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MYCORRHIZAS FOR FORESTRY AND AGRICULTURE Chapter I Introduction 

Terminology: 
A. Cell components 
Plasma membrane, Plasmalemma - the outer membrane of plant cells. 
Cytoplasm - the zone inside the plasmalemma of cells where most metabolic activity occurs. 
Plastid - a cytoplasmic organelle with a double membrane. involved in photosynthesis (chloroplast). 
starch storage (amyloplast). or pigment synthesis (chromoplast) (Esau 1977). 
Organelle - distinct bodies in the cytoplasm such as mitochondria and ribosomes. 
Plasmodesmata - microscopic channels which cross the walls of adjacent plant cells to form a 
cytoplasmic continuum known as the symplast 
Vacuole - one or more spaces inside a plant cell. which contains water and stored substances that are 
bounded by a membrane called the tonoplast 
Crystals, secondary metabolites - Specialised root cells may contain crystals. mucilages. or other 
substances in their vacuoles that help to protect the root from predation. 
B. Cell wall components 
Cell wall - located outside the plasmalemma and primarily made of structural carbohydrates such as 
cellulose. The cell wall space inside plants is collectively known as the apoplast. Cell walls provide 
mechanical support and apoplastic transport. They often contain secondary metabolites such as tannins 
(phenolic pigments). suberin or lignin. 
Middle lamella - a wall zone rich in the carbohydrate pectin connecting adjacent cells. 
Suberin - a hydrophobic material. contain ing lipids and phenolics. which impregnates the cell wall of 
specialised cells and is thought to prevent the passage of water. and other materials, in the apoplast. 
Suberin lamellae - concentric layers of suberin deposited on the inner surface of cell walls and 
cons idered to function as barriers to microbial and solute penetration. 
Casparian band - suberin deposited in a radial band in the walls of epidermal and exodermal cells and 
thought to provide a barrier to apoplastic solute transport (Esau 1977. Clarkson & Robards 1975, Peterson 
1988). 
Lignin - phenolic compounds used to impregnate cell walls, which are often conSiderably thickened to 
strengthen plant organs. Xylem cells and fibres are typically lignified. but other cells in the stele or cortex 
can have lignified walls. 
Phi thickenings - localised deposits of lignified wall material which form a thickened ring in cortical or 
hypodermal cell walls (von Guttenberg 1968). 

Figure 1.3. Microscope photographs of root hand seaions, using different staining and microscopy procedures (see Chapter 4), 
to illustrate structural and developmental features . 

A, C, E. Cross-sections with a stain for suberin and lignin (berberine/aniline blue) and viewed with fluorescence microscopy. 
B, D, F. Cross-seaions with a stain for lipids and suberin lamellae (fluorol) and viewed with fluorescence microscopy. 
G, H. Polarised light microscopy of root cross-seaions. 
A. Cross-section of an Allium cepa root showing exodermal (Ex) and epidermal (Ep) cells. Exodermal cells have Casparian 

bands (arrows) and suberin lamellae (blue) . 
B. Fraxi nus root showing intense yellow fluorescence of suberin lamellae in the endodermis (EN) and exodermis (EX) and 

lipids in VAM fungus hyphae in the cortex (arrows). Xylem cells (X) are also revealed by blue autofluorescence. 
C. Cross-section of a cedar (Thuja occidentalis) root with many phi thickenings (arrows) in cortex cell walls. Endodermal 

(EN), xylem (X) and phloem (P) cells are also visible 
D. Close-up of a Fraxinus root (see B) showing an unsuberized passage cell in the exodermis (arrow) . 
E. Longitudinal seaion of a sugar maple (Acer saccharum) root showing constriaions (beads) caused by root cap 

metacutinization (arrows) when roots resume growth. 
F. Fluorescent staining of suberized periderm (bark) cells (B) encasing a Quercus root after secondary growth. Blue 

autofluorescence of lignified xylem (X) and phloem fib re (F) cells is also visible. 
G. Strong refringence of thick cell walls of xylem (X) and phloem fibre (F) cells in a Juglans nigra secondary root. 
H. Refringence of crystals (probably calcium oxalate) in a Juglans nigra primary root (arrow). 
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COMPONENTS OF ECTOMYCORRHIZAL ASSOCIATIONS 
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Figure 1.4. Principal components of eaomycorrhizal associations. A diagrammatic representation showing an eaomycorrhizal 
plant and associated fungal struaures including propagu/es which can be used as inoculum forms. 
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1.3. ECTOMYCORRHIZAL 
ASSOCIATIONS 

Ectomycorrhizal associations (often abbreviated as EC M in this 
book) are mutualistic associations between higher fungi (Chapter 
2) and Gymnosperm or Angiosperm plants belo nging to certain 
families (Table 1.5) . Ectomycorrhizal associations consist of a soil 
mycelium system, lin king mycorrhizal roots and storage or 
reproductive structures (Fig. 1.4). Ectomycorrhizal roots (which 
have also been called ectotro phic associations or sheathing 
mycorrhizas) are characterised by t he presence of a mantle and 
Hartig net (Figs 1.5, 1.6), but both these structures may not be 
well developed (see Section 1.6) . Detailed descriptions of ECM 
root morphology have been published elsewhere (e.g. Harley & 
Smith 1983, Kottke & Oberwinkler 1986, Massicotte et al. 1987). 

Trees with ECM associations are dominant in coniferous forests , 
in cold boreal or alpine regions, and many of the broad-leaved 
forests in temperate or mediterranean regions, but they also 
occur in some tropical or subtropical savanna or rain forests 
habitats (Brundrett 1991). The majority of ECM hosts are trees, 
or shrubs (Table 1.5), but associations are formed by a few 
herbaceous plants, including Kobresia (Cyperaceae) and Polygonum 

(Polygalaceae) species found in alpine/arctic regions (Kohn & 
Stasovski 1990). Some Australian herbaceous plants in the families 
Goodeniaceae, Aste raceae, Euphorbiaceae, and Stylidiaceae have 
also been reported to fo rm ECM , at least in certain 
circumstances (Kope & Warcup 1986). 

Ectomycorrhizal associations are formed predominantly on the 
fine root tips of the host, which are unevenly distributed 
throughout the soil profile, being more abundant in topsoil layers 
containing humus than in underlying layers of mineral soil (Meyer 
1973, Harvey et al. 1976). There is little information on the 
biomass of mycorrhizas throughout the soil profile. However, 
Marks et al. (1968), Vogt et al. (1981), Hunt & Fogel (1983) and 
Malajczuk & Grove (unpublished) suggest that ECM fungi can 
make a significant contribution to the biomass of forest 
ecosystems. The hyphae of mycorrhizal fungi are widely 
distributed through the soil , and must make a large contribution 
to nutrient uptake and cycling in many forest ecosystems. 

A. Development 
Ectomycorrhizal structures develop as a function of genetic 
interactions between the particular fungus and host plant, and 
result from synchronised root growth and fungal differentiation. 
Most plants with ECM have roots with a modified lateral root 
branching pattern. This pattern, which is called heterorhizy, 
consists of short mycorrhizallateral roots (called short roots) 
supported by a network of thicker, long roots (Fig. 1.4) . The long 
and short roots in heterorhizic root systems are fundamentally 
similar in structure (Wilcox 1964), but short roots are normally 
narrower and grow much more slowly than long roots 

Chapter I Introduction 
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Table 1.5. Important ectomycorrh izal woody plant families and 
genera. Only plants that have been carefully examined 
microscopically are included. Data are fro m Table 1.2, Alexander & 
Hogberg 1986, Harley & Harley 1987, and other sources. 

Family 

Betulaceae 
Caesalpiniaceae2 

Casuarinaceae2 

Corylaceae 
Cistaceae 
Dipterocarpaceae 

Euphorbiaceae2 

Fabaceae2 

Fagaceae 

Gnetaceae I 
Meliaceae 
Mimosaceae2 

Myrtaceae2 

Nyctaginaceae2 

Pinaceae I 

Rhamnaceae2 

Rosaceae2 

Salicaceae 
Tiliaceae 

Genera 

Alnus*, Betula*, Carpinus*, Ostrya*, Ostryopsis 
Anthonotha, Afzelia, Berlinia, Brachystegia, Eperua, 
Gilbertiodendron, Intsia, Isoberlinia, Julbernardia, 
Microberlinia, Monopetalanthus, Tetraberlinia, 
Uapaca, ete. 
Allocasuarina* 
Corylus* 
Helianthemum, Cistus, Tuberaria 
Anisoptera, Dipterocarpus*, Hopea, Marqu esia, Monotes, 
Shorea*, Vateria, ete. 
Marquesia, Uapaca 
Gastrolobium*, Gompholobium*, Jacksonia*, Mirbelia*, 
Oxylobium, Pericopsis, ete. 
Castanea, Castanopsis, Fagus'~ Nothofagus*. 
Quercus*, ete. 
Gnetum* 
Owenia* 
Acacia* 
Allosyncarpia*. Agonis*, Angophora, Baeckea. 
Eucalyptus*. Leptospermum, Me/a/euca*. Tristania, ete. 
Neea, Pisonia 
Abies*, Cathaya. Cedrus. Larix*. Picea*, Pinus*, 
Pseudotsuga. Tsuga*, ete. 
Pomaderris, Trymalium*, ete. 
Dryas 
Populus*. Salix* 
Tilia* 

Notes: * = genera examined by the authors. I = Gymnosperms. 2 = families 
which also have many VAM plants. 

(Wilcox 1964, Kubfkova 1967). The restricted growth of short 
roots may be necessary to allow ECM fungi time to fo rm an 
association. since these fungi have difficulty colo nising more 
rapidly growing roots (Chilvers & Gust 1982). Thus t rees with 
ECM would require slow growth of some of thei r late ral roots, 
and in time this process would result in the evolut io n of separate , 
genetically distinct long and short roots. 

Ectomycorrhizas form where host roots and compatib le fungi 
are growing in close proximity and environmental cond itio ns are 
favourable. The sequence of events that results in typical ECM 
formation has been described in many studies (Chilvers & Gust 
1982, Kottke & Oberwinkler 1986, Massicotte et al. 1987) and 
can be summarised as follows: 
I. Hyphae contact, recognise and adhere to root epidermal cells 

near the apex of a young actively-growing, high-order, lateral 
root. 

2. Mycelia proliferate on the root surface and differentiate to 
form the mantle. 

3. Hyphae penetrate between epidermal cells (in most 
angiosperms) or into the cortex (in gymnosperms) to fo rm a 
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labyrinthine Hartig net. Host responses may include polyphenol 
product ion in ce lls and the deposition of secondary metabolites in 
wall s. 

4. The active mycorrh izal zone occu rs several mm behind the root tip 
(as a result of the t ime required fo r mycorrhizal fo rmation). but 
Hart ig net hyphae senesce (as ind icated by ultrastructural changes­
Massicotte et al. 1987) in o lder regions. which are further from the 
root t ip. Consequently. Hartig net activity depends on root age and 
root growth. 

5. The mantle in older roots generally persists long after associations 
become inactive. O lde r ECM roots probably function as storage 
structures and propagules. 

A generalised life cycle for mycorrhizal associations is presented in Table 
1.6 and shows many additional stages in fungus activity and mycorrhizal 
formati on that can be recognised. These stages include key events that 
determine host- fungus co mpatibil ity. which can be examined using 
techn iques presented in Chapter 4. 

Table 1.6. The life cycle of a mycorrhizal association showing stages in the 
development and senescence of so il mycelia and mycorrhizas. 

I. Fungal propagules (spores. hyphae . old roots . etc.) 
• survival : 

- disturbance. predation 
- adverse conditions 

• dispersal to new locations 
• dormancy. quiescence 
• activation - fungi may respond to: 

- environmental conditions 
- time intervals 
- presence of roots or other organisms 

3. Root growth (young roots required to (orm association) 
• regulated by phenology and environmental factors 
• production of soluble or volatile signals by roots 

2. Active soil hyphae 
• mineral nutrient acquisition by fungus 

• microhabitat preferences? 
• limited saprobic potential? 

• spread through soil 
• attraction to roots . trophic responses , recognition of host? 
• contact with young host roots 

4. Hyphae on root su rface 
• proliferation o n root surface 
• further recognition events? 
• fungal morphology changes to form: 

- appressoria (YAM) 
- mantle (ECM) 

5. Hyphal penetration into or between root cells 
• avoidance or tolerance of host defences 
• recognition by host? (minimal response) 
• further fungus morphology changes: 

- hyphal branching patterns (YAM) 
- inner mantle structure (ECM) 

6. Formation of exchange sites 
• most pronounced fungal morphology changes 
• highly branched hyphal structures: 

- arbuscules (YAM) 
- Hartig net (ECM) 

• major host cytoplasmic responses (protoplasm synthesis. etc.) 

Chapter I Introduction 
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MYCORRHIZAS FOR FORESTRY AND AGRICULTURE 

7. Active exchange processes 
• limited in duration, occurs in young roots 

8. Senescence of hyphal structures within roots 
• disorganisation of cytoplasm in exchange site hyphae 
• fungal resources withdrawn for: 

- storage by hyphae. vesicles within root (YAM) 
- storage in mantle (ECM) 
- export into external mycelium 

9. Propagule formation -..1. (the cycle recommences) 
• resting spores in soil or root (YAM) 
• sexual spores from mushrooms, truffles (ECM) 
• mycelial strands and sclerotia (ECM) 
• mycelial networks in soil 
• fungal structures associated with long-lived roots 

1 O. Root senescence and decomposition 
• root cortex lost due to: 

- root death or secondary growth 
- parasitism or consumption 

• nutrients in root and fungus structures recycled 
- decomposition food web 

B. Root systems 
Structural features of typical ECM roots are illustrated in Figure 
1.6 and discussed further in Chapter 4. Terminology used to 
describe ECM associations is outlined below. ECM roots can 
often be recognised by external and internal hyphal features 
which are characteristic of different fungi (Chapter 4) and by 
changes to root growth and branching patterns (heterorhizy) 
which occur (Figs 104-1.6). However, microscopic observations 
should be used to confirm diagnoses (Chapter 4). 

Mantle - layers of fungal hyphae covering the root surface. These hyphae form thin or thick, loose or 
compact layers with a variety of colours and surface textures depending on the fungus present (Chapter 4). 
The mantle may contain recognisable hyphae in an interwoven structure (plectenchyma) or hyphae may be 
modified to resemble plant cells (pseudoparenchyma). Hyphal projections (cystidia) may occur on the mantle 
surface. 
Hartig net - labyrinthine branching of fungal cells in a layer which grows between epidermal or cortical 
cells of a root. Multiple branches and wall infoldings of hyphae greatly increase the contact area between 
fungus and host. This is considered to be the major site of nutrient exchange between the fungus and host 
plant. 
Heterorhizy - root system with distinct long and short elements, resulting from a reduced capacity for 
longitudinal growth by some of the finest lateral roots. Heterorhizic roots are a typical feature of ECM 
plants. but plants with VAM may also have them. 
Short roots - roots with ECM often have reduced apical growth and more frequent branching. resulting 
in a heterorhizic root system with distinctive short roots supported by a network of long roots. 
Long roots - the lateral roots which bear short roots and elongate more rapidly. Long roots and may 
undergo early secondary growth. 
Dichotomous branching - equal branching of the ECM short roots of some Gymnosperm trees 
including Pinus species. 
Pinnate branching - or sympodial branching. is unequal branching of mycorrhizal lateral roots where 
side branches grow perpendicular to the main axis of a mycorrhizal root. 
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C. Fungal structures 
Hyphae or mycelium are fine thread-like cells which occur 
separately or are arranged to form the organised structures 
described below (see Fig. lA). 



MYCORRHIZAS FOR FORESTRY AND AGRICULTURE Chapter I Introduction 

LOOKING AT ECTOMYCORRHIZAL ASSOCIATION S 
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Figure 1.5. Looking at ectomycorrhizal associations. Eucalypt (A) and pine (B) seedling root systems. Typical Angiosperm (C) 
and pine (D) mycorrhizal root systems with characteristically branched short roots. Details of typical Angiosperm (E) and 
Gymnosperm (F) ectomycorrhizal roots with a mantle and an epidermal (E) or cortex (F) Hartig net. 
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Terminology: 
A. Hyphal components 
Septae - septae are cross-walls which divide fungal cells. In Basidiomycetes, these may be arranged as 
clamp connections - a semi-circular bridge between two cells used to regulate the transfer of nuclei 
during mycelial growth (Chapter 2). 
Melanin - fungal cell walls are often modified by the inclusion of brown, black, or coloured compounds, 
that apparently have a protective role. These are produced by the secondary metabolic pathways of fungi 
and are analogous to the phenolic compounds produced by plant cells. 
B. Organised structures in soil 
Fruit bodies - called sporocarps, basidiocarps, ascocarps, mushrooms, truffles, etc., are relatively large 
reproductive structures formed by Basidiomycetes or Ascomycetes which produce sexual basidiospores or 
ascospores respectively. These develop from primordia produced by the mycelial system and are often 
associated with strands or rhizomorphs. Fruit bodies are used to identify fungi (Chapter 2) and provide a 
source of inoculum (Chapter 6). 
Sclerotia - storage structures produced in soil by some fungi, comprised of compact fungal tissue, which 
is often highly melanized. 
Other spores - small asexual spores (conidia) which function as propagules, may be produced by some 
mycorrhizal fungi. 
Mycelial strands and rhizomorphs - strands of interwoven hyphae. Rhizomorphs are made of compact, 
specialised hyphae. These are considered to function as transport conduits and to spread the association. 
Extraradical hyphae - individual hyphae extending outwards from the fungal mantle or strands into the 
soil. These initiate mycorrhizal associations, acquire soil nutrients, etc. 

Figure 1.6. Morphology of ectomycorrhizal (ECM) associations. 

A,B. Whole roots viewed with a dissecting microscope. 

C-H. Hand sections of (teld-collected root material, cleared and stained with 
Chlorazol black E and viewed with interference contrast microscopy (Chapter 4). 
Abbreviations: C = cortex cell, E = epidermal cell, M = mantle, En = endoderm is. 

A. Eucalyptus roots with ECM (arrows) after growth in chambers containing forest 
soil. 

B. ECM short root (S) of Eucalyptus globulus with a Cenococcum-like mycorrhiza 
with radiating external hyphae (arrows). 

C, D. Pinus strobus ECM short root with thick mantle and Hartig net hyphae 
(arrows) around cortex cells. 

E. Cross-section of a Picea glauca ECM with labyrinthine Hartig net hyphae (arrows) 

F. Longitudinal section of Abies balsamea root showing Hartig net (arrows) . 

G. Populus tremuloides ECM root cross-section showing labyrinthine Hartig net 
hyphae (arrows) around elongated epidermal cells. 

H. Longitudinal section of Betu la papyrifera ECM roots showing Hartig net hyphae 
(arrows) and radially elongated epidermal cells. 
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1.4. VESICULAR-ARBUSCULAR 
MYCORRHIZAL ASSOCIATIONS 
PRODUCED BY GLOMALEAN FUNGI 

Glomalean fu ngi form vesicular-arbuscu lar mycorrhizal 
associations (abbreviated as VAM in this book) within roots 
(Chapter 3). These associations are also known as arbuscular 
mycorrhizas , VA mycorrhizas, endomycorrh izas, or endotrophic 
mycorrh izas. There is some disagreement about whether 
arbuscular mycorrhizas or vesicular-arbuscular mycorrhizas is t he 
most app ropriate name for these associations, because some 
fungi do not produce vesicles and arbuscules are not always 
present in myco rrhizal roots, and the role of arbuscules in 
nutrient exchange has not been unequivocally demonstrated 
(Smith 1995, Walker 1995). VAM associations consist of soi l 
hyphae, spores and auxiliary bodies produced in the soil, as well 
as hyphae, arbuscules and vesicles in roots (Figs 1.7- 1.10). These 
structu res can be used to identify fungi, quantify them and 
propagate t hese associations using methods described in 
Chapters 3 and 4 (Fig. 1.9). 

A. Development 
The stages in root colonisation by VAM fungi are listed in Table 
1.6 and shown in Figure 1.7. Stages in th is process are outlined 
below and illustrated in Figure 1.9. 

I. Associations start when soil hyphae respond to the presence 
of a root by growing towards it, establishing contact and 
growing along its surface. 

2. Root penetrat ion occurs when one or more hyphae form 
appressoria between adjacent epidermal cells and penetrate 
these ce ll s. 

3. One or more hyphae manage to penetrate the hypodermis 
(th rough passage cells if present in an exodermis) and branch 
in the outer cortex. 

4. Aseptate hyphae spread along the cortex in both directions 
from the entry point to form a colony (infection unit). 
A relatively rapid parallel spread of intercellu lar hyphae may 
occur along air channels, or intracellular hyphae may follow a 
convoluted path through cortex cell s. 

5. Arbuscules grow (see terminology below) within cortex cells 
from subapical branches on internal hyphae. Arbuscule 
formation follows hyphal growth, progress ing outwards from 
the entry point. 

6. Vesicles develop to accumulate storage products in many 
Glomalean associations. Vesicles are initiated soon after the 
first arbuscu les, but continue to develop w hen the arbuscules 
senesce. 

7. In later stages, arbuscules collapse (progressively, starting with 
the finest branch hyphae). Hyphae in the root cortex develop 
cross-walls in old associations. 


