .. ... ...................
3. Utilization of physical practices . . . . ... ... .. ...t rennn.enn
3.1. Indirect manipulation by methods controlling climatic factors .......
3.2. Indirect manipulation by methods controlling physical edaphic factors . .
4. Altering the rhizosphere microflora by inoculation ..................
5. Genetic manipulation of microorganisms; plant genetics and plant breeding . .
5.1. Genetic manipulation of microorganisms . . . ................ e
5.2. Plant geneticsand plantbreeding . . . ... .....................
6. References . . .. ... ... . . . ... e

Subjéctindex.................. R et e et e e

CReferences . . ... L. L e e e it e e e ;



Chapter 1

THE PLANT—MICROORGANISM SYSTEM

Y. R. DOMMERGUES

1. INTRODUCTION

““A distinction needs to be made between the knowledge obtained from impressive
laboratory studies on an isolated culture of bacteria taken from the soil, and bacterial
activities as they involve processes occurring under natural conditions; much more is
known of the former than the latter at present.”” (Doetsch and Cook, 1973)

1.1 The plant—microorganism system

The high complexity of interactions between plants and microorganisms
prompts plant physiologists and microbiologists to use simple models,
namely sterile or sub-sterile hydroponic plant cultures, or pure cultures of
microorganisms. Such investigations were and are still very productive, but
they tend to mask the role of interactions that are the rule in nature.
Actually plant roots growing in soil are never sterile, but always surrounded
or invaded by lirge numbers of microorganisms with potentially intense
activity. Thus, plant scientists should not overlook the effect on the
metabolism of the plant of microorganisms associated with plant roots. On
the other hand microbial populations associated with plant roots cannot be
studied independently from the plant. It then follows that root microbial
populations must be viewed as an integral part of a system or association
which can be termed the plant—microorganism system. Such a concept has
been widely used when dealing with the different categories of associations
(root-nodule symbioses with Rhizobium, root-nodule symbioses with actino-
mycete-like organisms, ecto- and endomycorrhizae, rhizosphere systems,
root-pathogen complexes, etc.).

1.2, The plant—microorganism system as a compartment of the soil—plant—
atmosphl¥re system

In spite of its advantages, the concept of plant—microorganism system
may appear to be inadequate in some circumstances, in that it is restricted to
the study of interactions between the plant and the associated soil
microorganisms, thus overlooking the influence of the soil environment and
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the atmospheric parameters upon these interactions. Hence it may be
appropriate to consider the plant—microorganism system as a compartment
of the whole soil—plant—atmosphere system, a sub-unit of the ecosystem.

According to Tansley’s definition (1935), the term ecosystem is used to
describe ‘“‘a system resulting from the integration of all living and non-living
factors of the environment” (Fig. 1)) To many authors, this term refers to
a particular biological entity, a unit of landscape or a limited universe; for
others the term ecosystem refers to a concept, the emphasis being put upon
the interactions between biotic and abiotic components. Although Tansley’s
definition does not imply any lower limit for a given biological entity, the
term “‘ecosystem’ is not applied to simpler complexes such as the soil—plant—
atmosphere usually designated as a system. This system is actually a subunit
of an ecosystem, and one must consider the interactions between its
different biotic and abiotic components.

CLIMATE

ANIMALS S——=" PLANTS %
{INCLUDING MAN)

Fig. 1. Interactions among the different components of ah ecosystem (Van Dyne, 1969).

The concept of the soil—plant—atmosphere system is not new. As early as
1928, Gradman used it when studying the flow of water through this system
(Kramer, 1973). Gradually our knowledge of the functioning of the
soil—plant—atmosphere system appeared to increase the understanding of -
how plants grow. On the other hand the concept of the plant— -
microorganism system presented in the first paragraph of this chapter
emerged at the beginning of this century. Surprisingly, the concept of
soil—plant—atmosphere and the plant—microorganism concept have been
and are still referred to separately. This is indeed unfortunate since the
microbial associations of plant roots make up a unique complex which must
be considered as a compartment of the soil-plant—atmosphere system. This
latter concept will prove to be most useful for the understanding of the
* interrelations between the plant and the soil microorganisms ranging from
neutralism to various degrees of symbiosis and parasitism.

If the association between plants and soil microorganisms is assumed to be
a component of the soil—plant—atmosphere system, the role of the physical
and chemical environments, as far as these interactions are concerned, can be
more easily explained. The factors affecting the activity of root micro-
organisms are shown diagrammatically in Fig. 2. Two categories of factors



CLIMATIC FACTORS
(operating indirectly through the plant)

. RELATIVE TEMPERATURE ;IGHT CO, CONCENTRATION

HUMIDITY, /

N\

WATER CONTENT  TEMPERATURE NUTRIENTS PHYTOTOXIC'
AND COMPOUNDS

OXYGEN CONCENTRATION
N /

w
SOIL FACTORS
(operating directly,or indirectly through the piont) °

Fig. 2. Climatic and soil factors affecting activity of the root microorganisms.

are involved. (1) climatic factors such as light, which have often been
overlooked by soil microbiologists, (2) soil factors, which can be divided into
factors operating directly upon the microorganisms and factors ;operating
indirectly through the plant.

Among the different climatic factors, light is probably of paramount
importance. This parameter is known to affect the composition of the
rhizosphere population (Rovira, 1965), but its influence on the activity of

microorganisms associated with the roots has not received enough attention.

However, our knowledge concerning this specific problem is progressively

improving (p. 28). On the other hand, direct influence of soil factors is well

known: a simple example is that of the repression of nitrogenase synthesis in
N, -fixing bacteria when soil ammonium content exceeds a critical threshold.

Indirect influence has less frequently been studied, although it is of

consequence in many instances. Thus the number of bacteria living in the
rhizosphere of Phaseolus vulgaris well supplied with potassium was only 65
percent of that of plants grown in a low potassium medium. The reason for
this depressive effect of high potassium level is that plants well supplied with
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potassium .released through exudation only half the amount of organic

in detail on p. 181.
1.3. Biological equilibrium of the plant—microorganism system

Many ecosystems are characterized by a steady state balance, an
equilibrium which is maintained by homeostatic mechanisms (Odum, 1971).
The plant—microorganism system behaves roughly in the same way;
nevertheless, microbial populations in this system do not exhibit a perfectly
stable equilibrium, but rather an ever fluctuating one. The related fluctua-
tions are either short-term ones, such as fluctuations induced by exudation
rhythms, or long-term and more progressive fluctuations such as those linked
to the plant growth cycle. As long as environmental conditions remain fairly
constant, the aforementioned fluctuations are maintained within certain
limits.

This equilibrium of the plant—microorganism system can be upset by
different types of stresses, such as chemical or heat treatments, drought,
irrigation or drainage, addition of organic matter, etc. The degree of stress
required to upset the equilibrium varies according to the level of buffering of
the plant—microorganism complex. Some systems are well buffered, such as
those met with in plants growing in soils with high organic content harboring
a host of saprophytic microorganisms. Others are poorly buffered, such as
situations in plants growing in sandy soils. In well buffered systems a drastic
shock is necessary to modify the structure of the microbial population:
in the first step autochthonous microorganisms must be eliminated by heat
or fumigation; in the second step alien microorganisms are introduced. This
procedure has been successfully used for inoculating Pinus radiata with the
mycorrhizal fungi Rhizopogon luteus and Boletus granulatus into nursery
‘soils partially sterilized with methyl bromide. However, in some instances
successful superimposition of selected mycorrhizal fungi on an existing
microflora has also been reported (Theodorou and Bowen, 1973). This
success is presumably attributable to the absence or at least the low density
of competitive or antagonistic organisms. ‘

2. INTERRELATIONS BETWEEN PLANT ROOTS AND MICROORGANISMS
2.1. The different plant—microorganism systems

Microorganisms are associated either with the aerial parts (e.g. phyllo-
sphere) or with the underground parts. Only systems related to the
underground parts will be dealt with here. These systems can be subdivided
into different groups on the basis of the type of function of microorganisms
involved or the type of existing structure.



2.1.1. Nodule symbiosis between roots and Rhizobium

Legume root nodules may vary markedly in structure, but usually four
main regions can be recognized.

(1) Nodule cortex. This outer cortical zone is composed of 4—10 layers
of undifferentiated, uninfected parenchymatous cells. Peripheral cells are
often suberized and thickened in perennial nodules.

(2) Meristematic region. This growing region provides specialized nodule
tissue. The shape and size of the nodule varies, depending on the
characteristics of the meristem.

(3) The vascular tissue, which is connected with the root vascular system,
is internal to the cortex.

(4) The central infected zone, which is separated from the vascular tissue
by several layers of parenchymatous cells. This region is composed of
swollen cells infected by the Rhizobium (bacteroids) and contains
leghaemoglobin. In some cases, this zone may be composed of both infected
and uninfected cells.

2.1. 2 Nodule symbiosis between roots and actinomycete-like

microorganisms

Alnus nodules exhibit the followmg structure:

(1) An enlarged outer cortical region composed of mfected cells dispersed
among the uninfected.

(2) An uninfected apical meristem, the growing region.

(3) A stele surrounded by an endodermis.

The nodule endophyte shows three different forms: (1) branched or
unbranched hyphae, (2) septate vesicles developed at the hyphal tips; and
(3) bacteria-like cells (Lalonde and Fortin, 1973). 3

2,18 Ectomycorrhzzae

The structure of ectomycorrhizae varies dependmg on the plant species
and the associated mycorrhizal fungus. However, it is possible to give a
general picture of the ectomycorrhizal structure. The arrangement of thls
system is as follows:

(1) The fungus sheath or mantle, surrounding the feeder or young root
tip.

(2) The Hartig net or intercellular network of fungal hyphae in the host
cortex.

(3) Strands of hyphae and rhizomorphs growing from the sheath into the
soil.

(4) Free living microorganisms (bacteria or fungi) thriving in or on the
fungal sheath and forming the ectomycorrhizosphere (Bowen, 1973).

2.1.4. Endomycorrhizae
Among the different categories of endomvcorrhxzae, vesicular-arbuscular -
mycorrhizae (VA) are of paramount importance. In contrast to the
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ectomycorrhizal infection, VA mycorrhizal infection results in very little
change in the external morphology of the root. VA mycorrhizal assoclatlons
exhibit the following structure:

(1). Extramatrical mycelium .formed by different degrees of hyphal
growth on the roots. Fruit bodies amd spores are found on the extramatrical
mycelium,

(2) Epidermal and cortical zones of the root dre invaded by internal
hyphae which are inter- and/or intracellular, depending on the host species.
Within the host cells the internal hyphae produce repeated branches termed
arbuscules, similar to the haustoria of pathogenic fungi. The tips of hyphae
often end in sac-like swellings called vesicles which. are either inter- or
intracellular. .

2.1.5. Symbioses between roots and algae

The roots of many genera of the gymnosperm family Cycadaceae (e.g.
Cycas, Macrozamia) form N,-fixing nodules when they are infected by
blue-green algae of the genera Anabaena or Nostoc. The structure of these
nodules is different from that induced by actinomycete-like endophytes.
According to Becking (1974), it comprises:

(1) An outer secondary cortex derived from a terminal meristem.

(2) An infected zone, filled with bluegreen algae, developed from the
protoderm (layer of cells analogous to the epidermis of uninfected roots).

2.1.6. Rhizosphere systems

In spite of the looseness and instability of this association and the
variations occurring in the composition of the microbial populations, certain
generalizations are possible. Typically the rhizosphere can be d1v1ded into
three areas:

(1) The rhizosphere sensu stricto (= outer rhlzosphere) comprising the
region of the soil immediately surrounding the plant roots and the m1crob1a1
populations inhabiting this.

(2) The rhizosplane (= root surface) formed by the root surface and the
microorganisms living-orr it (Clark, 1949).

(3) The endorhizosphere (= inner rhizosphere) formed by the root
cortical tissue invaded and colonized by saprophytic soil microorganisms
(non-pathogenic host infection).

“To some degree these three areas should be regarded as a single microbial
milieu with no sharp demarcations between them” (Old and Nicolson,
1975). -

2.1.7. Root—pathogen complexes

Pathogenic soil microorganisms that invade plant roots and grow in their
tissues are mostly fungi. Some of them are almost completely confined to
the host tissues during the active phases of their lives, while others can grow



