
Mycorrhizas - Born to be friends 

Prof Joanna Dames, Mycorrhizal Research Laboratory, Department of Biochemistry and 
Microbiology, Rhodes University, Grahamstown, South Africa. 

Email: j.dames@ru.ac.za 

 

Introduction 

Science has contributed extensively to our knowledge of microorganisms and the roles that they 
play in many ecosystems. They are found in all environments from marine to terrestrial and maybe 
even extra-terrestrial. What fascinates me is a world closer to home - the one beneath our feet. This 
world is more than just grains of sand and clay but a frontier where the battle for existence, food, 
space and resources ranges continuously. Bacteria and fungi are just some members of this 
underfoot community and they congregate in and around the roots of plants that grow in the soil 
forming microbial societies. Within these societies there are microorganisms that promote soil 
health and prevent the decay that can become prevalent in an unruly society. Mycorrhizal fungi are 
such vital soil microorganisms providing intimate connections with plant roots, similar to the myriad 
of underground cables connecting our world. Mycorrhizal fungi are different from many other soil 
inhabitants as they derive energy from photosynthetically produced plant sugars. In return plants 
gain access to nutrients required for their own growth provided by the fungi (Smith and Read, 2008).  

Mycorrhiza literally means “fungus root” and closer microscopic examination of the majority of plant 
roots will reveal that in undisturbed healthy soils roots are more fungus than plant. These fungi live 
within and around the roots of plants and extend fungal threads into the soil environment where 
they search for nutrients such as phosphorus far beyond the host plants own rooting zone. These 
nutrients are absorbed by the fungal threads and are transported back to the plant where 
specialized structures inside the root will allow these nutrients to be shared with the plant in return 
for carbon and energy. It is estimated that for every 1 mm of root there is over a 100 m of fungal 
thread forming a network in the soil, which can extend beyond the plant roots (Lindalh et al 2007; 
Finlay 2008 - slide 3 and 4). This extended area of influence is referred to as the mycorrhizoshere. 
This ultimately results in the host plant gaining access to nutrients through a secondary fungal 
foraging system. Benefits attributed to this symbiotic interaction are promotion of nutrient uptake 
and plant growth, increased tolerance to stress such as drought, salinity and disease, enhanced 
microbial activity within the extended mycorrhizosphere and improved soil structure (Smith and 
Read, 2008).  

 

Mycorrhizal types 

Over 90% of all plants species will form a special mycorrhizal relationship with a diverse range of soil 
fungi.  Mycorrhizal interactions are broadly divided into two main categories Ectomycorrhizal (ECTO) 
and Endomycorrhizal (ENDO) based on the fungi and host plant species involved as well as the fungal 
structures formed in and/or around roots (Fig 1). In South Africa exotic trees such as those that are 
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grown for forestry products (e.g. pines, Hawley et al., 2008) are ECTO while the majority of our 
indigenous plants and trees are ENDO associated (Hawley and Dames, 2004). There are several 
ENDO types for example Ericoid Mycorrhizal fungi which associate with Ericales such as blueberry 
(Bizabani et al, 2016) and the Arbuscular Mycorrhizal fungi which have a broad host range and 
associate with most of our crop plants. 

 

 

Figure 1: Representation of fungal structures which distinguish between different mycorrhizal types 
(modified from http://www.davidmoore.org.uk) 

 

 

 



ECTO: Ectomycorrhizal (ECM) associations 

ECM associations are distinguishable by the presence of fungal hyphae or threads outside the roots, 
which are wrapped around the root forming a mantle or sheath.  Individual roots or clusters of roots 
may be covered and appear variously coloured and sometimes fluffy.  In pine forests these roots can 
be easily observed. At a more microscopic level the fungi penetrate the roots and grow between the 
cortical root cells forming a ‘Hartig’ net. Fungal threads, single or aggregated, also extend into the 
soil environment to forage for nutrients. Some of the fungi involved in this association produce 
fruiting bodies on the forest floor that we recognise as mushrooms e.g. Ceps (Botelus edulis) and 
pine ring (Lactarius delicious). Not all mushrooms however are mycorrhizal, only those produced by 
fungi closely associated with the tree species and conversely not all mycorrhizal fungi produce 
mushrooms (Hawley et al., 2008 – slide 7). 

 

ENDO: Ericoid Mycorrhizal (ERM) associations 

ERM fungi associate with Ericales plants, these include the indigenous Erica’s which contribute to 
our fynbos vegetation and blueberries. These fungi do not produce any discernible structures 
outside of the root and only on closer microscopic examination will the tightly woven fungi threads 
be seen within the hair root cells of the plants. Fine fungal threads extend from the roots into the 
soil and are well known for secreting an array of enzymes which assists with nutrient access and 
ability of plants to grow in nutrient poor, acidic soils (Bizabani and Dames, 2015; Bizabani et al., 2016 
– slide 8). 

 

ENDO: Arbuscular Mycorrhizal (AM) associations 

The majority of our indigenous plants and trees as well as crop plants are associated with AM fungi. 
This group is unique in the fungal world having their own specific place in the fungal kingdom (the 
Glomeromycota). The fungi threads penetrate into the plant roots forming fungal highways between 
roots cells (intercellular hyphae), at various points a fungal thread will enter into cortical root cells 
and become finely branched, forming a tree-like structure called an arbuscule. At no time will the 
integrity of the root cell be compromised as the protective cell membrane will always remain intact, 
the surface area of the membrane will increase to fully engulf the arbuscular structure. Balloon 
shaped structures may also be formed which store excess carbon in the form of lipids (Smith and 
Read - slide 9).  The fungi involved in this symbiosis are obligate biotrophs, meaning that they access 
their carbon only from the plant and cannot grow if not associated with a host plant (Smith and 
Read, 2008).  

 

AM fungal diversity 

In natural undisturbed soils mycorrhizal fungi are common inhabitants with many different species 
(> 20) recorded.  Species can exhibit different functionalities and can become adapted to different 
conditions despite this AM fungi are regarded as generalist associating with many different host 



plants for example species associating with maize are just as effective on banana. There are 
approximately 280 recognised species in the Glomeromycota, a relatively low number when 
compared with other fungal groups. Root may be colonised by more than one AM fungal species at 
any one time, highlighting the need to maintain species diversity in the soil (Smith and Read, 2008).  

 

Nutrient uptake  

Fungi are absorptive microorganisms. The exploitative hyphal threads making up the mycorrhizal 
network extends into the soil, growing through inhospitable patches in search of nutrient resources.  
Enzymes and other organic molecules are released aiding in dissolution of complexed nutrient 
sources and the smaller subunits are absorbed into the hyphae where they can be transported to 
the host plant roots thus allowing mycorrhizal plants to acquire nutrients at a distance. The uptake 
of P has been the primary focus of many research studies reported in the literature although 
mycorrhizal fungi contribute to the uptake of N as well as other macro and micronutrients (Smith 
and Read, 2008).  

 

A root colonised with AM fungi has two pathways with which to access nutrients. Taking P as an 
example there is the direct pathway through epidermal cells and root hairs absorbing P from the soil 
solution adjacent to the roots and the mycorrhizal pathway in which P is absorbed by the fungal 
threads, rapidly transported to the fungal/plant interface and subsequently absorbed by the plant 
cortical cells (Smith et al 2004 - slide 12) across the apoplastic space (Smith et al., 2003).  

 

The balance between these two pathways is likely to depend on the carbon demand of developing 
and maintaining the symbiosis and any compensatory changes in root growth. It has generally been 
accepted that uptake from the soil decreases as the concentration on P in solution decreases. The 
ability of AM fungal hyphae to exploit the soil environment beyond this depletion zone was thought 
to be the main advantage of mycorrhizal colonisation. The result of this enhanced uptake is the 
mycorrhizal effect and is visually manifested in “big plant- little plant” syndrome (Smith and Read, 
2008, slide 19). Non-responsiveness was assumed to indicate that the mycorrhizal pathway was not 
functioning. Research over the past 10 years has repeatedly shown that the mycorrhizal pathway 
can become the dominant uptake pathway even in “unresponsive plants” accounting for the 
majority if not exclusive uptake of P (Smith et al, 2003). Unravelling the complexities of the 
mechanisms involved is the focus of many plant physiologists, ecologists and molecular biologist. 

 

AM fungal life cycle 

AM fungal spores are concentrated in the top 20-30 cm of the soil and are filled with stored 
carbon in the form of lipids. Spores will germinate when conditions are moist. In order to 
produce a germ tube requires energy gained from stored reserves. This is the asymbiotic 
phase which does not require a host plant, however if no host plant is available spore 



germination will cease. Several attempts at germination may occur depleting the energy 
reserves. If a host plant is detected through signally molecules in root exudates the germ 
tube will continue to elongate and branch growing and fanning out in the direction of the 
host plant roots during this pre-symbiotic phase. On contact with the roots fungal hyphal 
threads will penetrate the root and develop into the typically observed intraradical and 
extraradical mycorrhizal structures which effectively support the symbiosis during the 
symbiotic phase. The extraradical hyphal threads not only exploit the soil for nutrients, they 
extend colonisation when in contact with new roots and produce spores which will 
complete the life cycle (Smith and Read, 2008). 

 

Agricultural practices 

The presence of spores in soil, their ability to colonise roots and establish the mycorrhizal 
symbiosis are undoubtedly affected by agricultural practices. Tillage can mix spores deeper 
into the soil profile, out of the reach of germinating seeds, and disrupts the mycorrhizal 
network that develops in the soil. Fallow lands and presences of non-host plants (e.g. 
canola) can reduce viable spore numbers due to several failed germination attempts. 
Excessive use of inorganic P fertiliser alters root exudate composition affecting signalling 
and recognition between AM fungi and the host plant. Several agrochemicals for example 
some fungicides (slide 15 and 16) negatively affect spore germination and colonisation 
(Smith and Read, 2008). 

 

Mycorrhizal associated bacteria 

Mycorrhizal fungi do not reside in isolation they are associated with many soil 
microorganisms some finding shelter on or within mycorrhizal structures, other free living in 
the mycorrhizosphere. Bacteria for example contribute to nutrient acquisition producing 
acids and enzymes that can degrade complex polymers such as cellulose and starch, many 
produce phytohormones, Fe chelators and antimicrobial compounds that promote root 
development and pathogen protection (Dames and Ridsdale, 2012; Dames 2014). These 
bacteria not only exhibit plant growth promotion properties (slide 20) but may also facilitate 
mycorrhizal spore germination and colonisation acting as Mycorrhizal Helper Bacteria 
Dames, 2014 – slide 22). Many of these bacteria are also well known as biocontrol agents 
(slide 21). 

  

Legumes are associated with symbiotic nitrogen fixing rhizobia which convert atmospheric 
N2 into ammonium within root nodules as well as AM fungi forming a tripartite symbiotic 
interaction. Nitrogen fixation is a highly energetic process requiring 16-24 ATP (energy) 



molecules to convert 1 molecular of N2. The mycorrhizal uptake pathway assists in the 
acquisition of P to facilitate this process. The P concentration inside roots nodules is 
approximately 3 times higher than in other root parts (Smith and Read, 2008 - slide 19). 

 

Ecosystem engineers 

Soil microorganisms contribute to soil structure through the production of exo-polymers. 
These sticky compounds assist in the formation of soil aggregates. AM fungi similarly 
produce a glycoprotein, glomalin, which can contribute up to 27% of the soil C. Glomalin 
released into the soil improves soil structure, aeration and moisture holding capacity. 
Although discovered over 20 years ago the contribution of glomalin to organic soil C pools 
has largely been ignored (Khursheed et al., 2016; Wright and Upadhyaya, 1998).  

 

Sustaining mycorrhizal populations 

It is evident that mycorrhizal fungi are an essential biological component of the soil in highly 
disturbed sites inoculation is required to re-introduce severely depleted populations. The 
challenge then becomes how to sustain viable AM fungi in the soil. Given its biotrophic 
nature the presence of a host plant is essential, it is important to remember that some 
economically important plants are either non-mycorrhizal or associate with other 
mycorrhizal types. A shift in the management of agricultural soils is also required with 
emphasis being placed on practices that reduce disturbance, limits application of 
detrimental agrochemicals and integrates biological knowledge.  

This symbiotic relationship has existed for over 450 million years. The successful transition of plants 
from an aquatic to a terrestrial existence is largely due to the presence of mycorrhizal fungi (Smith 
and Read, 2008).  The associated benefits to plants and soil are well researched with recent meta-
analyses of published studies showing positive effects of AM fungi on soil aggregation, water flow 
and disease resistance as well as plant nitrogen and phosphorus uptake (Delavaux et al., 2017).  

Plants do not have roots, they have mycorrhizas and were born to be friends. 
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Mycorrhizal fungi 
 Association between soil fungi and majority of terrestrial 

plants. 

2 



Mycorrhizal association 
 Symbiotic 
 Host plant provides photosynthetically  
derived C compounds to the fungus 
 Fungus provides access to  
soil nutrient and moisture  
 Transferred to the plant roots 

Lindalh et al 2007 New Phytologist Skinner  2007 MSc 3 



 1 mm of root can be 
associated with 100 m of 
fungal hyphae 
 

Finlay 2008 Journal of Experimental Botany 4 

 



Mycorrhizal benefits 
• Enhanced nutrient uptake and acquisition 
• Promotion of root and plant growth 
• Increased tolerance to stress such as drought, salinity and 

disease. 
• Interaction with soil microorganisms in mycorrhizosphere - 

promotes nutrient cycling, increased availability of nutrients 
particularly P and antimicrobial activity 

• Improved soil structure 
 

Smith and Read 2008 Mycorrhizal Symbiosis 5 



Mycorrhizal types 
 Several types 
 Ectomycorrhizal 
 Endomycorrhizal 
 Arbuscular Mycorrhizal (AM) associations 
 80% of all plants are AM 
 Includes majority of crops, fruit trees, indigenous plants and 

shrubs, grasses 
 

Smith and Read 2008 Mycorrhizal Symbiosis 6 



Ectomycorrhizas  

Hawley, Taylor and Dames. 2008, SA J of  Science  7 



Ericoid mycorrhizas  

8 Bizabani and Dames 2015 Microb Research; Bizabani, Fontenla, Dames 2016 Sci Hort 



Arbuscular mycorrhizas 

ARBUSCULE 

INTERCELLULAR 
HYPHAE 

VESICLE 
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AM fungi 
 Phylum Glomeromycota 
 Obligate biotrophs 

 
 

Glomeraceae Glomus was the most dominant in both the samples  
Ambisporaceae Ambispora leptoticha was dominant in ORG and 
Paraglomeraceae Paraglomus in CON Sitole (2015) PhD  
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Host plants 
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Mycorrhizal pathway 
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AM fungal life cycle 
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Assessing mycorrhizal status 

AM percentage root colonisation. Bars represent means of 15 samples ± SE 
F (3,56) = 6.7263; p < 0.001 
Colonisation was significantly lower in CON orchards 

Sitole (2015) PhD  14 



Agrochemicals 
Propiconazole Captan 

Benomyl Fosetyl-Al 

Dicloran Chlorothalonil 

Quintozene 

Mancozeb Cypermethrin 

Thiazole Glyphosate? 

Tridimefon 
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Maize RR, soil from outside plot 
T1 – control; T2 – 1L/ha; T3 – 2L/ha;  
T4- 3L/ha; T5 – 4L/ha (360 g/L) 
Percentage of arbuscules dropped from 15.4% (T1) – 0 (T2-
T5) 
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Mycorrhizal associated bacteria 

Dames  & Ridsdale, 2012 Afr J Biotech 17 



Plant growth promoting properties 

Organic compounds and enzymes 
~ Nutrient acquisition  

Phytohormone and chelator production 
~ Root development & pathogen protection  

Dames  & Ridsdale, 2012 Afr J Biotech 18 



Legumes, AM fungi and BNF 
 Symbiotic  rhizobial bacteria fix atmospheric N into 

ammonium in root nodules 
 AM fungal colonisation play key role in P nutrition. 
 AM fungi can colonise nodules in order to supply P 

directly for N-fixation 
 P concentration inside nodule is 3 x higher than other 

root parts 
 
 
 
 
 

19 Smith and Read 2008 Mycorrhizal Symbiosis 



Citrus (rough lemon) shoot height (cm) treated with bacterial isolates I5, E9 and I19 and 

in combination with AM fungi after five weeks (F (24,228) = 1.419; P < 0.001). 

I5 = Bacillus sp; E9 =Micrococcus sp; I19 = Bacillus cereus,  B4= bacteria combined 

Plant growth promotion 

Sitole, 2013 MSc thesis 20 



Identified bacterial isolates obtained from the analysis of partial 16s rRNA using the National 
Centre for Biotechnology Information (NCBI) website. 

Bacterial Isolate Most Significant Alignment 
(NCBI) 

% 
Identity e-values 

NCBI 
Accession 
Number 

SEN4 Acinetobacter ursingii 99 0.0 AJ275039.1 

SEN9 Bacillus thuringiensis 98 0.0 CP003687.1 

SERB2 Bacillus mycoides 98 0.0 AB681413.1 

SERA2 Bacillus cereus 99 0.0 HQ333012.1 

SIRB2 Bacillus thuringiensis 99 0.0 HQ873480.1 

SIRC2 Microbacterium nematophilum 99 0.0  AF19539.1 

SESB1 Bacillus mycoides 98 0.0 AB679984.1 

SISB2 Bacillus sp. 98 0.0 HM567041.1 

SISC2 Bacillus mycoides 98 0.0 AB592538.1 

 
Ridsdale, 2013 MSc thesis 21 
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Mean % AM colonisation raspberry (Rubus idaeus cv Meeker) inoculated with 
AM fungi, selected bacterial isolates alone and in combination.( F21,88 = 
19.703 p<0.001) 

Ridsdale, 2013 MSc thesis 

Mycorrhizal helpers 
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Ecosystem engineers 
 Soil aggregates and spaces between allow for air and 

water movement 
 Arbuscular mycorrhizal fungal filaments not only 

enmesh soil particles but also produce glomalin 
 Superglue of soil  
 27% of soil carbon is in glomalin 
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Sustaining mycorrhizal fungi 
 Viable AM fungal propagules  
 Host plant 
 Many agricultural practices detrimental to AM fungi 
 Integration into soil management practices requires an 

approach in the field which enhances and sustains AM 
fungal diversity for maximum benefit. 

 Plants do not have roots they have mycorrhizas they 
were born to be friends 
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PLANTS DON’T 
HAVE ROOTS – 

THEY HAVE 
MYCORRHIZA 

ARBUSCULAR 

ERICOID 

ECTO-
MYCORRHIZA 

 

ORCHID 
 

DARK SEPTATE 
ENDOPHYTES 
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