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ABSTRACT ENGLISH 

Food production is a major concern in sub-Saharan Africa. Several factors limit soil fertility in the 

subtropics, and the growing population increases the pressure on the available soil. Until today, 

agriculture is for a large majority of the Congolese population the only source of food and income. 

New affordable and sustainable agricultural practices are therefore crucial for the future, and these 

this should be achieved through low cost solutions that are manageable by resource-poor farmers. 

Arbuscular Mycorrhiza fungi (AMF) are symbionts that form a mutualistic relationship with most 

plant roots, and are particularly important for the absorption of mineral plant nutrients in 

phosphorous deficient soils. This thesis investigates the potential of AMF to increase agricultural 

production. For this purpose, a survey was executed on several fields of small-scale farmers to 

investigate the abundance and diversity of AMF in the soil. To assess the impact of different farming 

systems, parameters such as fertiliser application, field history, spore diversity and abundance, 

root colonisation, soil edaphic parameters were measured and compared. Additionally, on 5 

different sites, the growth and root colonisation of Allium cepa and Phaseolus vulgaris was followed 

during 60 days. At last, in a trap culture the potential to increase spores was assessed. In total 65 

different spore morphotypes were isolated from the field soil, of which the majority belonged to the 

Glomeraceae. On average 14±8 different morphotypes per site were detected and the AMF species 

Glomus sp. and Acualospora sp. were the dominating type. Furthermore, we showed that the spore 

abundance and colonisation percentage was determined by the factor site, but was neither affected 

by the crop nor by phosphorus fertilisation. This indicates that the community and colonisation 

potential is determined by local management practices, which primarily affect the nutrient status in 

the soil.  Because different crops showed divergent results, we could not make a general conclusion 

for the type of crop. Overall we conclude that AMF are present in agricultural systems in Congo, 

and that plants can benefit from their presence, although this depends on the crop and period after 

plantation. It has been shown that the multiplication of AMF in pot culture is not an easy procedure, 

so the stimulation of naturally occurring AMF species may be better. Therefore, agricultural fields 

of small-scale farmers in and around Lubumbashi need individual management practices. From 

the perspective of sustainable production, it is important to ascertain that nutrients are used 

optimally, preferably organic and low tillage practices. This can promote mycorrhizal diversity and, 

consequently, contribute to the long-term sustainability of agroecosystems under subtropical 

conditions. 

Key words: soil fertility, arbuscular mycorrhiza, AMF, P. vulgaris, A. cepa, trap culture, diversity 

analysis, Lubumbashi, Democratic Republic of Congo 
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ABSTRACT NEDERLANDS 

In sub-Sahara Afrika vormt voedselproductie een grote zorg. Verschillende factoren beperken de 

bodemvruchtbaarheid in de subtropen en door de groeiende bevolking stijgt de druk op de 

beschikbare grond. Tot op vandaag is landbouw voor een grote meerderheid van de Congolese 

bevolking de enige bron van voedsel en inkomen. Nieuwe betaalbare en duurzame 

landbouwpraktijken zijn daarom van cruciaal belang voor de toekomst, en deze moeten door 

kleinschalige arme boeren kunnen worden uitgevoerd.  Arbusculaire Mycorrhiza schimmels (AMF) 

zijn symbionten die een mutualistische relatie vormen met de meeste plantenwortels, en zijn 

bijzonder belangrijk zijn voor de opname van minerale plantennutriënten in fosforarme gronden. 

Deze thesis onderzoekt de mogelijkheid om met behulp van AMF de landbouwproductie te 

verhogen. Hiervoor werd een onderzoek gedaan op verschillende velden van kleinschalige boeren, 

om zo de aanwezigheid en diversiteit van AMF in de bodem te karakteriseren. Om de impact van 

verschillende landbouwsystemen te beoordelen, werden parameters zoals de toepassing van 

meststoffen, de veldgeschiedenis, densiteit en diversiteit van sporen, wortelkolonisatie, en 

bodemkarakteristieken gemeten en vergeleken. Daarnaast, werden op 5 verschillende plaatsen de 

groei en wortelkolonisatie van Allium cepa en Phaseolus vulgaris gevolgd gedurende 60 dagen. In 

een vermeerderingsproef werd de mogelijkheid om sporen te multipliceren beoordeeld. In totaal 

werden 65 verschillende sporenmorfotypen geïsoleerd uit de veldgrond, waarvan de meerderheid 

tot de Glomeraceae behoorde. Gemiddeld werden 14 ± 8 verschillende morfotypen per site 

gedetecteerd en de AMF-soorten Glomus sp. en Acualospora sp. waren de meest dominante 

types. Er werd ook aangetoond dat de sporen abundantie en het kolonisatie percentage in de 

wortels voornamelijk bepaald werden door de factor site, maar niet werden beïnvloed door het 

gewas noch door de beschikbare hoeveelheid fosfor in de bodem. Dit wijst erop dat het 

kolonisatiepotentieel voornamelijk door lokale landbouwpraktijken wordt bepaald, die vooral 

nutriëntenstatus in de bodem beïnvloeden. Doordat verschillende gewassen uiteenlopende 

resultaten toonden, konden we geen algemene conclusie stellen voor het gewas. In het algemeen 

besluiten we dat AMF aanwezig zijn in de landbouwsystemen, en dat planten kunnen profiteren 

van hun aanwezigheid, hoewel dit afhankelijk is van het gewas en de periode na plantage. Er werd 

aangetoond dat de vermenigvuldiging van AMF in potcultuur geen gemakkelijke procedure is, 

daarom kan het stimuleren van natuurlijk voorkomende AMF-soorten beter zijn. Hiervoor hebben 

landbouwgronden bewerkt door kleinschalige boeren in en rond Lubumbashi, individuele beheers 

praktijken nodig. Vanuit het oogpunt van duurzame productie is het van belang dat nutriënten 

optimaal worden toegepast, bij voorkeur van organische oorsprong. Dit kan de diversiteit van deze 

symbiotische schimmels bevorderen en bijgevolg bijdragen aan de duurzaamheid van agro-

ecosystemen onder subtropische omstandigheden.  
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INTRODUCTION 

The Democratic Republic of Congo (D.R.C.) is situated in central Africa in the sub Saharan region. 

It is Africa’s largest country covering an area of 2 267 050 sq. km. The population of Congo has 

grown from 48 million in 2000 to 77 million in 2016 (Wereldbank, 2016). Congo is among the 

poorest countries in the world, with 186 $ GDP per capita (Blein et al., 2013), and 63.6% of its 

population lives below the national poverty line (Wereldbank, 2016).  The population is still growing 

at a rate of 3.142% (2014-2015) and it is projected that the country’s inhabitants will have increased 

by at least a factor of five by 2030 (UN, 2015; Wereldbank, 2016). This rapid population growth will 

inevitable increase pressure on land and augment the food demand, which must be produced in or 

closer to urban areas.  

Lubumbashi is Congo’s second largest city and is located in the province Katanga in the South of 

the country. The agricultural system in the city is characterised by (semi)-subsistence crop farming. 

Farming is practised by one out of six households in Congo, providing work to 62% of the country’s 

men and 84% of the women. Some people start gardening in their yard to contribute to their own 

needs, while others cultivate in old abandoned farms surrounding the city. Farming at the periphery 

of the city, which expanded rapidly in the last years, is mainly done in cooperation’s based around 

a water source.  

Plants are cultivated on small plots (± 5 m²) and maintained manually. During the dry season 

amaranth (Amaranthus sp.) and Chinese cabbage (Brassica rapa var. pekinensis) are the main 

grown crops, while the diversity increases in the raining season.  The most abundant crops 

cultivated during the wet season are legumes, sweet potatoes, peanuts, beans and vegetables, 

e.g. tomatoes, eggplants, onions, celery and carrots. Another important crop is maize. The seeds 

are molded into flour, which is used to make ‘Bukariz’, the staple food for Lubumbashi residents.  

Although the agricultural systems provide food and income to a clear majority of the people living 

in the city, production is declining and the growing population increases the pressure on available 

land, limiting the expansion of area under cultivation. Additionally, some of the characteristics of 

the sub-tropical soils in this region put severe constraints on food production. Among those 

constrains are high phosphorus (P) fixation, low levels of soil organic matter and low pH with 

aluminium (Al) toxicity (Cardoso and Kuyper, 2006).  

During the 20th century in many sub-tropical countries, these challenges were overcome with the 

so-called Green Revolution technologies, such as the introduction  of  pesticides,  synthetic  

fertilisers  and new high-yielding cultivars (Dalgaard, Hutchings and Porter, 2003; Cardoso and 

Kuyper, 2006). Nevertheless, as many of the farmers in Lubumbashi are resource-poor producers, 

the use of external inputs such as mineral fertilisers or organic additions is limited. This causes a 

continuous mining of soil nutrients and hence a decline in household food production. 
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Consequently, novel affordable and natural yield-enhancing approaches should be developed to 

improve crop yields, profitability and sustainability of farming. This should not only be done for 

Congo, but for other poor (African) developing countries (Ceballos et al., 2013). 

Arbuscular mycorrhizal fungi (AMF) are obligate root symbionts that are present in most terrestrial 

ecosystems and they have been extensively studied due to their known beneficial effects on plant 

growth. The symbiosis depends on the exchange of carbohydrates assembled through 

photosynthesis in return for nutrients and water that are otherwise not accessible for the plant roots. 

P is one of the key nutrients in this symbiosis, and AMF have therefore frequently been reported 

as a solution in P limiting conditions. However, their presence, diversity and abundance are related 

to climatic conditions, plant community composition and diversity and soil disturbance (Mathimaran 

et al., 2007; Rodriguez and Sanders, 2014).  

This report focuses on the world's sub-humid tropics. It examines the potential of mycorrhiza in 

agricultural systems to provide lasting benefits for these regions and to alleviate adverse 

environmental effects at local and global levels.  
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PART I: LITERATURE REVIEW 

1. CONSTRAINTS OF TROPICAL AGRICULTURAL SOILS 

1.1. INTRODUCTION 

The tropical region can be defined as the wide belt of land and water that lies between the tropics 

of Cancer and Capricorn. It covers a region of almost 38% of the world’s surface, is home to half 

of the world's people and some of its most diverse and productive ecosystems. The subtropics is 

the region bordering the tropics up to about 35° latitude (National Research Council, 1993; 

Verheye, 2008).   

Figure 1: Extension of tropical soils (After FAO (2015) ) 

In the (sub)-tropics, a variety of different climate zones occur. Most of them include, according to 

the Köppen-Geiger climate classification, the equatorial, monsoon, tropical savanna, warm desert, 

cold desert, warm semi-arid, humid subtropical, temperate subtropical and cool subtropical climate. 

In the tropical zone rainfall is year-round, while the sub-humid tropics have a dry season of 

maximum 3 months.  

Because of the different climate zones, the soils in the tropics are highly variable. The most 

abundant soils in the humid tropics are the Oxisols, while Alfisols are predominating in the sub-

humid and semi-arid tropical areas (Verheye, 2008; D’Haene, 2015; FAO, 2015). The worldwide 

extent of Oxisols is estimated at some 750 million ha, mostly found in tropical Africa (particularly 

D.R. Congo, southern Central African Republic, Angola, Guinea, and Madagascar) (Sanchez, Palm 

and Buol, 2003). Most Oxisols have good physical properties; they are deep, generally well-drained 
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red or yellowish soils, with excellent granular structure (Sanchez, Palm and Buol, 2003; Verheye, 

2008). Nevertheless, they are fragile and prone to degradation.  Because the climate is more 

aggressive and because of the year round intensive weathering, their chemical fertility is poor 

(National Research Council, 1993; FAO, 2015). Soils of the sub-humid tropics are less deep 

weathered, but more affected by erosion (Verheye, 2008). 

Soils in the tropics become increasingly important in world development issues such as food 

security, poverty alleviation and the provision of ecosystem services (Sanchez, 2002).  However, 

some characteristics of tropical soils put severe constraints on food production. The principal 

factors undermining crop production capacity include soil moisture stress (a dry season lasting 

longer than 3 months makes year-round crop production difficult), low nutrient capital, erosion risks, 

low pH with Al toxicity, high P fixation, low levels of soil organic matter, and a loss of soil biodiversity, 

as can be seen in Table 1 (Sanchez, Palm and Buol, 2003). This along with the concomitant 

problems of weeds, pests, and diseases (Sanchez, 2002). 

Table 1: Percentage of soil areas in five agroecological regions of the tropics having different chemical 

constraints to plants growth 

Soil constraint H
u

m
id

 t
ro

p
ic

s
, 

%
 

A
c
id

 

s
a
v
a
n

n
a
s
, 
%

 

S
e
m

ia
ri

d
 

tr
o

p
ic

s
, 
%

 

T
ro

p
ic

a
l 

s
te

e
p

la
n

d
s

, 
%

 

T
ro

p
ic

a
l 

w
e
tl

a
n

d
s
, 
%

 

T
o

ta
l,
 %

 

Acidity with Al toxicity 56 50 13 29 4 32 

High P fixation by Fe oxides 37 32 9 20 0 22 

Low CEC 11 4 6 - - 5 

Adapted from Sanchez & Logan (1992) 

1.1. LOW CATION EXCHANGE CAPACITY (CEC) AND BASE 

SATURATION 

Generally, the highly weathered tropical soils are characterised by a low CEC. The CEC is defined 

as the ability of the soil to retain and exchange cations at a certain pH.  Many cations are essential 

plant nutrients; therefore, the CEC is often used in the characterisation of soil fertility.  

The surfaces of clay particles and organic matter are negatively charged, which enables them to 

form electrochemical bonds with positively charged ions (cations) (McKenzie 2004). The main ions 

associated with CEC are the base cations calcium (Ca2+), magnesium (Mg2+), sodium (Na+) and 

potassium (K+), as well as hydrogen (H+) and aluminium (Al3+).  As this bonds are reversible, it 

allows plants roots to resorb the cations. Hence, fertile soils are often characterised with high 
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quantities of clay and/or organic matter (high negative charges) and associated with a high cation 

exchange capacity.  

Soils of which the cation exchange sites are largely occupied by Ca, Mg, K and Na are said to have 

a high base saturation. This is the ratio of these cations to total CEC. In very acidic soils, the base 

cations are more and more replaced by Al, Mn and H, reducing the supply of plant nutrients and 

making them vulnerable to leaching (McClellan, 2007).  

Another factor contributing to the low CEC is the percentage of clay or organic matter, as well as 

the type of clay (Aprile and Lorandi, 2012). In Oxisols the dominating clay minerals are kaolinite 

and gibbsite along with free oxides of Al and iron (Fe) (Costa et al., 2004; McKenzie et al., 2004). 

These highly weathered minerals (also low activity clays) have a smaller surface area, giving them 

a lower capacity to retain cations (McClellan 2007). The external surface for koalinite ranges in 

between 5-30 m²/g, while other clays have surface areas ranging between 70 and 300 m²/g (Aprile 

and Lorandi, 2012). Typically, the CEC of Oxisols is below 15 cmol(+)/kg, while other clays have 

CEC values ranging from 25 to 100 cmol(+)/kg (Brady and Weil, 2008; FAO, 2015).  

Another characteristic of kaolinite and oxides is that it has the capacity to retain negatively charged 

anions (AEC), but this depends on the pH. In neutral and alkaline conditions the soils will generate 

a CEC, while in acid soil it will be AEC. This means that the soil becomes positively charged and 

binds anions, such as phosphate, nitrate and chloride (Aprile and Lorandi, 2012).  

Because of the low CEC of the occurring minerals, tropical soils mainly depend on organic matter 

to increase the nutrient status (the CEC of OM ranges between 240 and 400 cmol(+)/kg). In highly 

weathered soils strong relations are found between the soil organic carbon (C) and the CEC. A 

study by Soares & Alleoni (2008) showed that the organic matter can even be responsible for up 

80 percent of the CEC in highly weathered soils.  

1.2. ALUMINIUM AND MANGANESE TOXICITY 

Another problem of acidic tropical soils is the solubilisation of Al and manganese (Mn) into the Al3+ 

and Mn2+ forms (Haynes and Mokolobate, 2001; Brady and Weil, 2008). Both these ions may 

reduce plant growth, although Al is much more important in this context (Delhaize and Ryan, 1995). 

At neutral pH, the solid phase gibbsite (i.e. Al(OH)3) dominates, but when the pH falls below 5, 

gibbsite solubilizes into the trivalent Al species Al3+, as the equilibrium Al3 + 6H2O  Al(OH)3 shifts to 

the left (van Reeuwijk, 2002). These ionic forms of Al species are extremely toxic for plants, as they 

inhibit root elongation, resulting in a stunted root system and greatly reduced uptake of water and 

nutrients (such as P) (Delhaize and Ryan, 1995; Fanxiang et al., 2000). Additionally, high increases 

in the trivalent Al ion content negatively affect the microbial community, which results in decreased 
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mineralization and hence nutrient availability (Hocking, 2001; Rousk, Brookes and Baath, 2009; 

Zheng, 2010). 

1.3. LOW SOIL ORGANIC MATTER 

In most tropical soils, the soil organic matter (SOM) is small, but the influence on soil functions are 

profound. First, it is an essential reservoir of C, nutrients, and energy in the cycle of life, and without 

SOM, the Earth’s surface would be a sterile mixture of weathering minerals (Craswell and Lefroy, 

2001; Schade, 2005). SOM improves chemical soil fertility (i.e. higher nutrient status by 

decomposition and higher CEC), and it also influences many of the physical and biological soil 

properties (Power and Prasad, 1997; Craswell and Lefroy, 2001; Castro et al., 2015). SOM 

provides most of the soil’s water-holding capacity and is largely responsible for the formation and 

stabilisation of soil aggregates (Tisdall and Oades, 1982; Tiessen, Cuevas and Chacon, 1994; 

McCauley, Jones and Olson-Rutz, 2017). Additionally, it contains large amounts of plant nutrients, 

and is the energy supplier for most microorganisms (Brady and Weil, 2008).  

SOM is a varied mixture of plant and animal residues at various stages of decomposition and 

microbial cell and tissue products (McCauley, Jones and Olson-Rutz, 2017). On average, C 

compromises about half of the mass of SOM. Grown or added organic matter on and in the soil is 

susceptible to the combination of mixing by soil fauna and to enzymatic breakdown and metabolism 

by microorganisms (Brady and Weil, 2008; Thaymuang et al., 2013).  

The amount of soil organic matter in the soil depends primarily on the organic matter inputs 

(residues and roots) and the litter decomposition. The rate of turnover depends on many factors, 

its chemical composition but also the location of SOM in the soil matrix. In addition to these factors, 

climatic factors, such as moisture and temperature, and physical and chemical properties of the 

soils, such as aeration, salinity, toxicity and extremes in soil pH, influence soil C storage through 

their effect on the microbial activity. For example, in strongly acid or alkaline soils, the growing 

conditions for microorganisms are poor, resulting in poor biomass production and, reduced 

biological oxidation of OM and thus reduced additions of SOM. In contrast, moistened but well 

aeriated soils create the optimal conditions for microbial activity, consequently the decomposition 

rates will be highest in these soils (Vanden Nest et al., 2014; McCauley, Jones and Olson-Rutz, 

2017) 

However, plant litter compounds do not substantially contribute to SOM persistence in the soil 

(Katyal, Rao and Reddy, 2001). Long-term stabilisation is generally achieved through interactions 

with soil minerals, which protect them from enzymatic degradation. Because of this, the amount of 

SOM a soil can hold is defined by the available amount of reactive mineral surfaces, which is finite 

and a function of soil texture (1991a, 1991b; Buerkert, Bationo and Piepho, 2001; Bationo et al., 

2007). As clay-humus complexes are mainly formed through bonds between clay particles and 
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SOM, we may expect a higher amount of SOM with increasing clay content (Tiessen, Cuevas and 

Chacon, 1994; Bot and Benites, 2005). Clayey soils additionally contain more fine pores than soils 

with coarse textures, protecting them physically from microbial mineralisation. This chemical and 

physical protection leads to higher amounts of SOM in clay soil, and allows plants to make optimal 

use of the released mineral nutrients as the SOM decomposition is much more spread in time.  

Despite this, the main clay mineral in tropical soils, kaolinite, has a much smaller specific surface 

and nutrient exchange capacity, leading to considerably fewer clay-humus complexes and thus to 

less long-term stabilisation(National Research Council, 1993; Katyal, Rao and Reddy, 2001; 

Nganje et al., 2001; Sanchez and Jama, 2001; Bot and Benites, 2005). Due to the favourable 

climatic and soil conditions (moist and warmth) in the wet-dry tropics, the unprotected labile SOM 

fraction in kaolinitic soils is more vulnerable to decomposition, making it hard to maintain SOM 

levels if no significant quantities of organic inputs are provided (Tiessen, Cuevas and Chacon, 

1994; Bot and Benites, 2005). However, tropic soils are rich in Fe and Al oxides that can retain 

organic matter as organo-oxide complexes. Since this also leads to high P retention, this isn’t 

always beneficial for crop production  

At last, as most of the above-mentioned factors are influenced by land use and management 

practices these also affect soil organic matter (Lininger, 2011).  

1.4. LOW PHOSPHORUS AVAILABILITY AND HIGH PHOSPHORUS 

FIXATION 

After nitrogen (N), P is the most important nutrient element limiting agricultural production. In 

undisturbed tropical ecosystems, enough P is present to maintain a rich number of trees and 

grasses. Most of the P is replenished through nutrient cycling, and very little is lost if the system 

remains undisturbed. However, once the original vegetation is cleared (e.g. for agriculture) a 

substantial part of P is lost in eroded soil particles, water runoff and biomass removal. Within a few 

years most of the P is lost, and the remaining inorganic P is largely unavailable for plant uptake. 

Hence, many highly weathered soils in the warm, humid and sub-humid regions have very little 

capacity to supply P for plant growth.  

P is an essential plant macronutrient, making up about 0.2% of a plant’s dry weight. It is a key 

component in the complex nucleic acid structure (nucleotides and nucleic acids) of plants and is 

also associated with complex energy transformations in the form of adenosine triphosphate (ATP). 

Additionally, inorganic P is involved in the regulation of metabolic pathways and enzyme reactions. 

P is concentrated in the fast-growing parts of plants, especially the root tips, and is found in large 

quantities in seeds and fruits. During the early development of the plant it benefits the root 

development and furthermore it enhances the development of reproductive parts (van Noordwijk 

and Cadisch, 2002; Fageria, 2016). Consequently, plants cannot grow without this component.  
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Plants with P deficiency grow slower, are stunted and mostly have an abnormal dark-green colour 

(Schachtman, Reid and Ayling, 1998; Fageria, 2016).   

The low P availability in Oxisols and Alfisols, is a result of the extensive losses during long periods 

of intense weathering and partly due to the low availability of P in the Al and Fe combinations that 

are the dominant forms in these soils (Brady and Weil, 2008). The bulk of soil P exists in three 

general groups; as insoluble organic P and soluble and insoluble inorganic P (Mahdi et al., 2012).  

P is present in the soil at levels of 400-1200 mg/kg of soil, but up to 80% is present in forms quite 

unavailable for plants (Holford, 1997; Schachtman, Reid and Ayling, 1998; Mahdi et al., 2012).   

Insoluble inorganic P originates from primary minerals, such as apatite, hydroxyapatite and 

oxyapatite, and their presence depends on time and soil development (Schachtman, Reid and 

Ayling, 1998), and secondary minerals, including Ca, Fe and Al phosphates (Smith and Read, 

2008) . Soluble inorganic P appears as orthophosphate ions, usually H2PO4
- and HP04²-, which can 

be taken up by plant roots (Schachtman, Reid and Ayling, 1998).  The quantity of available P is 

time-specific and crop-specific. It depends on the amount of P that will go into the soil solution and 

the concentration with which it diminishes by root absorption during the crop life cycle. Because of 

the typically very low solubility of P minerals and the tendency of P equilibria to favour the solid 

phase, the amount of P in the soil solution ranges from < 0.01 to 1 mg P/L (ppm) (Mahdi et al., 

2012).  With diminishing concentration of soluble inorganic P, P is replenished from the solid phase 

labile pool.  The replacement of P in the soil solution depends on the concentration of P in the soil 

solution, the quantity of P in the solid phase that equilibrates with the solution phase and the 

sorptivity or buffering capacity of the soil (Holford, 1997). Because the rates of diffusion are 

generally low (10 -12 to 10 -15 m²/s ) (Hocking, 2001)and inadequate to meet the uptake rates by 

plants, P uptake is reduced and a P depletion zone is created around the root surface. The 

traditional way in agriculture to have an adequate plant-available P supply, is with the use of mineral 

P fertilisers.  In Africa, however, fertilisers cost two to six times as much as those in Europe, North 

America, or Asia, and the access for most smallholder farmers is generally poor (Schachtman, Reid 

and Ayling, 1998; Hocking, 2001; Sanchez, 2002). As most smallholder farmer in the tropics have 

poor access or poor financial resources to /for mineral fertilisers, soil available P is generally low  

(Schachtman, Reid and Ayling, 1998; Hocking, 2001).  On top of that the application of a large 

portion of soluble inorganic phosphate applied through mineral fertilisers is rapidly immobilised 

soon after application to the soil and becomes unavailable to plants again (Mahdi et al., 2012). 

Hence, tropical soils are poor in P.  

The situation of low P is worsened by the high P-fixation of tropical soils. P-fixation is the process 

in which soluble P is converted into insoluble forms. In acidic soils, fixation occurs mainly through 

the reaction of H2PO4- with the surfaces of insoluble oxides of Fe, Al and Mg. Additionally the 

dominating silicate mineral in highly weathered tropical soils, kaolinite, can fix orthophosphates 
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(Brady and Weil, 2008). In Cameroon, soils with 46% clays, mainly had a maximum P-fixation 

capacity of 2060 mg P/kg soil (Brady and Weil, 2008, p. 618). In alkaline soils, the dominating 

process for P-fixation is through fixation with calcium. Availability of P is thus highest with soil pH 

values between 5.5 and 7  (as can be seen in Figure 2) as fixation is lowest within this range, while 

pH values below 5.5 and between 7.5 and 8.5 limit P-availability (Mahdi et al., 2012). 

 

Figure 2: Inorganic fixation of added phosphates at various soil pH. The actual proportion of the P 

remaining in available form will depend upon contact with the soil, time for reaction, and other factors 

(Adapted from Brady & Weil 2008) 

The organic P mainly exists in the forms of inositol phosphate or phosphate esters (10-50% of total 

organic P), nucleic acids and phospholipids. This form of P can be mineralised and immobilised 

from soil organic matter. Net mineralisation generally occurs if the C:P of the organic matter is 

below 200:1, while immobilisation is most likely if the C:P ratio is more than 300:1 (Brady and Weil, 

2008; Mahdi et al., 2012). The mineralisation process can be augmented, through stimulation of 

soil microorganisms (Ngongo et al., 2009).  

Generally, plants absorb P as soluble inorganic P, but in highly weathered soils this fraction is too 

insoluble to contribute to plant growth (Mahdi et al., 2012). Hence readily decomposable or easily 

soluble fractions of soil organic P are the most important factors in supplying P in the tropics (Brady 

and Weil, 2008).   
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2. AMF AS A POSSIBLE STRATEGY TO IMPROVE CROP AND 

SOIL PRODUCTIVITY 

2.1. INTRODUCTION 

Plant roots in soil are surrounded by a broad variety of microorganisms. Most of these 

microorganisms form interactions with plants. These interactions range from highly beneficial to 

strongly antagonistic, and therefore the microorganisms are called mutualists or parasites 

respectively.  The nature of the interaction can vary from obligate (both partners depend on each 

other to survive and reproduce) to facultative (bot partners can live and reproduce independently 

(Smith and Smith, 2011; Koele, Kuyper and Bindraban, 2014).  

A substantial part of the microbial communities in most agroecosystems are the arbuscular 

mycorrhizal fungi, an ancient fungal group forming a biotrophic and also (usually) mutualistic 

symbiosis with plants (Mathimaran et al., 2007; Smith and Smith, 2011).  AMF compose together 

with Ecto-, Ericoid, Orchid, Arbutoid, and Monotropoid mycorrhiza the group of the mycorrhizal 

fungi. They form the most important fungi within the endomycorrhiza. AMF have been classified 

into the separate fungal phylum Glomeromycota and are asexual obligate symbiotic organisms. 

The Glomeromycota consists of one class i.e. Glomeromycetes, which is divided in four orders: 

Glomerales, Diversisporales, Archeosporales and Paraglomerales (Redecker et al., 2013; 

Schüßler, 2013). Together they form 10 families of which the most abundanty studied are: 

Glomeraceae, Acaulosporaceae, and Gigasporaceae (Öpik et al., 2006).  

Figure 3: (a) Arbuscules of rhizophagus and (b) intraradical vesicles (from INVAM)  

About 80% of all vascular plants form associations with AMF (Manoharachary, Kunwar and Mukerji, 

2002; Jung et al., 2012). The interaction between host plants and the fungi is based on the 

exchange of organic C from the plant and soil-derived nutrients from the fungi. Especially in the 

acquisition of P mycorrhiza play a major role and are therefore considered as an interesting option 

to increase the plant-available P in weathered soils.  
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Typically, the symbiosis involves three components: the plant root, the intraradical mycelium (IRM) 

and the extraradical mycelium (ERM). The IRM, are fungal structures within and between the root 

cells, where the fungi receive organic C and where it delivers nutrients. The ERM is an extensive 

mycelium network that reaches far away from plant roots in the soil, absorbs nutrients from the soil 

and transfers these nutrients to the host root. Within the cortex the hyphae enter the apoplast, and 

penetrate the inner root cortical cells and form some mycothalli. This is considered as the functional 

site of nutrient exchange (Berruti et al., 2016). In ‘typical’ AM associations of the ‘Arum type’ the 

fungus penetrates the cell by small hyphal branches that by continuous dichotomous branching 

develop into typical treelike haustorial arbuscules (Figure 3a). By contrast, in ‘Paris type’ 

mycorrhizas the fungus spreads primarily from cell to cell and develops extensive intracellular 

hyphal coils (Dickson, 2004; Smith and Read, 2008; Bücking and Ambilwade, 2012). The formed 

mycorrhizal type is determined by the identities of both plant and fungal partners (Johnson, Graham 

and Smith, 1997; Cavagnaro et al., 2001).  The fungi also form storage vesicles (Figure 3b), which 

are membrane-bound organelles of varying shapes, inside or outside the cortical cells (Habte, 

2000). Nevertheless, only 80% of all species produce vesicles, and this is why some researches 

prefer the term arbuscular mycorrhizal fungi over the term vesicular-arbuscular mycorrhizal fungi 

(Habte, 2000; Smith and Read, 2008; Smith and Smith, 2011).  

2.2. THE INFLUENCE OF ARBUSCULAR MYCORRHIZAL FUNGI ON 

AGROECOSYSTEMS 

The major functions of AM in the rhizosphere are: (i) nutrient transfer from soil to plant via 

extraradical mycelium, (ii) soil structure improvement via aggregation, and (iii) protection from 

drought and abiotic stresses and soil root pathogens (Hooker and Black, 1995). 

2.2.1. CROP NUTRITION 

2.2.1.1. P UPTAKE 

AMF are important regulators of plant productivity, especially in nutrient poor ecosystems where 

these plant symbionts are responsible for the acquisition of limiting nutrients.  The ability of AMF to 

enhance uptake of relatively immobile nutrients, in particular P, and several micronutrients, has 

been the most recognised beneficial effect of mycorrhizas (Cardoso and Kuyper, 2006). 

Mycorrhizal fungi can contribute up to 75% - 90% of P, mainly in the form of inorganic P, that is 

acquired by plants annually (Tarafdar and Marschner, 1994; van der Heijden, Bardgett and Van 

Straalen, 2008). P, together with N and potassium, is the main element that limits plant productivity 

(Bolan, 1991; Miller, 2000; Deressa and Schenk, 2008; van der Heijden, Bardgett and Van 

Straalen, 2008; Fageria, 2016). Most P is needed in the early growing stages of the plants, as up 

to 90% of the total plant P is absorbed before the plant reaches of its total dry weight (Miller, 2000; 

Fageria, 2016). As AMF develop in the early growth stages of plants, they can contribute 
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significantly to this early P absorption (Miller, 2000). Especially for plant species with high P-

requirement, such as legumes, or under conditions when plant productivity is strongly limited by P 

availability, such as in the tropics, AMF can be important  (van der Heijden, Bardgett and Van 

Straalen, 2008).  

Charron et al. (2001) showed that inoculated onions (A. cepa), with Glomus versiforme and Glomus 

intraradices, have P tissue concentrations of 0.141% higher than the control, but this depended on 

the AMF species and the inoculation type (spores or root fragments). Due to the colonisation, the 

onions reached marketable size 2–3 weeks earlier. A higher shoot dry matter (1 ton/ha) due to 

inoculation was also observed in soybean (Glycine max) in Nigeria (Osunde et al., 2003). Similar 

results were obtained for chickpea, where a moderate level of AMF colonisation (18–55% of roots), 

enhanced the plant tissue fractions (P, Mn, K, Cu and Fe), and along a simultaneous increase in 

plant biomass (11.77 vs. 8.25 g/pot for inoculated and non-inoculated pots respectively) (Farzaneh 

et al., 2011). A study (Liu et al., 2000) with maize plants showed that an increase of 3.4 g/plant in 

shoot dry matter when inoculated by G. intraradices. On the contrary, maize plants grown at high 

P in the presence of mycorrhizae accumulated only 88% of the biomass of plants grown at high P 

in the absence of mycorrhizae, indicating that mycorrhizae can reduce plant growth when not 

contributing to the symbiosis (Kaeppler et al., 2000). This shows that maize plants are only 

marginally dependent on mycorrhiza (Habte, 2000). 

Figure 4: P uptake of the plant via the plant pathway or mycorrhizal pathway (Bücking and Ambilwade, 2012). 

The mean mechanism for increased P acquisition by AMF is through the increased soil volume 

exploited by the fungal hyphae. The direct surrounding of the root (rhizosphere) is characterised 

by lower amounts of nutrients (due to plant uptake which far exceeds the rate at which the nutrients 

diffuse into the root zone, creating a so-called depletion zone around the root) compared to the 

bulk zone (Figure 4) (Habte, 2000; Koele, Kuyper and Bindraban, 2014). The extraradical hyphae 

can extend up to 8 cm beyond the depletion zone (Douds Jr. and Millner, 1999). Moreover, the 

diameters of the fungal hyphae are much smaller than roots, which allows access to narrower soil 
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pores and hence further increases the soil volume that can be explored (Smith and Read, 2008; 

Smith et al., 2011).  

Besides hyphae that extend beyond the root depletion zone, various subsidiary mechanisms have 

been proposed to explain P uptake by mycorrhizal fungi.  One of them is that the kinetics of P 

uptake into hyphae differ from those of roots. This is either achieved by increasing the affinity (lower 

Km) for P ions or by decreasing the threshold concentration for absorption of P (Bolan, 1991).  

Additionally, plant roots and mycorrhizal hyphae affect chemical changes and P solubility in the 

(myco)rhizosphere differently. Mycorrhiza have shown higher phosphatase activity, which is an 

enzyme mineralising unavailable organic P. And mycorrhiza release organic acids which leads to 

access to inorganic and organic P sources that are unavailable to non-mycorrhizal plants (Bolan, 

1991; Tarafdar and Marschner, 1994). Especially in environments with poorly soluble P sources, 

such as Fe and  Al phosphate and rock phosphates, it has been suggested that mycorrhizas may 

benefit plant growth by increasing the availability of P from non-labile sources. In many studies, 

mycorrhizal and non-mycorrhizal plants appear to use the same labile P sources (Bolan, 1991; 

Hernández, Cuenca and García, 2000), but other studies demonstrated that mycorrhizal plants 

obtained P from normally unavailable sources of Pi and Po (Bolan, Robson and Barrow, 1987; 

Koide and Kabir, 2000; Feng et al., 2003; 2004, 2006). Other experiments tracking mycorrhizal 

activity with labelled radioactive 32P indicated that mycorrhiza make an important contribution to P 

acquisition. However, the amount of P delivered by the fungi is not necessarily related to the root 

length colonisation percentage nor to a positive growth response (Li et al., 2006; Smith and Smith, 

2011). However, these latter studies were executed in artificial medium or artificially made P-

compounds were added to soil, so doubts remain whether AMF can utilize P that is naturally fixed 

or organically bound in soil.  

2.2.1.2. N UPTAKE 

While most studies indicate positive effects on P uptake, there is still a lot of debate if and to which 

extent AMF colonised plants benefit from increased access to N. Farzaneh et al. (2011) showed 

that AMF colonisation significantly reduced the N concentrations within chickpea. A possible 

explanation might be that AMF lack the saprotrophic capability to enable N mineralisation.  

However, they may be involved in the decomposition and in the capture of the less mobile amino-

acids or ammonium ions (Read and Perez-Moreno, 2003). Mäder et al. (2000) showed that AMF 

can contribute substantially to N uptake (in the form of ammonium ions), both through the capture 

and transport of this ion through AMF hyphae, increasing the N flux by three times compared to 

non-mycorrhizal plants. Furthermore, AM fungal hyphae are better to penetrate decomposing 

organic material, because of their small size, and therefore better competitors for recently 

mineralised N (Hodge, 2003; Cardoso and Kuyper, 2006). By contrast, it is not fully clear whether 

all forms of N taken up by AMF remains in the fungi or whether it is further transported to the host 



14 
 
 

 

 

plant (Koele, Kuyper and Bindraban, 2014). Finally, AM can directly affect N uptake because 

increased uptake of P is important for nodulation of N-fixing microorganism in legumes (Read and 

Perez-Moreno, 2003; Koele, Kuyper and Bindraban, 2014).  

2.2.1.3. UPTAKE OF MICRONUTRIENTS 

In developing countries, micronutrient deficiencies are a major concern causing serious health 

problems, especially among children, infants and women. Zinc (Zn) deficiency is a common 

problem particularly in Sub-Saharan Africa (Wessells and Brown, 2012).  Zn deficiency in humans 

is a consequence of the limited bio-availability of Zn in tropical soils and hence in plants. This 

problem may even be exacerbated through the increased fertiliser use, as the application of 

macronutrient fertilisers can dilute Zn concentrations in plants. Increased macronutrients 

availability improves plant growth, thereby spreading the other nutrients throughout much more 

plant tissue (Cardoso and Kuyper, 2006).  

Data on Zn uptake by mycorrhizal plants are still contradictory. Many studies report increased Zn 

uptake by plants when colonised by AMF  (Habte, 2000; Jansa, Ahmad Mozafar and Frossard, 

2003; Liu, Wang and Hamel, 2004; Farzaneh et al., 2011). Jansa et al. (2003) and Liu et al. (2000) 

noted increased Zn uptake rates by maize colonised by G. intraradices and Farzaneh et al., (2011) 

found similar results on chickpea. Conversely, studies by Mehravaran, Mozafar and Frossard 

(2000), Charron et al. (2001) and Azcón, Ambrosano and Charest (2003) provide evidence that 

different species of AMF differ for the uptake effectiveness of Zn in lettuce, onion and white clover 

plants. However, for most studies the effects varied with micronutrient and P level added to the soil. 

In some cases, the uptake of Zn and P is correlated, while in others it is not. A possible explanation 

is that AMF differentially express P and Zn transporters or differentially downregulate the P and Zn 

transporters of plants (Cardoso and Kuyper, 2006).  

Strong mycorrhizal effects on Mg, Fe, Mn, and Cu uptake were also observed. However, the results 

in those studies varied considerably. The decrease or increase could differ depending on whether 

the shoot or root was considered, and depended on mineral availability. Up until today it is not 

known how general these effects are (Sasa, Zahka and Jakobsen, 1987; Khalil, Loynachan and 

Tabatabai, 1994; Liu et al., 2000; Mehravaran, Mozafar and Frossard, 2000; Charron et al., 2001; 

Jansa, Ahmad Mozafar and Frossard, 2003; Farzaneh et al., 2011).  

2.2.2. SOIL STRUCTURE 

The role of mycorrhizal associations in enhancing nutrient uptake will mainly be relevant in lower 

input agroecosystems, but mycorrhiza also play a role in maintaining soil structure, which might be 

important in all ecosystems (Ryan and Graham, 2002). Although weathered tropical soils, such as 

Oxisols, present desirable physical characteristics, the formation and maintenance of soil structure 

is not only influenced by soil properties, but also by root architecture and management practices. 
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Adverse, soil management can lead to degradation of soil aggregation due to dispersion of 

particles, decrease in the size of the aggregates, increase in the density, movement of clay in the 

horizon and decrease in macro-porosity. Microorganisms, in this study specifically AMF, can 

influence soil aggregation, which is one component of soil structure, and hence contribute to soil 

conservation (Cardoso and Kuyper, 2006; Rillig and Mummey, 2006; Smith and Smith, 2011).   

AMF can enhance soil structure by (1) growth of external hyphae into the soil to create a skeletal 

structure that holds soil particles together; (2) creation by external hyphae of conditions that are 

conducive for the formation of micro-aggregates; (3) enmeshment of micro- aggregates by external 

hyphae and roots to form macro- aggregates; and (4) directly tapping C resources of the plant to 

the soils (Miller and Jastrow, 1990, 2000; Miller, Jastrow and Reinhardt, 1995; Jastrow and Miller, 

1997; Rillig and Mummey, 2006; Smith and Smith, 2011). This direct access will promote the 

development of soil aggregates, because soil C is crucial in the formation of organic materials to 

cement soil particles.  

In addition, AMF produce glomalin, a specific fungal glycoprotein. Glomalin acts as a glue with 

hydrophobic properties, in this way contributing to the production and maintenance of water stable 

aggregates in soil (Wright and Upadhyaya, 1998; Piotrowski et al., 2004). The hydrophobic 

glycoprotein coating the hyphae and adjacent soil particles enables the hyphae to survive in gas–

water interfaces and may reduce macroaggregate disruption during wetting and drying cycles. 

Glomalin, arriving in the soil through excretion or hyphal decomposition, is present in the soil in 

large amounts. Douds & Millner (1999) and Rillig & Mummey (2006) found levels as high as 1.5% 

of the dry weight of soil, and according to Rillig et al. (2001) up to 5% of soil C and 4% of soil N 

stocks were derived from glomalin .  Additionally, the residence time of glomalin in soil is longer 

than hyphae, allowing for a long persistent contribution to soil aggregate stabilisation (Wright, Starr 

and Paltineanu, 1999; Wright and Anderson, 2000; Steinberg and Rillig, 2003). In a study by Wright 

et al. (1999) the concentration of glomalin was correlated with stabilisation of soil aggregates after 

a 3- years transition of a maize cropping system from conventional tillage to no-tillage. However, 

some crop rotations, such as wheat-corn-millet, favour glomalin production and aggregate stability 

more than other (Wright and Anderson, 2000). Thus, management of cropping systems to enhance 

soil stability may often benefit from consideration of the factors controlling production and 

maintenance of extraradical hyphae and glomalin. Finally, glomalin likely interacts with elements 

such as P, Fe, Al, or heavy metals (Cardoso et al., 2006). 

Although the information is still sparse, another component which is hypothesised in the 

contribution to soil aggregation are mucilages, fungal-derived polysaccharides and other 

extracellular compounds produced by fungi, as well as hydrophobins (Rillig and Mummey, 2006).   
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2.2.3. CROP PROTECTION  

2.2.3.1. PATHOGENS 

AM fungal colonisation is not only related to enhanced nutrient uptake and soil structure 

improvement, but can also have numerous other beneficial effects (Douds Jr. and Millner, 1999; 

Koele, Kuyper and Bindraban, 2014). AMF can help cope with biotic and abiotic stress. As 

pesticides (like fertilisers) are often very costly and/or hardly available for most small-scale 

producers, this can be an important feature in sub-Saharan Africa.  

Mycorrhiza can reduce the damage caused by plant pathogens, such as nematodes, fungi or 

bacteria. Several mechanisms have been proposed to explain the protective role of mycorrhizal 

fungi. The most important mechanism is through the increased nutrition and consequently altered 

biomass. Plants with a good nutrient status are less sensitive to pathogen damage. Non-nutritional 

mechanisms are equally important. One of the mechanisms might be the deposition of mycelium 

products that serve as substrates for bacterial growth or that contain bacteriostatic or fungistatic 

agents, this way altering the mycorrhizosphere populations (Rillig and Mummey, 2006). 

Interactions between AMF and above-ground pathogens are noted, although not with a consistent 

pattern. Furthermore, increased lignification of cell walls and competition for space for colonisation 

and infections sites are observed.  

Several studies showed the protection in commonly cultivated tropical crops against Rizoctonia sp 

and Fusarium. Kasiamdari et al. (2002) concluded that the low incidence of disease of two 

Rizoctonia sp. on mung bean (Vigna radiata)  could not be explained by improved P nutrition, but 

could be attributed to the direct presence of Glomus coronatum within and among the roots. Abdalla 

& Abdel-Fattah (2000) noted  protection of peanut (Arachis hypogea) against pod rot caused by 

Rizoctonia solani and Fusarium, mainly through increasing the biomass, but probably also because 

of direct interactions between the mutualist and the pathogens. Similar results were obtained for 

cowpea (Vigna unguiculate) colonised by Glomus clarum against the root pathogen R. solani 

(Abdel-Fattah and Shabana, 2002). Similarly, there are many studies that show a clear reduction 

of the detrimental effects by endoparasitic nematodes in mycorrhizal plants. The inoculation with 

Glomus moasseae significantly reduced the detrimental effects by the endoparasitic nematode 

Meloidogyne incognita on tomato roots (Vos et al., 2012). Interactions between AMF and 

nematodes have been studied on different Sahelian legumes. The inoculation with G. intraradices 

diminished nematode densities ranging from 40% to 92%, but also annulled the plant-specific effect 

on the structure of the soil nematode community (Villenave et al., 2003). 

Another mechanism is the activation of plant defence responses occurring at the start of the 

symbiosis. This mild but effective modulation of plant immune responses seems to lead to a primed 

state of the plant, locally and systemically, enabling it to activate defence mechanisms more 

efficient in response to attack by potential enemies (Jung et al., 2012). In a study, Blumeria graminis 
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infection on wheat leaves was reduced by 78% in plants inoculated with the AM fungus 

Funneliformis mosseae compared to non AMF plants (Mustafa et al., 2017). The protection could 

be interpreted as a mycorrhiza-induced resistance and the mechanisms impaired B. 

graminis development and corresponded to a systemic elicitation of plant defences rather than a 

primed state in wheat leaves. The fungus Glomus mosseae provided some protection  of tomato 

plants against Botrytis cinerea (Fiorilli et al., 2011). Besides reducing disease severity (60.3% in 

non-mycorrhizal plants compared to 37% in mycorrhizal plants), the concentration of ABA was 

elevated in AM fungal plants, suggesting that this is one of the signals in the AM-induced tolerance 

to B. cinerea. Again, inoculation of tomato plants with the AMF Glomus fasciculatum showed 

systemic induced resistance to the foliar pathogen Alternaria alternate. This time, jasmonic acid 

seemed to play a causal role in expression of MIR against the pathogen (Nair et al., 2015). 

The interaction between plant and fungal identity can be an important determinant of root infection 

by the pathogen. Plants with complex root systems are more susceptible to infection by pathogens, 

than plants with a simple root system. In a study of Setaria glauca and A. cepa associated with a 

fungus of the Glomeraceae, Sikes et al. (2009) concluded that the fine-rooted Setaria benefited 

more from associating with members of the family Glomeraceae, while Allium benefited more from 

associating with  members of the family Gigasporaceae.  

2.2.3.2. SUBOPTIMAL WATER CONDITIONS 

During the dry periods in the humid tropics, crop productivity is severely reduced due to osmotic 

stress caused by salinity and drought (Zhu, 2003). AMF can also protect their host plants in 

suboptimal water conditions (drought, flooding or salinity). Colonised plants can increase water 

uptake through the increased soil volume that the hyphae scavenge. Other important mechanisms 

by which AMF improve the tolerance of host plants to drought is through the elevation of K/Na 

ratios, the accumulation of osmosolutes and the maintenance of higher antioxidant enzymatic 

activities. Mycorrhizal plants have larger activity of superoxide dismutase (SOD), an antioxidant 

enzyme protecting plants against oxidative damage (Aggarwal et al., 2012; Hajiboland, 2013; Augé, 

Toler and Saxton, 2014, 2015). Other studies report enhanced plant resistance to drought and 

salinity through enhanced leaf stomatal conductance (Augé, Toler and Saxton, 2015), higher Ca2+ 

concentrations in shoots (Augé, Toler and Saxton, 2014), uptake and transfer of water through the 

fungal hyphae (Ruiz-Lozano, 2003) , and upregulation of aquaporin genes, although the effect of 

these characteristics is not consistent.   

Different species of Glomus sp. improved the water use efficiency (WUE) 2.4-fold in A. cepa 

(Bolandnazar et al., 2007). Besides increasing the bulb yield, inoculation also protected the plants 

under water deficit periods. This effect is similar to the result found by (Subramanian, 

Santhanakrishnan and Balasubramanian, 2006) on tomato plants in field conditions. Root 

colonisation by G. intraradices, yielded fruits of mycorrhizal plants that were 24.7%, 23.1%, 16.2% 
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and 12.3% higher than non-mycorrhizal plants, under severe, moderate, and mild drought-stressed 

conditions respectively. Shoot mass and grain yield of maize plants, were approximately 20% 

higher when roots were colonised by G. intraradices than for plants without mycorrhizal association, 

regardless of the drought-stress treatment (Subramanian and Charest, 1997).  

AM plants have shown 24% higher stomatal conductance to water vapor (gs) than nonmycorrhizal 

(NM) controls. The AM influence on gs was over four times more pronounced under severe drought, 

than the promotion observed with ample water, and this result was irrespective of the family. 

Although, the promotion was largest with the native AMF, and depended on the extent of root 

colonisation and whether hosts were mono- or dicotyledonous or C3 or C4 (Augé, Toler and 

Saxton, 2015).  

Proline, a non-protein amino acid and one of the most frequently used stress indicators, is still 

reported in stressed plants, suggesting that mycorrhizal plants are less susceptible to salinity and 

drought because of stress-avoidance mechanisms (Hajiboland, 2013).  Plants accumulate proline 

as a non-toxic and protective osmolyte to maintain osmotic balance. Besides acting as an 

osmoprotectant, it serves as a sink for energy to regulate redox potentials, as a hydroxyl radical 

scavenger, as a solute that protects macromolecules against denaturation, and as a means of 

reducing acidity in the cell (Ruiz-Lozano, 2003; Aggarwal et al., 2012; Augé, Toler and Saxton, 

2014). 

2.3. THE ROLE OF FUNGAL DIVERSITY 

As mentioned above, mycorrhiza provide a lot of benefits towards plants and are thus of big 

importance in agroecosystems. Therefore, most research focuses on ways to increase their 

abundance as spores, root colonies, or soil hyphae.  However, most studies mainly focused on the 

overall response of mycorrhiza in a specific crop. In fact, an agroecosystem is never specified by 

only one crop and plants are never colonised by only one AM fungal species. Even though AMF 

are known to have little host specificity, not all AM fungus species are equally effective at improving 

plant growth. There is quite some variability between fungal species and even between isolates of 

the same species in their formation and function (Figure 5). Some species are extremely favorable, 

while others have only minor effects, and some can even have a negative impact in certain 

situations. To incorporate AMF into a sustainable tropical agriculture, it is of importance to 

understand how the community composition of the fungi affects their importance, effectiveness, 

and functions (Burleigh, Cavagnaro and Jakobsen, 2002; Picone, 2003; Rillig and Mummey, 2006; 

van der Heijden, Bardgett and Van Straalen, 2008; Solaiman, Abbott and Varma, 2014).  
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Figure 5: Response of a plant to mycorrhiza varies with both the effectiveness of the fungi and soil fertility 

(Picone, 2003) 

Unfortunately, the determination of effective communities of fungi for a specific agroecosystem is 

difficult. First, the outcome will depend on the diversity and the abundance of some AMF species. 

Identical isolates can have very different effects on plant growth (Figure 5). This can be the result 

of ecosystem-specificity; a species can be very effective in one region, but the same fungus will 

not be as optimal when it is isolated from a different region. Furthermore,  the effectiveness of an 

isolate depends on environmental factors, such as pH, temperature, moisture, nutrient status, and 

salinity (Yang et al., 2010; Barea et al., 2011; Solaiman, Abbott and Varma, 2014). Besides plant 

productivity, AMF communities and different species in itself, can also influence plant community 

composition (van der Heijden et al., 1998; Streitwolf-Engel et al., 2001; 2008).  Secondly, the 

effectiveness may vary among different host plants. A fungus can promote growth in one plant 

species, but may be ineffective with another plant species. This can even be the case on cultivars 

within a single plant species (van der Heijden et al., 1998; Klironomos, 2000, 2003, Picone, 2000, 

2003; Manoharachary, Kunwar and Mukerji, 2002; Öpik et al., 2006). 

So, although most AMF are ubiquitous, since they occur worldwide in quite different terrestrial 

ecosystems, others are restricted to specific ecosystems, land use types, vegetation or climates. 

Effective species should thus be determined for local agricultural systems, and not simply 

extrapolated from other systems or regions. However, another way to further improve our ability to 

manage AMF, is to focus on the traits that make a specific species (or isolate) most effective, rather 

than simply relying on species identities.  

2.3.1. TRAITS OF EFFECTIVE FUNGI AND THEIR ASSOCIATED FUNCTIONS 

There is increasing evidence that the mechanisms involved in the establishment of mycorrhiza may 

differ for species and genera and influence their subsequent function (Dodd et al., 2000). Given the 

specificity of the response of plants towards different AM fungal species, a trait-based approach 

could provide insights to link plant and AM fungal diversity. Finding preferential matches between 
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AMF and plant hosts or ecological function, is a perquisite to maximise their benefits through 

management and to commercialise their use.  

2.3.1.1. RAPID AND EXTENSIVE PRODUCTION OF EXTRARADICAL MYCELIUM 

It is common that soil P deficiency increases the flow of plant C to AMF, and vice versa (Ratnayake, 

Leonard and Menge, 1978; Kiers et al., 2011). Although, no general relationship has been shown 

between production of extraradical hyphae and nutrient uptake (Picone, 2003), intuitively, a high 

rate of P transfer to the host should be related to extraradical hyphal production. As they can 

explore more soil patches where roots and other hyphae have not already depleted soil resources. 

Additionally, those large quantities of C will probably be invested in the growing mycelial biomass 

(Chagnon et al., 2013). There is evidence that Acaulospora species produced most extraradical 

hyphae and hence took up most soil P (Jakobsen, Abbott and Robson, 1992), compared with other 

groups. A study (Boddington and Dodd, 2000) with the tropical species A. tuberculata, G. manihotis, 

and Gigaspora rosea, showed that the Gigaspora species produced the most extraradical hyphae 

but was the least effective fungus. Acaulospora species, on the other hand, had a poorly 

extraradical mycelium but was highly effective. On the contrary , hyphal abundance of members of 

the Gigasporaceae increased drastically in non-fertilised plant communities where P availability in 

the soil was limited (Johnson et al., 2003).  And this increased biomass in extraradical hyphae for 

Gigaspora has been shown in multiple studies (Hart and Reader, 2001, 2005; Maherali and 

Klironomos, 2007).  

However, Gigasporaceae inquire a high C acquisition from their host plants, as they have greater 

hyphal lengths, denser hyphal clusters and produced big spores (Boddington and Dodd, 1998). 

Furthermore, they seem to regulate phosphorous transfer to their hosts by storing P as 

polyphosphate in extraradical mycelium (Jakobsen, Abbott and Robson, 1992; Boddington and 

Dodd, 2000; Dodd et al., 2000), as it may help to maximize the carbohydrate transfer to these fungi. 

Perhaps in short-term pot studies, fungi that grow extensive mycelia generate a carbohydrate cost 

on the host that exceeds the benefits from increased nutrient uptake. Therefore, a extraradical 

hyphae might be related to soil aggregation (Piotrowski et al., 2004).   

AMF that produce the most soil hyphae are the best candidates for soil conservation or improving 

healthy soil structure. Both Gigaspora and Scutellospora tend to produce thick hyphae that span 

long distances between roots, while Glomus species tend to produce fewer extraradical hyphae 

(Boddington and Dodd, 1998; Dodd et al., 2000). Indeed, the length of ERM of a Gigaspora species, 

was positively associated with macro-aggregation of soil (Miller and Jastrow, 2000). Moreover, 

species of Gigaspora may produce more glomalin in the soil than species of Glomus. The 

glycoprotein Glomalin is an important cementing agent of soil particles, and hence its presence is 

positively associated with the amount of soil macroaggregates (Wright and Upadhyaya, 1998)  



21 
 
 

 

 

2.3.1.1. RAPID AND EXTENSIVE COLONISATION OF ROOTS 

As shown above rapid and extensive colonisation of roots is not the perquisite for nutrient-uptake, 

but rather the extensive extra-radical network. As AMF cannot heavily invest in both intra-and extra 

radical mycelium, it is likely that some AMF families will colonise roots more profoundly, while others 

will colonise the soil (Hart and Reader, 2001, 2005). Fast colonisers often have most extensive 

hyphae in the root.  Compared with other AM fungal families, species belonging to the 

Glomeraceae, particularly Glomus sp., grow faster (Jakobsen, Abbott and Robson, 1992; Munkvold 

et al., 2004; Powell et al., 2009; Smith et al., 2011) and invest earlier and more abundantly in spore 

formation (Oehl et al., 2010). Also, they form cross-walls that enable infected root pieces and 

severed hyphal fragments to heal and recolonize host roots (De La Providencia et al., 2005). Also, 

the ratio of intra-and extra-radical hyphae is higher compared to other species, which may indicate 

a soil avoidance strategy.  

Producing little extraradical biomass might be beneficial to reduce the exposure to abiotic stress 

agents such as soil acidity (Chagnon et al., 2013). There is some evidence that high soil acidity 

drives the AM fungal community (Howeler, Sieverding and Saif, 1987; Robson and Abbott, 1989; 

Abbott and Robson, 1991; Oehl et al., 2010). Specifically members of the Acaulosporaceae family 

are more reported in lower pH environments (Morton, 1986; Porter, Robson and Abbott, 1987; 

Johnson et al., 1991). 

In agriculture tillage is a common practice, in which hyphae are broken through the physical 

disruption in the soil. Additionally, most crops are short-living plants with low cost biomass. In those 

circumstances, the rapid re-establishment of functional hyphae and symbiotic interactions with the 

host plant might be a perquisite.  Another way to re-establish the symbiosis is by maximising de 

novo colonisation of roots by propagules. Thus, a short life cycle with an early and constitutive 

investment in asexual spores might be a strategy to cope with agriculture. Studies have shown that 

highly disturbed soils, tend to have low AM fungal diversity, and are dominated by species of the 

Glomeraceae.  

Given that agricultural crops commonly grow where soil nutrients are rarely limiting (Navas et al., 

2010), the primary benefit they derive from AMF may rather be an increased protection against 

phytopathogens (Abdel-Fattah and Shabana, 2002; Pozo and Azcón-Aguilar, 2007; Powell et al., 

2009; Sikes, Cottenie and Klironomos, 2009; Bharadwaj, Alström and Lundquist, 2012; Jung et al., 

2012; Li et al., 2013; Soka and Ritchie, 2014; Nair et al., 2015). If pathogens can colonise plants 

roots before AMF, they can reduce the AM colonisation and its benefits (Biermann and Linderman, 

1983). (Picone, 2003). Moreover, the ability of AMF to defend plant against pathogens, might be 

associated with the percentage of colonisation. Therefore, rapidly colonising AMF might have better 

potential when soil pathogens are a problem (Picone, 2003; Maherali and Klironomos, 2007). 

Indeed, Klironomos (2000) and Perrin (1990) found that Glomus species were effective at 
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preventing Fusarium and other non-mycorrhizal fungi from infecting host roots. However, this could 

also be due to indirect effects by altering interactions with other community members (Barber, 

Kiers, Hazzard, et al., 2013).  

Different species of mycorrhizal fungi can thus affect various processes or mechanisms and this 

gives strong evidence for multifunctionality among fungal species. However, Gosling et al. (2015), 

showed no beneficial effect on plant growth after inoculating diverse communities of AMF with 

functionally different traits. He argued that when the host plant is exposed to a single factor, which 

is frequently the case during greenhouse experiments, fewer fungal species able to alleviate that 

stress are likely to provide maximal benefit to the host. Under field conditions, nevertheless, 

multiple stresses occur, requiring a more diverse community. Additionally, Klironomos (2003) 

showed that the range of response was greatest when using local plants and fungi. It is thus not 

only important to understand the ‘independent’ biology of different fungi, but to determine which 

plants are selectively colonised by those AMF (communities) that provide the greatest benefit, and 

which cocktail of AMF species for inoculation leads to the best results (Klironomos, 2003; Bonfante 

and Genre, 2010). 

2.4. CHARACTERISING ARBUSCULAR MYCORRHIZAL FUNGI 

An important perquisite to analyse populations of AMF in different ecosystems, is the correct 

identification of individual isolates. Communities of AMF in field soils can be assessed as the 

number of species that are present and the abundance of those species within the community. 

Spore-based surveys are considered to be a baseline, and new species can be characterised on 

spore morphology (Mathimaran et al., 2007). Microscopical determination of variation in cell wall 

morphology, shape, colour and size are traditional ways for classification. Another feature to 

distinguish species, genera and families is the layer structure of the cell wall as well as the way the 

spore is formed on the hyphae.  

This determination is not simple, as different fungi species have a very different life cycle, and 

relative abundance of each stage. Hence, the abundance will change with the sampling time. 

Additionally, some spores are too small and therefore difficult to extract; not all extracted spores 

are viable and will germinate and colonise; some fungi rely on different mechanism than spores as 

propagules and the process is time-consuming and requires expertise (Juniper, Abbott and 

Jayasundara, 1998; Stockinger, 2010). Previous studies showed that distribution of AMF spores is 

not correlated to root distribution and that at least seven samples should be analysed to find all 

AMF species in an agricultural soil (Douds Jr. and Millner, 1999).  

Another way to assess fungal abundance is through the direct observation of the extent of 

colonisation of roots in the soil. Plant roots are stained and coloured, and observed under the 

microscope. However, arbuscules produced by AMF in the plant are very similar from one species 
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to another. And the development of AMF depends on plant host species, rate of root fungus growth, 

the root age, the root density, and AMF inoculum density in the soil. Some studies use allozymes 

as a diagnostic biochemical marker to identify species (Declerck et al., 2000; Cavagnaro et al., 

2001; Stockinger, 2010). 

Based upon spore morphology and colonisation patterns, about 150 species of AMF have been 

documented (Walker and Trappe, 1993; Schüßler, 2013). Estimates suggest that there are c. 300–

1600 arbuscular fungal species that form mycorrhizal associations with c. 200 000 plant species 

(Kivlin, Hawkes and Treseder, 2011; Öpik et al., 2013). A more powerful technique to study the 

evolution and population genetics are molecular techniques that analyse DNA sequences. Till 

present day, the development of high-throughput molecular tools has aided us to better 

comprehend the biology, evolution, and biodiversity of mycorrhizal symbiosis (van der Heijden et 

al., 2015). Despite the rapid advantages that are made, molecular techniques are still considered 

difficult. First, the extraction of DNA from soils often gives lower quantity and quality compared to 

plant roots.  There are also vast differences in quantity of template DNA from spores and hyphae 

in the soil. And as the fungi produce multi-nuclear spores compared to their hyphae which contain 

fewer nuclei, the relative abundance of community can be biased (Schüβler, Schwarzott and 

Walker, 2001; Gamper et al., 2008; Krüger et al., 2012; Saks et al., 2014).  

The polymerase chain reaction-denature gradient gel electrophoresis (PCR- DGGE) analysis, is 

useful to observe many samples rapidly without the cloning process (Muyzer, de Waal and 

Uitterlinden, 1993). The migration distance of single bands, characteristic to unique species,  can 

be applied to identify and characterize the species of AMF (Redecker, 2000; Kowalchuk, DeSouza 

and VanVeen, 2002; Kojima, Sawaki and Saito, 2004; Sato et al., 2005). Thereafter, deep 

sequencing approaches, such as the 454 pyrosequencing, will allow species level detection from 

contaminated field samples (Krüger et al., 2009). Most primers are based on highly conserved 

regions of nuclear and mitochondrial ribosomal DNA. Today, the most used AM fungal-specific 

primers systems are the partial small subunit (SSU), the partial large subunit (LSU), the partial SSU 

and the internal transcribed spacer (ITS) and the partial SSU-ITS-partial LSU region (Redecker, 

2002; Krüger et al., 2009; Stockinger, 2010). However, there are strong biases towards specific 

groups and differences in the compositions and diversity depending on the used primer (Sato et 

al., 2005; Bellemain et al., 2010; Kohout et al., 2014) 

Additionally, several studies have shown that there is considerable variability among isolates of the 

same species. Generally, ITS spacers are appropriate for discriminating at species level, as there 

should be lower variability among isolates of the same species than among species. However, in 

AMF, great variation in intra-isolate ITS has been described and this for different species of 

Gigaspora and of Glomus mosseae. There have even been variations within a single spore. A 
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possible explanation for this heterogeneity might be its multinucleated spores (Sanders et al., 1995; 

Kuhn, Hijri and Sanders, 2001; Lanfranco et al., 2001; Hijri et al., 2002; Jansa et al., 2002).   

Even though the big challenges combined with molecular approaches, they have revealed 

previously unknown diversity, particularly in single root systems (Van Tuinen et al., 1998; 

Rosendahl, 2008). Based on the morphological and molecular characteristics, 19 genera 

compromising more than 200 species of AMF have been described and named (Manoharachary, 

Kunwar and Mukerji, 2002). It is likely that the actual species number will increase with current 

molecular studies as more regions and plants are being studied. 

2.5. THE INFLUENCE OF FARMING PRACTICES ON MYCORRHIZAL 

FUNGI 

As shown above, AMF can be an effective tool to improve plant growth and augment crop yields 

on tropical soils (Ceballos et al, 2013). To benefit from mycorrhizal associations (or more generally 

beneficial biological processes in the rhizosphere), agroecosystem should be managed to 

encourage the occurrence and functioning of soil organisms, including AMF (Brussaard, Ruiter and 

De Brown, 2007). Crop management mainly involves a range of practices which can impact AMF 

communities both directly, by damaging or killing AMF, as indirectly, by creating conditions either 

favourable or unfavourable to AMF. Agricultural practises such as fertiliser inputs, tillage and, crop 

rotation are among the factors that can influence plant response and plant benefits from 

mycorrhizas. Therefore, agricultural soils are often impoverished in AMF, both quantitatively as in 

terms of composition and diversity of the communities (Gosling et al., 2006; Mathimaran et al., 

2007; Solaiman, Abbott and Varma, 2014). In delicate tropical agroecosystems conventional 

agriculture regularly result in expansive disturbances, which are not sustainable in the long term. It 

has been proposed that mimicking natural ecosystems instead of planting monocultures is the best 

agricultural strategy for the tropics (Cardoso and Kuyper, 2006). Because mycorrhiza are major 

contributors to plant productivity in native ecosystems, a diverse AM fungal population, with its 

functional diversity and host preference, will maximise benefits for agricultural productivity (Picone, 

2003; Cardoso and Kuyper, 2006; Gosling, Jones and Bending, 2016).   

2.5.1. CROP ROTATION AND PLANT SELECTION 

AM fungal species do not seem to be plant species specific, but as the host plant controls the 

development of the symbiosis in interaction with the environment, it is a key element for the 

management of the AM symbiosis.  Most plants host AMF, but the mycorrhizal development and 

effect on the plant differ between crop species and even between genotypes of a same species 

(Klironomos, 2003; An et al., 2010; Solaiman, Abbott and Varma, 2014).  
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This variation in AM symbiosis has implications in cropping systems. Crop rotations and 

intercropping are generally well practised by smallholder farmers in the tropics, mainly with 

cassava, plantain, yam, rice, soya bean, millet or maize (Steiner, 1982). Although crop rotation and 

intercropping systems have shown potential in increasing food production and improving soil 

fertility, the alteration of plant species can influence the AM potential of soils. A feedback effect of 

a previous crop may occur on the following crop, as plants may modify the fungal communities and 

as different host plants respond differently to different AMF. Inclusion of non-mycorrhizal crops, 

such as Brassicaceae (cabbage) or Amaranthaceae (spinach and amaranth) (Smith and Smith, 

2011), in rotations likely reduces mycorrhizal inoculum potential. The root exudates of Brassica 

species can also produce toxic compounds, which can inhibit spore germination of some AMF. 

Hence, this is likely to have carryover effects on the subsequent crops that are dependent on 

mycorrhiza through reduction of mycorrhizal inoculum (Picone, 2003; Koele, Kuyper and 

Bindraban, 2014).  With non-host crops, the fungi can persist for a while by colonizing dead roots 

and/or by establishing vesicles in live roots without forming arbuscles (Picone, 2003), but in bare 

soils the effects can be even more detrimental. Harinikumar & Bagyaraj (1989) observed a 13% 

reduction in mycorrhizal colonisation after one year cropping with a non-mycorrhizal crop and a 

40% reduction after fallowing.   

The inclusion of N2-fixing legumes on the other hand, reduces the dependency of cropping systems 

on N fertilisers but also enhances AM symbiosis development and function (Koele, Kuyper and 

Bindraban, 2014). In the savanna of Nigeria, Sanginga et al. (1999) found that maize grown in plots 

previously under inoculated soybean had higher percentage mycorrhizal colonisation than when 

grown after uninoculated soybean and maize. Also, soybean cultivars inoculated with rhizobia had 

a higher mycorrhizal colonisation rate (25%) and more AMF species than maize or uninoculated 

soybean (19%). Osunde et al. (2003) found evidence for increased plant height, shoot biomass, 

grain yield, N uptake and AM infection on maize roots after previously grown soybean.  Therefore, 

rotational systems should be created in the way that they maximize the contribution of AMF 

(Solaiman, Abbott and Varma, 2014). Similarly, Bagayoko et al. (2000) noted grain and total dry 

matter yield increases of cereals ( sorghum, pearl millet) following legumes (cowpea, peanut) in 

Niger and Burkina Faso. The effect was suggested to be related to the efficiency of the legume 

species to suppress nematode populations early in the season and increase plant available N 

through N2-fixation. 

Despite the fact that AMF only have a constrained degree of specificity, diverse plant species 

stimulate the number and occurrence of various AMF species, consequently through the 

management of plants it is possible to change mycorrhizal populations in the soil (Hart and Reader, 

2001). Certain hosts, such as Sorghum spp., are especially effective at boosting fungus abundance 

for other crops and thereby increase subsequent productivity (Dodd et al., 1990; Johnson and 

Pfleger, 1992). Furthermore, this was also seen in savanna areas with introduced forage grasses 
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and legumes, which had greater soil infectivity than the native system (Howeler, Sieverding, and 

Saif, 1987). In addition, with a better comprehension of the ways distinctive plant species promote 

specific AMF fungi species, precropping could be utilised strategically to shift the fungal population 

towards species that are best for specific crops or those that have desired traits (Picone, 2003). 

The individual effect of mycorrhiza on plants is called mycorrhizal responsiveness. The degree of 

mycorrhizal responsiveness can be predicted from plant traits. Plants, such as species of Allium 

(leek and onion), with relatively thick unbranched roots with few root hairs are expected to be more 

responsive to mycorrhiza than species with thinner, more branched roots with many root hairs, 

such as cereals (Koele, Kuyper and Bindraban, 2014). Identifying quantitative trait loci (QTL) for 

AM responsiveness, might make it possible to breed more efficiently for these varieties that improve 

the symbiosis (Kaeppler et al., 2000; Solaiman, Abbott and Varma, 2014). However, until today 

assessment of mycorrhizal responsiveness is difficult, as high responsiveness of a cultivar can be 

both due to good performance in the mycorrhizal condition but also to poor performance in the non-

mycorrhizal condition. On top of that, it is likely that a comparison of different cultivars would show 

extensive interactions between genotype, soil and fungus (Koele, Kuyper and Bindraban, 2014).    

2.5.2. CROP NUTRITION 

Plants, as well as AMF, require a certain number of nutrients to grow and function. After harvest, 

the exported nutrients from the soil must be replaced for the system to be sustainable. Unlike, 

agriculture in temperate regions that is often characterized by conditions of excess, tropical 

agriculture rather has problems of access (van Noordwijk and Cadisch, 2002). Combined with the 

high ability of tropical soil to immobilize P, AMF can be of great benefit to plants.  

Because P uptake is one of the fundamental functions of arbuscular mycorrhizae, effects of P 

fertilisation have been the most studied (Bolan, Robson and Barrow, 1987; Bolan, 1991; 

Hernández, Cuenca and García, 2000; Koide and Kabir, 2000; Sanchez, 2002; Hodge, 2003). In 

general, AM fungal root colonisation, soil hyphae, and spores are most abundant at low to 

intermediate levels of soil fertility (Abbott and Robson, 1991; Brundrett, Abbott and Jasper, 1999; 

Picone, 2000, 2003). When solution P concentration is much above the optimum for a given host-

fungus combination, mycorrhizal colonisation will be suppressed. Then again, if P concentration in 

the soil is suboptimal for mycorrhizal function, AMF symbiotic effectiveness is reduced, and the 

fungus and the host may compete for scarce P (Habte and Osorio, 2001; Mathimaran et al., 2007). 

In strongly P deficient soils, the negative effect of P fertilisation may be offset by increased C supply 

to the fungi by more vigorously growing crops (Mathimaran et al., 2007). But those positive effects 

of added P can quickly reach a maximum at around 2 to 17 mg P/kg (Abbott and Robson, 1991). 

When P concentrations are boosted well above these levels, which is the case for most mineral 

fertilisers application, they can drastically decrease the hyphal growth and spore abundance of 

AMF, as well as the composition and diversity (Picone, 2003; Treseder, 2004; Douds Jr. et al., 
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2005; Mathimaran et al., 2007; Whiteside, Treseder and Atsatt, 2009). High levels of fertilisation 

can select AMF that are less beneficial are even parasitic (Johnson, 1993; Johnson, Graham and 

Smith, 1997; van der Heijden et al., 2015). This has led to less dependency of crops on the AM 

association, leading to lower AM colonisation and propagule densities, and along with it also the 

benefits to the soil. (Solaiman, Abbott and Varma, 2014). 

Not only P fertilisers show negative impacts on AM association, other readily soluble fertilisers, 

particularly N, also seem to influence AM colonisation and/or diversity, both negatively (Treseder 

and Allen 2002) as neutrally (Jumpponen et al 2005). Similarly, high levels of N fertilisation can 

decrease colonisation by mycorrhizal fungi (Smith and Read, 2008).  

Most resource-poor famers do not apply readily soluble fertilisers, but use organic amendments 

(Gosling et al., 2006). The application of compost and slow release fertilisers may benefit AMF 

(Douds et al., 1997; Miller and Jackson, 1998; Bailey and Lazarovits, 2003; Valarini et al., 2009). 

As shown in section “low soil organic matter”, organic matter influences soil structure, pH, nutrient 

and water-holding capacity. These are all processes that directly and/or indirectly influence AMF 

development and efficiency (Gianinazzi-Pearson and Diem, 1982). Generally, the growth of AMF 

is increased by soil organic amendments (Douds et al., 1997; Gryndler et al., 2001, 2002, 2006, 

2009). Relatively low amounts of organic matter (1-2%) applied to soil can affect development of 

AMF, however, excessive use of these organic sources can likewise supress AMF communities 

(Gryndler et al., 2009). 

Since the soils in tropical regions are generally easily nutrient depleted, and this problem is 

aggravated due to continuous cropping with few inputs (Smithson and Giller, 2002), some 

application of fertiliser will be needed to offset loss of fertility (Buerkert, Bationo and Piepho, 2001; 

Bünemann, Bossio, et al., 2004; Bünemann, Steinebrunner, et al., 2004). Application rates must 

be carefully tuned within the frames of integrated soil fertility management so not to dramatically 

diminish advantages of plants from mycorrhizae (Mathimaran et al., 2007). 

Despite the observed effects of fertilisers, AMF can be very abundant in fertile soils (Salinas, Sanz 

and Sieverding, 1985; Arias et al., 1991) and this is probably because AMF populations are not 

only influenced by fertilisers but also by different crop plants, soils, management practices 

(Mathimaran et al., 2007). For example, when some legumes and grasses are grown in different 

ranges of soil P, reduced AM colonisation occurs at much lower P concentrations for grasses than 

for legumes. Legumes remain well infected even with P applications over 140 kg/ha, indicating that 

these legumes might be more dependent on mycorrhizae than the grasses. Likewise, different 

species of AMF will respond unequally to fertilisation. Colonisation by Glomus manihotis (synonym: 

G. clarum) remains high under a wide range of soil fertility, even at excessive P levels when other 

fungus species have declined (Salinas, Sanz and Sieverding, 1985; Howeler, Sieverding and Saif, 

1987).  
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Additionally, in tropical acidic soils, the amendment of lime to increase the pH of soils is a commonly 

used practice. Although liming has no direct effect on soil fertility, it can change the availability of 

some nutrients, including P. Positive effects of liming on plant growth and mycorrhizal propagule 

densities have been shown (Nurleany et al 1996), but until today, there is no information of the 

effect of this practice on AMF association. Additionally, the caused changes in soil pH in the field 

will unlikely affect the total extent of colonisation, but might also change the proportion of 

colonisation associated with particular fungal species (Gianinazzi-Pearson and Diem, 1982; Abbott 

and Robson, 1991). 

2.5.3. SOIL DISTURBANCE 

Tillage is a common agricultural practice that is used to accelerate the decomposition of soil organic 

matter. During the dry periods in subtropical agriculture, it is essential to brake the hard top layer. 

Additionally, it forms an important part of weed control strategies, especially in the absence of 

herbicides (Solaiman, Abbott and Varma, 2014). This turning of the soil not only leaves the soil 

susceptible to wind and water erosion, it also disrupts AM hyphal networks which are mostly located 

in the top 25 cm of the soil. Adoption of  reduced tillage practices, can increase AMF hyphal density 

and more weeds can provide valuable alternative AMF hosts (Jordan, Zhang and Huerd, 2000). 

According to van der Heijden et al. (1998),  practices encouraging diversity in the AMF community 

may increase the chances of obtaining beneficial effects for crops. Consequently, conservation 

agriculture would be best in terms of AMF, but for cultivation there is a limit to which tillage can be 

reduced. 

Tillage may not only affect the fungal development and symbiosis functionality; it can also change 

the structure of the AMF community. In tilled soil, certain AM species may survive while others may 

disappear, thereby altering certain species. Rasmann et al. (2009) reported the disappearance of 

some species, namely Glomus ambisporum and Glomus etunicatum, after disking fallow treatment. 

Gigasporaceae take the longest to sporulate, produce few, large spores, lack vesicles, and they 

often produce extensive hyphal networks (Boddington and Dodd, 2000; Hart and Reader, 2001). 

Hence, tillage shifts the community away from species in the Gigasporaceae and toward species 

in the Glomacae and Acaulosporaceae. Tropical field studies repeatedly indicate that spore 

populations of Gigaspora and Scutellospora are reduced by soil cultivation far more than Glomus, 

Acaulospora, and Entrophospora (Boddington and Dodd, 2000). In subtropical fields the 

composition of the AMF community  colonizing maize, bean, and sorghum roots was significantly 

affected by the tillage system (Alguacil et al., 2008). Jansa et al. (2003) suggests that the changes 

in community of AMF colonizing maize roots might be due to differences in tolerance to the tillage-

induced disruption of the hyphae, changes in nutrient content of the soil, changes in microbial 

activity, or changes in weed populations in response to soil tillage. This loss may be beneficial or 

detrimental to crops, depending on the species. Nevertheless, the loss of AM fungal diversity will 
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probably lead to reduced ability of the soil system to adapt to changes (Picone, 2003; Koele, Kuyper 

and Bindraban, 2014).  

However it is of importance to consider the depth of disturbance to the soil, before concluding the 

impact on AMF. Kabir (2005) reported that tillage in the few top centimetres of the soil preserved 

the AM hyphae networks and functionality, but  the effect depended on the inoculum potential and 

the farming system (Solaiman, Abbott and Varma, 2014).  

2.6. INOCULATION WITH AMF 

In some situations, the use of generally favourable management practices may not be sufficient to 

have large, diverse or efficient indigenous AMF communities. In those cases, the introduction of 

(commercial) inoculum may be necessary to fully exploit the AM association (Berruti et al., 2016).  

Although AMF are abundantly present throughout the tropical zone, there are situations where 

inoculation is desirable. As high densities of AMF are needed to achieve sufficient crop 

colonisation, inoculation may be necessary to achieve sufficient propagules or inoculants could be 

used beyond the capacity of the indigenous AM community.  In extreme circumstances, inoculation 

may be necessary to reintroduce AMF fungi. In addition to fungal abundance, the effectiveness of 

the indigenous AMF fungus community may be lower than an inoculum on a given crop (Gosling 

et al., 2006; Antunes et al., 2009).   

It is important to consider that mycorrhiza are not simply biological fertilisers. Their biology and 

ecology are far more complex, and the influence of inoculation highly depends on the fungus 

effectiveness, crop host, and soil factors (Berruti et al., 2016).  Besides the effectiveness of the 

fungal species (as shown in section 2.3), mycorrhizae must be adapted to a range of soil and 

environmental conditions on the farm (Gosling et al., 2006; An et al., 2010; Herrera-Peraza et al., 

2011). Too often, commercial inoculants have only been tested under experimental conditions that 

may not resemble conditions on one’s farm. Furthermore, it is hard to determine which AMF species 

will be most effective with which crop species, as plants species can greatly vary in their 

responsiveness to AMF inoculation (Johnson, Graham and Smith, 1997; Smith and Smith, 2011; 

Smith et al., 2011).  To see if a commercially available inoculant could be effective, they should be 

carefully selected to ensure a compatible host/fungus/substrate/inoculum type combination is used 

(Picone 2003).  

Unfortunately, AMF are obligate symbionts and cannot be cultivated away from their host plants, 

this makes the production of AMF inoculum on a large-scale very challenging and complex 

(Steinberg and Rillig, 2003; Alguacil et al., 2008; van der Heijden et al., 2015; Berruti et al., 2016). 

Additionally, a major problem related to commercial inoculants is their variable performance under 

local conditions (Douds Jr. et al., 2005). In regions where farming is mainly practised by resource-

farmers, production of inoculum on-farm may be interesting. Soil from the root zone of a plant 
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hosting AMF can be used as an inoculum, as it normally contains colonised root fragments, spores 

and hyphae (Berruti et al., 2016).  

On-farm production involves increasing inoculated isolates or native AMF in fumigated or 

unfumigated field soil, or moving pre-colonised host plants to compost-based substrates (Douds 

Jr. et al., 2005). Native AMF species are often considered more mutualistic than non-native ones 

(Klironomos, 2003; Ballesteros-Almanza et al., 2010; Rodriguez and Sanders, 2014), thus farmers 

can use indigenous AM fungus communities as a starter inoculate.  This may have the benefit that 

locally adapted isolates may be more effective than introduced ones in certain situations and that 

taxonomically diverse inoculum can be important considering recent demonstrations of functional 

diversity of AMF (Douds Jr. et al., 2005). For example, indigenous AMF resulted in a better plant 

protection against root-knot nematode (Affokpon et al., 2011), boosted yam productivity in 

degraded West-African soils (Tchabi et al., 2010) and enhanced legume growth and N uptake of 

soybean shoots (Chalk et al., 2006) Furthermore, native AMF have the potential to be better 

adapted to the soil environment and the local microbial community than introduced strains, which 

may resolve the problem of out-competing of the added AMF (Koele, Kuyper and Bindraban, 2014). 

On the contrary,  soil inoculants can be unreliable and carry the possible risk of transferring weed 

seeds and pathogens, unless precise information about the propagule abundance, diversity, and 

infectivity are available (Berruti et al., 2016). 
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PART II: RESEARCH 

2. OBJECTIVE 

The aim of this thesis is to understand the role of arbuscular mycorrhizal fungi for agricultural 

production in the region of Lubumbashi, R.D. Congo. Therefor we will focus on the abundance and 

diversity of mycorrhiza on various fields with different crops and different soil properties. We will 

assess the effect of soil parameters like pH, previous crop, total N and available soil P on spore 

abundance and colonisation percentage. As limiting P conditions increase AMF abundance, we 

believe that soil available P is a key determinant. Furthermore, we want to assess the effect of 

colonisation on the final plant yield. Earlier colonisation may lead to faster uptake of essential 

nutrients, but some AMF use more plant sugars than that they contribute to better nutrient uptake. 

At last, we wanted to assess the potential of the mycorrhiza present in the soil as an inoculum for 

local farmers. 

To accomplish this, we obtained 47 root samples from different crop species from 11 fields located 

in the periphery of Lubumbashi. Furthermore, field soil samples were taken on the same locations 

and ‘AMF trap cultures’ were set up to propagate AMF communities under controlled conditions.  

3. MATERIALS AND METHODS 

An overview of the performed procedures on the different executed trials and survey is shown in 

Table 2. The plants from the field trial were also used as addition to the field survey. And the 

sampled soil in the field survey was used to install the greenhouse trial. Hence, the measured soil 

edaphic parameters could be used for the analysis of the two trials.  

Table 2: Overview of the performed procedures on the different parts in this study.  

Field survey Soil sampling Spore abundance 

  Spore diversity 

  Edaphic parameters 

 Root sampling Colonisation percentage 

  Molecular analysis 

Field trail Root sampling Colonisation percentage 

 Crop growth parameters Length 

Greenhouse trial Soil Final weight 

 Roots Spore abundance (adapted 

procedure) 

 Crop growth parameters Colonisation percentage 

(adapted procedure) 
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3.1. FIELD SURVEY 

3.1.1. DESCRIPTION OF THE STUDY AREA 

The observations were done in the region of Lubumbashi (11°39′39″ S, 27°28′45″ E, 1260 m above 

sea level), located in the south of the Democratic Republic of Congo (Figure 6). A survey was 

executed on 11 different sites in Lubumbashi or it’s periphery, on some of these sites a second 

follow-up survey was initialised.  

Lubumbashi has a humid subtropical hot summer climate that is mild with dry winters, hot humid 

summers and moderate seasonality (Köppen-Geiger classification: Cwa). The climate of 

Lubumbashi is characterised by an average annual temperature of about 20°C, although this 

oscillates monthly between 15.6°C in July and 23°C in October. The mean annual precipitation is 

about 1270mm, most of which falls during the rainy season from November to March (118 on 

average), as can be seen on Figure 7 (Adhikary et al., 2016; Climate-data, 2017).  This results in 

two distinct growing seasons; the long rainy season were crops can be grown on fields without 

irrigation and the dry season were farmers should irrigate daily.  

Figure 7: Climatogram of Lubumbashi (Climate-
data, 2017) 

Figure 6: Left: map of DRC showing the different provinces (Ezilon, 2009); 

Right: Situation of the sites according to the city 
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According to the USDA Soil Taxonomy, the dominating soil types in the region of Lubumbashi are 

the Oxisols, also known as Ferralsols (according to the FAO classification).  

The survey was conducted between August and October 2016. During this time, there is no rainfall.  

Hence, plants had to be watered daily, positioning most sites around a natural water source or in 

the old valleys ( as can be seen on Figure 8). Due to a difference in cropping history of the sites, 

there are small variances between soil characteristics of all locations.  

 

3.1.2. CROPS 

Each site had several small fields managed by different local farmers (Figure 9). On each field 

either faba beans (Phaseolus vulgaris), carrots (Daucus carota), celery (Apium graveolens), 

tomatoes (Solanum lycopersicum), white aubergine (Solanum melongena), mais (Zea mays) and 

red and white onion (A. cepa) as host plants were cultivated, among others of no interest to this 

Figure 8: Map of the different soil types (FAO classification) of the sites . 
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study. Underneath, the importance of each crop towards the farmers is explained, and the potential 

effect of mycorrhiza on this crop reported from previous studies. 

In many the sub-Saharan countries, most resource-poor farmers devote nearly all their land to the 

production of starchy staple crops, such as cassava, corn, sorghum and rice, as these provide 

enough calories to stave off hunger (Brady and Weil, 2008). Hence, maize is the second most 

important food in terms of production (after cassava) in D.R.C, with an annual production rate of 

1.17 million tons (FAOStat, 2014). Increased uptake of N, P, K, Ca, Mg and Zn was recorded  for 

mycorrhizal maize plants (Khalil, Loynachan and Tabatabai, 1994; Kaeppler et al., 2000; Miller, 

2000; Jansa, A. Mozafar and Frossard, 2003).  

Many scientists report the positive effect of mycorrhiza on A. cepa (Vosátka, 1995; Bolandnazar et 

al., 2007; Deressa and Schenk, 2008; Shuab et al., 2014). Onion is one of the most important 

vegetable crops in the world (Figure 10). The roots grow superficially from the stem (bulb) and are 

mostly unbranched with very negligible or even without root hairs. Thus, they cannot maintain 

adequate uptake of nutrients, such as P. Therefore onion is considered as highly mycorrhizal 

(Shuab et al., 2014).  

Just as onions, carrots form a below‐ground storage organ. For production, a deeply rooted taproot 

is preferred with a very small amount of hairy side roots. Despite the great number of articles about 

the Ri T-DNA transformed carrot roots, there is very few information available on field situation of 

mycorrhiza and carrots, as well as the influence of different genus mycorrhiza.   

Celery belongs just as carrots to the family of Apiaceae. However - contrasting to carrots - this plant 

has an extensively branched root-system and the harvested parts are mainly the stalks. As the crop 

regrows after harvest, it has the potential to grow all season long. This allows the mycorrhiza to 

form long-term symbiosis, allowing the production of spores.  

Furthermore, eggplants and tomatoes are grown mainly for own consumption. Both plants are from 

the family of the Solanaceae. Studies with tomato and AMF showed gene modulation in shoots, 

Figure 9: On one site different crops are cultivated on small fields. Left: fields of Bumaki (Site D); right: 

fieds of Kinsanga (Site A)  
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systemic protection of roots against Phytophthora parasitica (Li et al., 2013) and Botrytis cinerea 

(Jung et al., 2012) infection. Similar to maize, large variations in the extent of colonisation and 

internal morphology of the mycorrhiza species were shown (Bonfante and Genre, 2010). 

Next to the previously mentioned crops, protein-rich pulses such as beans, cowpeas, lentils, or 

pigeon peas, are commonly grown by sub-Saharan farmers. These legumes can be consumed at 

different stages in its development, but is mainly consumed as dry grains. There are grain legumes 

for almost every local soil and climatic zone (National Research Council, 2006). Many studies 

demonstrated beneficial effects of indigenous and inoculated AMF on legumes (Bagayoko et al., 

2000; Buerkert, Bationo and Piepho, 2001; Chalk et al., 2006; Arthikala, Nava and Quinto, 2015). 

Moreover, legumes contribute to sustainable agriculture, due to its ability to contribute N  to the 

system via biological N2 fixation (Jensen, Peoples and Hauggaard-Nielsen, 2010). 

Although a big amount of host plants is grown, the cultivation of amaranth is popular during dry 

season, as the crop is fast-growing and can be harvested after 3 weeks (National Research 

Council, 2006). This crop belongs to the family of the Chenopodaceae, which is a non-host for 

mycorrhiza. Moreover, in Lubumbashi, amaranth is often cultivated in an intercropping system with 

Chinese cabbage (Brassicaceae), as can be seen on Figure 10. Both plants are non-hosts of AMFs 

and require a fine seed bed, which is often achieved through repeated ploughing. Because of its 

fast return on investment, this crop rotation is often continued throughout the complete dry season 

by a major number of farmers (National Research Council, 2006). It is clear, that this cropping 

system has the potential to reduce AMF propagules. 

Figure 10: The combined cropping of amaranth with Chinese 

cabbage.  
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3.1.3. MANAGEMENT PRACTICES 

The fields were managed by local farmers, which implies that there is a lot of variability between 

management practices. At each field, management practices were asked or observed. All farmers 

hoe manually before sowing and during the growth period to remove excessive herbs. Additional 

observed management practices were: type of fertiliser application, crop rotation and intercropping 

(Figure 11). Most of the fields were previously cultivated with Chinese cabbage or Amaranth, but 

some fields were fallow, had tomatoes or maize. The use of fertilisers was different for every field; 

some farmers use organic fertilisers, such as cow or chicken manure, while others already use 

mineral fertiliser NPK. Determination of the amount of fertiliser applied is hard, as most farmer have 

no exact idea about dose, and application is done according to the (financial) availability. Due to 

different management practices crops were installed at different moments. Some were planted 

several months before sampling, while others only several weeks. Although the period of growing 

was always asked to the farmers, this was not included in the data, as many farmers were often 

not the owners of the field and could not respond correctly to this question. To eliminate bias in the 

data, it was decided to drop this factor.   

 

An overview of all the sampled crops can be found in Table 3. 

Figure 11: Intercropping of Z. mays and legumes. 
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Table 3: Overview of the sampled sites, along with the soil type, type of fertilisation used, farming system 

and the different sampled crops. 

Site Name of site and 

geographic position 

Type of 

ferilisation 

Farming system Crops 

A Kisanga (E:11°43'00.7", 

S:27°25'47.5")  

Chicken manure Mono- and 

intercropping 

P. vulgaris, A. cepa, 

S. lycopersicum, Z. 

mays 

B Campus (E:11°36'38.4", 

S:27°28'39.4")  

NPK Monocropping P. vulgaris, A. cepa, 

S. lycopersicum 

C Mikembo (E:11°28'03.0", 

S:27°40'07.5")  

Cow manure Monocropping P. vulgaris, A. cepa, 

S. lycopersicum, S. 

melongena, Z. mays 

D Bumaki (E:11°42'35.1", 

S:27°28'44.6")  

Manure Monocropping P. vulgaris, A. cepa, 

S. lycopersicum, S. 

melongena, Z. mays, 

D. carota, A. 

graveolens 

E Kasapa (E:11°34'64.8", 

S:27°25'03.0")  

Chicken manure Monocropping P. vulgaris, A. cepa, 

S. lycopersicum, Z. 

mays, D. carota, A. 

graveolens 

F De la dige 

(E:11°42'19.44", 

S:27°29'5.64")  

Ureum, 

compost and 

NPK 

Monocropping A. cepa, S. 

lycopersicum, Z. 

mays, D. carota, A. 

graveolens 

G Ruachi (E:11°42'19.44", 

S:27°29'5.64")  

NPK Monocropping A. cepa, S. 

melongena, A. 

graveolens 

H Kipopo (E:11°38'11.5", 

S:27°32'16.6")  

NPK and 

manure 

Monocropping P. vulgaris, A. cepa, 

Z. mays, D. carota, A. 

graveolens 

I Kalubwe (E:11°37'33.2'', 

S:27°27'09.0'')  

NPK Mono- and 

intercropping 

P. vulgaris, A. cepa, 

S. lycopersicum, Z. 

mays 

J Tshamalale 

(E:11°37'33.0'', 

S:27°26'11.0'')  

Nothing Monocropping P. vulgaris, Z. mays 

K Karavia (E:11°39'13.1'', 

S:27°25'31.2'')  

Cow manure Monocropping A. cepa, S. 

lycopersicum, A. 

graveolens 
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3.2. SAMPLING 

3.2.1. CROPS 

On every field root samples were taken from four random selected plants. The entire plant was 

harvested when plants were small and of little economic value, while only a part of the root hairs 

was cut for bigger plants (e.g. tomatoes). For each field, it was decided to make one generalised 

sample from the four plants. As such, if only roots were harvested, random sampling of the finest 

roots was done from the four plants and those were mixed and guarded in a plastic bag. While, if 

entire plants were harvested the four entire plants were guarded together in a plastic bag. In the 

lab, soil and dirt were removed from the roots manually by washing them under tap water. As AMF 

mostly colonise the upper 0-30 cm of the soil profile and only the fine terminal feeder roots, these 

roots were selected within each sample. A part of the washed roots was put in a 50 mL falcon tube 

filled with a 50% ethanol solution for preservation. Tubes were kept in the refrigerator until analyses 

was done. The other part of the washed root hairs was dried in 20 mL glass tubes ¾ filled with 

silicagel for later DNA extraction in Belgium.  

3.2.2. SOIL 

At the time of root sampling, four soil core subsamples were collected from the depth of 0-25 cm, 

were the respective plant was growing, and pooled to obtain one composite sample per field. The 

procedure of soil sampling is visualised in Figure 12. Sampling deeper than 15 cm is necessary as 

some mycorrhizal species have shown to be more abundant deeper in the soil profile (Douds Jr. 

and Millner, 1999). Approximately 500 g was transported to the lab.  

Figure 12: Collection of soil samples (left). Collection of A. cepa samples (right). Plants are carefully 
loosened in the soil and subsequently lifted with the sampling material to minimise the damage to the 

plant roots. 
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3.3. FIELD TRIAL 

On 5 of the 11 sites an additional experiment was set up. P. vulgaris and A. cepa were cultivated 

according to the local farming practices of the farmer, as they are important food crops in the region.  

P. vulgaris was sown (Figure 13 bottom), while A. cepa was propagated by cuttings (Figure 13 top 

right). Before sowing of planting, soil was churned up manually using hoe-like equipment (Figure 

13 top left) and holes were made using a wooden stick. For P. vulgaris, average sowing depth was 

between two and five cm and two seeds were applied per socket. Within each field, the inter-row 

and intra-row spacing were 50 cm to 50 cm for beans and 20 cm to 20 cm for onion respectively. 

This was done in the second week of August 2016.  

During the first weeks after sowing, weeds were removed frequently by hand or hoe. To maintain 

an adequate soil moisture content plants were watered daily. On some fields this was done twice 

as on others only once a day.  

In the following two months, similar to the procedure explained in “Sampling” four plants of each 

variety were collected each two weeks. The root hairs were washed and a part was collected in 

small tubes and dried with silicagel, while the other part was guarded on 50% alcohol. Additionally, 

Figure 13: Churning of field using hoe-like equipment (top left); planting of A. cepa from 

cutting (top right); sowing of P. vulgaris 



40 
 
 

 

 

the fresh matter of the plants was measured using a balance. The dry weight could not be analysed 

as the oven was not in function during the time of the experiment.  

After 75 days four P. vulgaris plants were sampled from the field. This was shortly after the pods 

started to appear and the so the plants were not yet fully mature. Before and after drying they were 

weighted. The plant samples were dried at 65°C during 24h. Additionally, the total number of pods 

were counted and weighed.  

3.4. LOCAL GREENHOUSE TRIAL 

During my internship, a pot experiment was conducted with A. cepa, P. vulgaris and T. aestivum to 

assess the impact of commercial inoculum. This experiment was conducted at the faculty of 

Agriculture of UNILU. The commercial AMF species used in this trial was Rhizophagus 

irregularis (synonym: Glomus irregulare) culture line DAOM197198. It was purchased from 

Symplanta in Germany. Sorghum is a good host plant for mycorrhiza, as such a local soil grown 

under Sorghum bicolor was used as a local inoculum (Dodd et al., 1990). As treatments mineral 

and poultry manure were used as fertiliser in three different doses.  NPK (10-20-8) was added at 

1.5 -2.2 and 3 g, while dry poultry manure was applied at 125, 250 and 375 mL. Both amendments 

were mixed in the upper 5 cm of the pot. These treatments were conducted with commercial 

inoculum and without. Inoculum was added approximately 1 cm under the surface, right underneath 

the seeds. Six replicates were sown for each treatment and each crop. 

Several problems occurred during the germination. At first, when watering the pots, the seeds from 

T. aestivum and A. cepa flooded away with the water stream. Secondly, because the pots could 

sometimes only be watered in the afternoon, the upper surface became completely hard. Hence, 

seeds could no longer germinate through the paved surface. Furthermore, due to the smaller 

particle size of the soil, water infiltration was low. It was noticed visually that pots with organic 

amendment had a better germination because the top soil was longer humid and because the 

substrate had better infiltration capacity.  

As such, a second try was made when a ‘greenhouse’ was installed (Figure 14). This experiment 

was set up under a shading net, to reduce the amount of direct sunlight, and hence to avoid drying 

out of pots. The same treatments were installed, but due to the time limit, only P. vulgaris and A. 

cepa were planted. P. vulgaris seeds were pre-germinated (Figure 14) and transplanted after 10 

days. At transplantation, the roots were dipped in the commercial inoculum. A. cepa was 

propagated by cuttings. Roots were cut-off up to 0.5 cm to eliminate possible mycorrhizal 

colonisation and equally dipped in the commercial inoculum.  

Roots of the transplanted P. vulgaris and A. cepa were observed for possible colonisation, but none 

could already be observed. Some plants had to be re-planted, particularly those with inoculum.  
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Although the first sampling was already conducted after 3 weeks, no results can be drawn from this 

experiment. The second and final sampling had to be done by the local assistant as my stay came 

to an end four weeks after sowing. The roots should have been brought to Belgium, but as a lot of 

mortality occurred, it was decided to quit the experiment.  

3.5. TRAP TRIAL  

In a phytotron in Belgium, field soil from 21 fields in Lubumbashi was used as inoculum for trap 

pots. Not all locations were included in the trap experiment since from some locations no soil was 

available. As only a small quantity of fresh field soil was available, pots were mainly filled with a 

mixture of autoclaved sandy loam soil from a Belgian agricultural field, sand and compost in rates 

of 2:1:1 (v:v:v). This mixture is referred to as substrate throughout the rest of this work. The 

substrate was used to fill 1500 ml pots. Subsequently, a small hole was made in the middle of each 

pot in which a volume of 25 ml field soil was poured (Figure 15). Volume was preferred above mass 

as all soils had a different and unknown water content and not enough soil was available to 

determine the water content. To measure 25 mL, a 50-mL falcon was filled up to 25 mL and tapped 

twice on a table to eliminate most air. In each pot two seeds of P. vulgaris were placed and after 

14 days only one was kept. Two replicate pots were established per field.  

Figure 14: P. vulgaris germinating (left); the greenhouse set-up (right) 

Figure 15: The initial setup of the trap culture. Seeds were grown in the middle 

circle which contained the soil from Congo. 
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The plants were grown for a total of approximately 2.5 months in a growth chamber under following 

conditions (16h/8h day/night // 23°C/18°C). More than half (24) of the pots did not germinate and 

subsequently these pots were re-sown after 22 days. However, only one of these germinated.  

It has been shown that the chlorophyll content should be higher in plants grown in the mycorrhiza 

inoculated soil as compared to plants grown in the non-inoculated soil (Habte, 2000; Shuab et al., 

2014). Therefore, this parameter was also measured once during the experiment. Furthermore, the 

plant height was measured on a regular basis during the experiment. The height was measured 

using a lineal and the chlorophyll content with the SPAD chlorophyll meter. At harvest (72 days) 

the length of the plants was measured a final time and the fresh weight was noted.  

3.6. LABORATORY PROCEDURES 

3.6.1. ROOT STAINING TO EVALUATE ROOT COLONISATION 

The guarded root hairs in a 50% ethanol solution were used for staining. Root hairs were first 

thoroughly washed with tab water to rinse off the ethanol.  A sub-sample was made from the 

generalised root sample from the 4 plants. Therefor 15 to 20 fragments of approximately 1 to 2 cm, 

were randomly cut from the finest roots and placed in a falcon. The fragments were placed in 10% 

KOH (10 g KOH pallets in 100 ml distilled water) to decolorize the roots. To obtain a good 

depigmentation, the falcons were incubated in hot water bad of 65°C during 30 min. A yellowish-

brown coloration of the solution mostly means a successful staining. After staining the remaining 

residues of KOH were washed off by rinsing the roots several times with tap water.  Cleared roots 

were incubated in a 10% acetic acid solution during 10 min to neutralise the roots.  Subsequently 

the roots were rinsed several times with tap water to wash of remaining acetic acid. In a last step, 

the roots were stained with a dye. Beforehand, a small experiment was set up to compare the 

suitability of different stains (methyl blue and acid fushin). As methyl blue was observed to visualise 

the mycorrhizal structures best, the ink was further used. A few drops methyl blue were added to 

distilled water and this solution was used to colourise the roots. The falcons were incubated at 

ambient temperature during several hours for the ink to be absorbed thoroughly by the mycorrhizal 

structures.  

To determine the level of colonisation of AMF, random-subsampling of the cleared and stained 

roots was performed. Ten randomly chosen root fragments were mounted on a microscope plate 

and analysed under a binocular microscope. Mycorrhizal structures, such as arbuscules, vesicles 

and intra-radical hyphae, were sought within the root fragments. Arbuscules are very difficult to 

observe, but based on the other structures (hyphae and mainly vesicles) a colonisation percentage 

was given. This was done by counting the total number of colonised images on the total number of 

images per fragment through the microscope.  
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3.6.2. OBSERVATION IN RELATION TO SPORES  

3.6.2.1. SPORE EXTRACTION 

To determine the number of spores the wet sieving and decanting technique and sucrose 

centrifugation (Sieverding, 1991) was used. Primary a volume of 100 g of the collected soil was 

mixed with 1000 mL water. This mixture was well mixed and the large particles were grinded. The 

soil-mixture was agitated vigorously to free the AMF spores from the soil and allowed the heavier 

particles to settle for a few seconds. Subsequently the supernatans was poured through a coarse 

soil-sieve of 1 mm to remove the large pieces of organic matter. The filtrate was passed through a 

sieve of 45 µm and washed under a stream of water to remove all colloidal material. The retained 

spores were transferred with the aid of a jet of water from the 45 µm sieve to two 50 mL centrifugal 

tubes. If necessary additional distilled water was added to obtain a final volume of 50 mL. A small 

amount of CaCO3 was added to retain the living spores. The falcons were centrifuged during two 

minutes at 2000 rpm in a horizontal rotor. The supernatans was decanted, as it only contains death 

spores and subsequently the pellet was resuspended in a 25% sucrose solution (25 g sugar in 100 

mL distilled water). This mixture was centrifuged another minute at 2000 rpm. The supernatans 

with the living spores passed on the 45 µm sieve and this was rinsed with water to remove the 

sucrose solution. The collected spores were transferred with five mL of water to a Petri dish.  

To assess the number of spores, five µL of the liquid was transferred to a microscope plate and 

analysed under a binocular microscope. The amount of living spores was counted. To quantify the 

amount of repetitions needed, in the first sample an extra repetition was added until the variance 

was minimised. The repetitions were held on ten times the amount of five µm. The average was 

finally extrapolated to the total volume of five mL.   

3.6.2.2. SPORE DIVERSITY 

In total 8 sites were chosen for the analysis of the spore biodiversity; these were site A, C, D, E, H, 

I, J and K. Spores were extracted as mentioned above and the classification was based on the 

method of Morton (1986), Walker & Trappe (1993), and Schüßler (2013) using three main 

characterising factors (form, colour and size) and the absence or presence of a flagella. The spores 

were observed in a Petri dish divided in small squares with sides of 5 mm under the microscope 

with magnitude 32X.  

To obtain as correct as possible genus and order, the description from this analysis was send to 

Christopher Walker (Research Associate of the Royal Botanic Garden Edinburgh). However, 

morphological description only allows classification up to phylum or order. Ideally, the results should 

be associated with the molecular analyses to arrive at a good classification. 
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3.6.3. MOLECULAR IDENTIFICATION  

To verify whether the collected root samples were colonised, and to identify which species 

colonised the plant roots, molecular analysis were performed. In Belgium, DNA was extracted from 

the silica-dried fine roots samples. This was done using the Invisorb® Spin Plant Mini Kit. This kit 

is especially intended to extract DNA from plant material.  Before starting the protocol, root samples 

were crushed and homogenized by a pestle under liquid N2. 

To check if the quantity of DNA extracted from the roots was high enough, five randomly selected 

samples were measured with the Quantus fluorometer. The range of the genomic DNA 

concentration should be between 20 - 100 ng to be useful for further molecular work. Samples with 

higher values should be diluted. In our case, we had to dilute the samples five folded.  

After isolation, DNA was multiplied using a polymerase-chain reaction (PCR) to detect whether any 

AMF were present in the root samples (as decribed in the protocol of van Geel et al. (2014)). AMF-

specific primer pairs who target the small sub unit (SSU) region were used, with as forward primer 

AMV4.5NF (5’-AAG CTC GTA GTT GAA TTT CG-3’) and as reverse primer AMDGR (5’-CCC AAC 

TAT CCC TAT TAA TCA T-3’) (Sato et al., 2005). These primer pairs had to be ‘fused’ for the 

Illuminia process. The ‘Fusion’ primers contained specific Illuminia pyrosequencing adapters and 

a sample-specific MID (Molecular IDentifier) barcode between the adapter and primer sequence. 

With this MID barcode each primer can later be identified.  

PCR reactions were performed on a Bio-Rad T100 thermal cycler (Bio-Rad Laboratories, CA,USA) 

in a reaction volume of 20 µL, containing 0.15 mM of each dNTP, 0.5 µM of each primer, one 

Titanium Taq PCR buffer, 1U Titanum Taq DNA polymerase (Clontech Laboratoris, Palo Alto, CA, 

USA), and one µL genomic DNA. First, the DNA samples were denatured for three min at 95°C. 

Thereafter, 35 cycles were run, consisting of 30 s at 94°C, 45 s at 66°C, and 20 s at 72°C, followed 

by a final elongation of five min at 72°C. In a next step, PCR products were loaded on an agarose 

gel electrophoresis (1.5% agarose, 120 V, 95 mA, 30 minutes) and visualised using an GELRED 

stain. Clear bands of genomic DNA without smear should be detected around 300bp.  

The clear bands are cut out with a sterile scalpel and tweezers and collected in Eppendorf tubes. 

With the QIAGEN® QIAquick Gel Extraction kit the DNA from the gel cut-outs is purified. With this 

kit the DNA is purified, using a simple and fast bind-wash-elute procedure and an elution volume 

of 30–50 μL, which is added to the membrane of the spin filter.  

Consequently, the concentration (ng/µL) of the PCR product was measured with the Qubit 3.0 

Fluorometer (Thermo Fisher Scientific (Life Technologies)). The result was pooled to obtain one 

overall sample that was sent to Macrogen (South-Korea). The sent amplicon library will be run on 

the Illumina MiSeq 250 bp PE platform, this is a dual-index paired-end sequencing approach, which 

will produce an overlap of around 200 bp on our 300bp target region. 
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3.6.4. SOIL PARAMETERS 

Chemical analysis of the soil samples were performed at the HoGent laboratory, except for 

pH(H2O). 

3.6.4.3. PH 

The pH was measured potentiometrically in the supernatant suspension of 1:5 soil-water mixture 

in Congo. To 5 g of soil 15 ml of water was added and the solution was shaken during 30 min and 

left for another 30 min to stabilize. Before opening the falcon, the sample was shaken manually. 

Thereafter, the pH was measured using a potentiometer.  

As a lot of doubt arose about the high pH-values, a check-up test was done in Belgium. Three of 

the 48 samples were randomly selected and remeasured.  As one of the three samples had an 

extreme difference in value, it was decided to remeasure all samples.  

The second time the pH(KCl) was measured, as this stabilizes faster. Due to the scarcity of the soil 

sample, only 2 g was used with 10 mL of KCl suspension. The samples were manually shaken 

vigorously and left to stabilize for two hours. Before opening the falcon, the sample was shaken 

manually and the pH was measured using a potentiometer.  

3.6.4.4. TEXTURE 

The texture was analysed for each of the 11 locations. Due to the scarcity of the soil sample, the 

samples of each location were pooled into one sample having a total weight of 10 g.  To this 10 g, 

100 mL of distilled water was as added and the mixture was heated for two hours at boiling 

temperature. Every 30 mins 15 mL H202 30% was added followed by intensive stirring. After 

cooling, 20 mL dispersant was added and the distilled water was added until the total volume of 

each sample was set to 300 mL.  

The mixture was poured through a 63 µm sieve to separate the sand fraction. This was collected 

from the sieve with a minimum of distilled water. The remaining filtrate was collected in a bottle and 

diluted to 1 L with distilled water. This was left to settle overnight in a water bath (30°C), to separate 

the silt and clay fractions.  

Using a Robinson Köhn pipette the bottles were sampled for clay and silt fraction. The additional 

blank sample was sampled three times. All collected fractions (sand, silt, clay and blank) were oven 

dried at 105°C during one night to evaporate remaining water and weighed on an analytical 

balance.  

3.6.4.5. TOTAL CARBON AND N   

Soil samples were analysed for total N and total C using the vario MAX analyser at the LCA 

laboratory. 1 g of soil sample was weighted on a micro-balance (up to 0.01 mg accuracy) and 

packed into tin cups, ready for measurements.  
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3.6.4.6. AVAILABLE P 

To estimate the plant available P, the Bray 2 method can be used. The analysis is based on the 

acid extraction, followed by a complexation with ammonium molybdate with the development of the 

‘Modlybdenum Blue’ colour. During this complexation, the absorbance of this compound is 

measured at 665 nm in a spectrophotometer and directly proportional to the amount of P in the soil. 

The following procedure was performed at the LCA laboratory: 2.5 g of dried and sieved soil was 

weighted on an analytic balance. In a test tube 17.5 mL of extraction solution (30mL 0.03 M NH4F 

with 200 mL 0.1 M HCl) was added to the weighted soil. The solution was manually stirred during 

45 sec. and filtered. To 10 mL filtrate 10 mL 5% boric acid (50 g H3BO3 in 700 mL H2O), 4mL 2% 

ascorbic acid (2 g C6H8O6 in 100 mL H2O) and 2 mL sulfomolybdic reagent was added. The 

sulfomolybdic reagent was prepared by adding an ammonium molybdate solution (25 g 

(NH4)6Mo7O24.4H2O in 150 mL hot water) to a diluted sulfuric acid solution (200 mL H2SO4 in 300 

mL H2O). The mixture was heated during 10 min a warm water bath of 85°C. The cooled samples 

were measured, together with 5 standards (0, 1, 2, 3 and 4 µg P mL-1), with the spectrophotometer 

at 665 nm. The concentration of the extract was calculated as the absorbance is function of the 

concentration in a linear or quadratic regression.  

3.7. CALCULATIONS AND STATISTICAL ANALYSIS 

All statistical analysis were carried out using RStudio_ 3.3.3 “Another canoe”.  

3.7.1. STATISTICAL ANALYSIS OF PLANT HEIGHT, COLONISATION AND 

SPORE ABUNDANCE  

Before analysing whether there was a significant difference in plant height, growth rate, yield or 

fresh weight, normality and equality of variances were assessed for both the field survey, field trial 

and trap trial. To see whether the data from the different treatments were normally distributed, 

descriptive statistics and a Shapiro-Wilk test was performed as the datasets were small. 

Subsequently, equality of variances was assessed using the Levene’s test. As both conditions were 

never met, the use of ANOVA was excluded and the Kruskal Wallis non-parametric test was 

applied. When the Kruskal Wallis test was found to be significant, the data of the different 

treatments were compared two by two using the post-hoc Mann-Whitney U test. 

Subsequently, the treatments were represented in a bar graph or boxplot. Above the bars or 

boxplots, the results of the Mann-Whitney U tests are given. Treatments indicated with the same 

letter have a similar average plant height, colonisation level or fresh weight according to the 

statistics. 
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3.7.2. STATISTICAL CORRELATIONS 

Finally, to investigate if there was a relationship between various continuous variables a correlation 

analysis was performed. To assess the effect of colonisation and/or spore abundance in the field 

trial and the greenhouse trial on growth parameters (height and fresh weight) and the edaphic soil 

parameters, the Pearson correlation matrix was consulted. Additionally, the Pearson correlation 

test was executed to investigate if the correlations were significant.   
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4. RESULTS 

4.1. FIELD SURVEY 

4.1.1. SOIL PARAMETERS 

To analyse the soil parameters, the data were divided into groups per site. Table 4 shows the 

average soil parameters measured on all the fields. The averages are obtained from the soil 

samples taken on the various fields (with a different cropping history).  

Table 4: Averages of the soil parameters per site.  

Site pH(KCl) pH(H20) N (%) C (%) P (ppm) Sand (%) Silt (%) Clay (%) 

A 5,49 6,32 0,24 3,22 121,70 23,85 36,11 40,04 

B 5,67 6,55 0,29 3,08 101,93 22,53 45,96 31,61 

C 5,54 6,58 0,34 5,01 17,16 20,49 31,62 47,90 

D 6,28 7,10 0,99 13,21 73,93 30,06 43,46 26,48 

E 5,83 6,50 0,40 5,37 108,63 17,74 52,09 30,17 

F 6,75 7,34 0,29 5,02 281,20 21,24 55,02 23,74 

G 6,67 7,37 0,19 2,73 370,33 48,40 31,50 20,10 

H 5,07 6,19 0,25 3,42 42,95 27,97 40,49 31,53 

I 5,74 6,77 0,74 8,48 29,00 14,06 50,07 35,86 

J 5,32 6,55 0,47 5,80 9,91 17,53 47,22 35,25 

K 5,39 5,93 0,15 1,90 53,33 25,35 51,02 23,63 

Overall 5,82 6,68 0,43 5,79 106,54 24,47 44,05 31,48 

In Figure 16a the sand, silt and clay fractions are visualised in a bar plot, while the corresponding 

texture classes are shown on Figure 16b. We observe that site A and C, have the highest clay 

fractions and hence this soil is classified as clay soil. Site G has a considerably higher sand fraction 

compared to the other sites, but belongs - like site D - to the loamy soils. Site E, F and I have a silt 

fraction above 50%, but as the sand and loam fractions differ from each other, they are each 

classified differently. Site F and K have a silt loam texture, site B and H clay loam texture and 

eventually site E, I and J a silty clay loam texture.  
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A first statistical analysis aimed at identifying differences between sites based on the edaphic soil 

parameters. The output of these Kruskal Wallis tests is shown in Table 5.  

Table 5: P-values from the Kruskal Wallis test performed between the edaphic soil parameters and the 

fertiliser and site respectively. P-values < 0.05 point to significant differences. 

Parameter P-value 

  ~Fertiliser ~Site 

N (%) 0.091 0.0000 

C (%) 0.078 0.0000 

P (ppm) 0.012 0.00023 

pH(H20) 0.168 0.00495 

pH(KCl) 0.068 0.00013 

 

All p-values for the effect of site (thus the combination of cropping history, fertiliser, soil type, etc.) 

on the edaphic soil parameters are below 0.05, indicating that significant differences can be 

observed between the sites based on the edaphic soil parameters. The results of the post hoc test 

are shown on the boxplots in Figure 18. Sites sharing the same letter are not significantly different 

based on a certain edaphic parameter, while those sharing a different letter are significantly 

different from each other.  

As could be observed in Table 4, site K has the lowest mean values for most edaphic parameters, 

except for soil P availability.  Site D has the highest pH(KCl), but not the highest pH(H2O), as well 

as the highest total N and C content. Along site G has a high pH (both KCl and H2O) and available 

P content, but very low total C and N.  

Figure 16: a) Barplot of the sand, silt and clay fractions found in the different sites b) The texture class of 

every site 
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A second statistical analysis aimed to identify differences in the edaphic soil parameters and the 

applied type of fertiliser on the field. We expect that the type of fertiliser considerably changes the 

nutrient status in the soil. The output of these Kruskal Wallis tests is shown in Table 5. Except for 

available soil P all p-values were higher than 0.05, indicating that there is no significant difference 

between the edaphic parameters in relation to applied fertiliser. The results of the post hoc test are 

shown on the boxplots in Figure 19. Different letters per fertiliser point to significant differences 

between fertilisers based on a certain edaphic soil parameter. As mentioned above only for P we 

can see significant differences between fertilisers.  

For the soil available P, we observe that the lowest values are related to no amendment application 

and to the application of chicken manure, while the available P content is equal amongst the other 

sites. However, we notice that compost leads to a higher bray 2 P content, compared to manure, 

although this difference was not significant.  

A third statistical analysis aimed at indicating correlations (or thus a linear relationship) between 

the edaphic soil parameters. Figure 17 shows the Pearson correlation matrix. In the upper part, 

significant values are indicated in colour, red for significant negative correlations and blue for 

significant positive correlations, while the blank ones are not significant. 

Figure 17: Correlation matrix of all Pearson correlations (r s) between the collected data. The darker the colour, 

the higher the value. 
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Figure 18: Boxplot of the different measured soil parameters in relation to  the different sites. 
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Figure 19: Boxplot of the different measured soil parameters in relation to the different fertiliser types. 
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4.1.2. SPORE DIVERSITY AND COMMUNITY COMPOSITION 

In Kisanga, Bumaki, Mikembo, Ruachi, Kipopo, Site de la dige, Kalubwe, Tshamalale, Karavia, 

the farm Kasapa of the UNILU and plots on the campus, root and soil samples were collected 

from different plots cultivated with host plants for AMF by resource-poor farmers. We found the 

mycorrhizal host plants A. cepa, A. graveolens, D. carota, P. vulgaris, S. lycorpersicum, S. 

melonga and Z. mays on respectively ten, six, four, seven, nine, three and nine different sites.  

Identification of AMF based on spore morphologies indicated the presence of 65 different 

morphotypes (Appendix Table 1). Figure 20 shows the different colours and sizes used during 

the identification process.  

These morphotypes belonged to two different orders and four families of which five genera 

were identified based on the collected details (size, colour and form). The different orders were: 

Glomerales and Diversiporales. In the first order Glomus sp. and Rhizophagus sp. from the 

family Glomeraceae were noted, in the second order Gigaspora, Acaulospora and Diversispora 

sp. were observed from the respective families Gigasporaceae, Acaulosporaceae and 

Diversisporaceae.  

Table 6: The total number of different spore morphotypes observed and those defined in relation to 

the site 

Site Number of 

morphotypes 

Glomus Acaulospora Rhizophagus Diversispora Gigaspora 

A 5 3 1 1   

C 6 2 3    

D 7 5    1 

E 19 8 5   3 

H 38 19 8   5 

I 18 9 6  1  

J 9 6 1    

K 13 7 5  1  

 

Figure 20: Isolation and selection of arbuscular mycorrhizal spores. Three dimensions 
were observed: big, medium and small (left & middle), sporocarp (right)  
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In Table 6 the number of different morphotypes and the identified orders were noted in relation 

to the site.  The results on the morphological diversity of mycorrhizal spores in the sites shows 

that site H is the most diverse with a total of 38 morphotypes, followed by site E and site I (18 

and 19). The other sites offer a low(er) diversity, with a total number of different morphotypes 

lower than or equal to 13. In site H, the dominating type of spores are large and medium 

globoid, ovoid, oval or irregular spores, with the different colours orange, light yellow, pale 

yellow, dark yellow, light brown or hyaline. These descriptions most probably refer to the genus 

Glomus and/or Acaulospora.   Similarly, to site H, almost all sites are dominated by species 

probably belonging to the genus Glomus, followed by Acaulospora. Morpotypes which have 

large, globoid to obovoid, ranging from hyaline to yellow spores, were determined as the genus 

Gigaspora. These were only found on site H, E and once on site D. Furthermore, the species 

Rhizophagus was once determined from soil coming from site A. The morphotype, medium 

size, ovoid and bright yellow, probably belong to the genus Diversispora came from site I and 

K.  

4.1.3. SPORE ABUNDANCE 

Besides the diversity also the mean spore abundance and colonisation on the crops was 

determined as shown in Table 7.  

Table 7: The mean number of spores (number/100 g soil) together with standard error (SE) and the 

mean percentage of colonisation together with the standard error (SE) for the different crops.  

Crop Spore abundance Colonisation 
 

Mean 

(number/100g) 

SE Mean (%) SE 

A. cepa 52.00 47.44 0.47 0.25 

A. graveolens 87.67 57.44 0.49 0.21 

D. carota 39.25 31.64 0.54 0.21 

P. vulgaris 56.63 43.58 0.36 0.24 

S. lycopersicum 57.22 57.46 0.33 0.25 

S. melongena 32.00 20.81 0.50 0.20 

Z. mays 48.38 37.92 0.46 0.20 

We notice that A. graveolens has an average spore abundance (87), which is considerably 

higher than the average spore abundance in soil underneath S. melongena (32). The variance 

between both crops also varied considerably, with a much smaller variance for S. melongena 

(20.8) than for A. graveolens (57.4). Although S. melongena and S. lycopersicum belong to 

the same family, abundance in the first was half as low compared to the latter. Since our 
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dataset is unbalanced these results on spore abundance must be carefully interpreted, as 

some samples occur more often than others, leading to a smaller or bigger variance.  

To understand how different agricultural practices on the different sites affect spore 

abundance, we compared the number of spores in 100 g soil with respect to the site and the 

various agricultural practices (crop, previous crop, fertiliser and cultivation method). The output 

of these Kruskal Wallis tests is shown in Table 8.  

Table 8: The P-values from the Kruskal Wallis tests between the different agricultural parameters and 

the spore abundance and the percentage of colonisation found in the roots. 

Parameter P-value 

 ~ Spores ~ Colonisation 

Site 0.003 0.073 

Crop 0.669 0.446 

Previous crop 0.142 0.286 

Fertiliser 0.195 0.437 

Cultivation method 0.669 0.655 

The spore abundance only differed in relation to the site, but not with the other parameters. 

Total spore abundance varied markedly amongst sites, with an 8.4-fold difference between site 

H and site K. The result of the post-hoc test is visualised on the boxplot in Figure 21. The spore 

abundance in soil from sites sharing the same letter are not significantly different from each 

other, while the spore abundance in soils from sites sharing a different letter are significantly 

different from each other.  

Figure 21: Spore abundance per 100 g soil collected on the 

differences sites (A-K). 



56 
 
 

 

 

Although we observed differences in relation to the total spore abundance amongst the crops, 

these differences are not significant (p-value = 0.669). Furthermore, it was assumed that also 

the previous crop would have a significant impact on the spore abundance in the soil. The 

effect of previous crop on the colonisation was not significant either (p-value = 0.142). Although 

the average spore abundance in Brassicaceae species and Z. mays was almost triple to twice 

as high compared to natural vegetation, P. vulgaris, L. sativa or empty fields. Since our dataset 

is unbalanced the effect of previous crop and site cannot completely be separated. Therefore, 

care should be taken when interpreting these results. Additionally, Brassicaceae cultivation 

and the combined cultivation of Amaranthaceae and Brassicaceae, is more present in the 

dataset than I. batatas, L.sativa and Z. mays, which only occur once. This leads to no variances 

of the latter and high variability on the first.  

As shown in the section 4.1.1 about soil parameters, the effect of fertiliser is strongly related 

to the site, hence no separate effect for spore abundance amongst different used fertiliser 

types can be seen. Compost provides the highest spore abundance, while no amendments 

and ureum, provide the lowest. On site H, which had the lowest spore abundance, NPK was 

applied on one field while on all the other fields manure was applied. On average manure leads 

to a spore abundance of 32 spores per 100 g soil, hence the average spore abundance of site 

H went down. Similar reflections can be made for the other sites, but this shows that we cannot 

see the fertiliser application separately from the site.  

Furthermore, we analysed whether there was any relation between the soil edaphic 

parameters and the abundance of spores in the soil. The output of this correlation test is shown 

on Table 9. We notice that the spore abundance is positively related to soil available P and 

negatively related to total soil N and C. The pH(KCl) was not significantly related to the spore 

abundance. For the fractions of the soil texture particularly clay is significantly negatively 

related to spore abundance, while the sand and silt fraction are positive but not significantly 

related.  
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4.1.4. COLONISATION PERCENTAGE 

In Table 7 the mean colonisation percentage amongst the different crops is shown and 

Figure 22 shows an image of the observed colonisation. Colonisation ranged from low to very 

high. We notice that D. carota has the highest colonisation percentage, although the mean 

spore abundance was among the lowest. While L. lycopersicum has the lowest colonisation 

(33.4%), followed by P. vulgaris (36%).  

Like the effect of agricultural practices on spore abundance, we wanted to gain insight into the 

effect of the different agricultural practices on the colonisation percentage. The output of these 

Kruskal Wallis test is shown in Table 8. Likely to spore abundance, it was seen that colonisation 

percentage of the soil significantly differed between sites. The result of the post-hoc test is 

visualised on the boxplot in Figure 23. Sites sharing the same letter are not different from each 

other, while those sharing a different letter are significantly different from each other. From this 

figure it can be observed that colonisation was highest on site A (64%), together with site C 

and D (61 and 54% respectively). The colonisation on site K, site H and site I was lowest, 

respectively 12, 12 and 18%. For all the other parameters, the colonisation percentage did not 

differ significantly amongst the parameters. 

Figure 22: Detail of hyphal coils formed in Z. 

mays root cells.   

Figure 23: Boxplot of the average percent colonisation related to the 

site. 
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Although the AM fungal colonisation differed among the different sites, it did not differ between 

the different crops, mono- or intercropping systems and fertiliser type. However, as mentioned 

above, our dataset is unbalanced which implies that caution should be taken when interpreting 

the results.  

As we noticed that in the data of L. lycopersicum one very high value of 91.5% was present, 

the Kruskal Wallis test was re-evaluated (without this outlier) between the colonisation and the 

crop species, but still no significant differences in population could be observed. 

For fertiliser and cultivation method we notice that the mean colonisation was highest for ureum 

(55%) followed by chicken manure (52%) and as could be expected the lowest with NPK 

application (33%). Likely to the spore abundance we notice a higher colonisation for 

intercropping than for monoculture, respectively 43% and 49%. Although spores were not 

significantly related to the previous crop, the previous crop can also contribute to propagules 

as dead root particles which still contain AMF or with the created hyphal network in the soil. In 

this study, we notice that L. sativa and S. lycopersicum lead to a higher colonisation in the 

present crop. While P. vulgaris and Z. mays as previous crop are related to low colonisation in 

the current crop. 

To find relations between the edaphic soil parameters and the colonisation percentage a 

correlation analysis was performed. These correlations are shown in Table 9. Only the 

percentage of silt in the texture seemed to be of significant influence on the colonisation 

percentage, and this relation was negative.  

Table 9: Correlations between the spore abundance and the colonisation percentage with the soil 

edaphic parameters 

 
pH(H20) N (%) C (%) P (ppm) Sand (%) Silt (%) Clay (%) 

Spores 0.09  -0.32*  -0.33* 0.31* 0.19 0.1  -0.3* 

Colonisation 0.09  0.11 0.13 0.13 0.15 -0.35* 0.2 

* indicate significance <  0.05 

4.1.5. MOLECULAR DIVERSITY 

To detect whether and which AMF were present in the root samples some molecular analyses 

were performed. Unfortunately, the results from Macrogen in South-Korea were not in time 

available, thus these could not be included in this report. Hence, here we will report the results 

until the gel-electrophoresis.  
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The PCR followed by gel-electrophoresis was run with AMF-specific primers to detect whether 

any AMF were present in the roots. In the first run, not on all tested samples bands could be 

detected (Figure 24). Therefore, the identical procedure was performed a second time (Figure 

25). In the upper line the samples with no detected bands in the first PCR are shown, while the 

lower line shows the samples with vague bands. Several of the samples that in the first try did 

not show bands, now had clear visual bands. However, during measurements of the present 

concentration of the PCR product, almost all of these samples had to be excluded again. 

Furthermore, we notice that the positive control does not show any band on the first photograph 

of the gel-electrophoresis, while it does on the second.  

From the result, we can see that all samples from Site C, G, I and J had satisfied values. 

Second, we observe that particularly samples of S. lycopersicum, have too low 

concentrations of the PCR product. The samples from site C and I form the exception. 

To perform statistics, dummy variables were made from the DNA values measured by the 

Quibit. As the initial concentrations of DNA before the PCR were not equilibrated to a similar 

value, we could not use the value itself. Hence, values measured with the Quibit under 0.5 

ng/mL were defined as no mycorrhiza present (0), and all values above were defined as 

mycorrhiza present (1).  

A1    A2    A3    A5     B1    B2    B3    C1            C2a  C2b   C3   C4    C5    D1    D2   D3    D4    D5   D6 

Figure 24: Result of the gel-electrophoresis after the first PCR using AMF-specific primer. Letters 
represent the respective site. Numbers: 1 = A. cepa; 2 = P. vulgaris; 3 = S. lycopersicum; 4 = S. 
melongena; 5 = Z. mays; 6 = D. carota; 7 = A. graveolens . a and b stand for samples of the same 
plot and the same crop, but once after 45 DAP and once after 60 DAP, respectively. PC = positive 

control. 

D7 E1a E1b E2 E3  E5  E6  E7  F2   F3   F5  F6  F7       G2  G4  G7  I1  I2    I3   I5   J1   J5   K2   K7  PC 
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The Kruskal Wallis test showed no difference in mycorrhizal colonisation amongst different 

sites and crops (p-value 0.0528 and 0.296 respectively), although the p-value for site was only 

slightly above 0.05. Hence a post hoc was analysed. The test confirmed our previous believes, 

that there was a difference among roots colonisation for different crops. Roots of S. 

lycopersicum were least colonised, followed by roots of A. graveolens. For the other crops, 

maximum one sample was not colonised, this is in line with the microscopic analysis. 

Furthermore, from site C and E, respectively from the crop P. vulgaris and A. cepa, root 

samples obtained after 45 and 60 days after plantation (DAP) were analysed. The results 

indicate a too low concentration for the root samples of A. cepa from site E after 45 DAP, but 

a sufficiently high concentration after 60 DAP. This was not the case for roots of P. vulgaris on 

site C, where both samples had concentrations of the PCR product that were high enough. 

 

   A3   B2    B3   D1    D3    D7    E1a  E2            E3    E6     E7   F3    F5    K3    K7    PC 

Figure 25: Result of the gel-electrophoresis after the second PCR using AMF-specific primers. Letters 
represent the respective site. Numbers: 1 = A. cepa; 2 = P. vulgaris; 3 = S. lycopersicum; 4 = S. 

melongena ;5 = Z. mays; 6 = D. carota; 7 = A. graveolens  

A1    A2    A5   B1    C1   C2a  C2b           D6   E1b   E5   F6    G7      I             PC    NC 
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4.2. FIELD TRIAL 

4.2.1. COLONISATION 

The results of the observed colonisation over the different sites are shown in Figure 27 and 

Figure 26.  Table 10 shows a summary of the observed mean, minimum and maximum 

colonisation in a 15-day interval.  

Table 10: Mean values of colonisation at different stages of growth. Means are averages over all sites. 

Letters in between brackets indicate the site on which this value was observed. 

DAP A. cepa   P. vulgaris 

 Mean Minimum Maximum Mean Minimum Maximum 

15 0.148 0.039 (E) 0.273 (D) 0.036 0.021 (A) 0.052 (D) 

30 0.379 0.085 (E) 0.572 (C) 0.336 0.203 (E) 0.427 (C) 

45 0.552 0.236 (E) 0.787 (A) 0.425 0.280 (B) 0.580 (D) 

60 0.636 0.458 (E) 0.811 (A) 0.461 0.171 (E) 0.787 (D) 

 

From Table 10 we observe that the mean colonisation is always higher in roots of A. cepa than 

in roots of P. vulgaris. The lowest colonisation percentage always occurs on site E for A. cepa, 

and at 30 and 60 DAP for P. vulgaris.  The maximum colonisation varies between the different 

sites depending on the DAP. At 15 DAP for both crops site D has the highest colonisation. At 

60 DAP site D still has the highest colonisation for P. vulgaris, but the roots of A. cepa are 

mostly colonised on site A.  

In the statistical analysis, we aimed at identifying differences between the colonisation 

percentage after 60 DAP based on the crop and the site. As all plants were destroyed at 60 

DAP on site C, this site was excluded from the data-base. The output of the Kruskal Wallis test 

gave a p-value of 0.94 for the effect of crop (assumed all the sites together), indicating that no 

significant difference can be observed in final colonisation between P. vulgaris or A. cepa as a 

host crop. P-values for the effect of site (thus the combination of cropping history, fertiliser, soil 

type, etc.) on the colonisation are below 0.05 (P. vulgaris = 0.0112; A. cepa = 0.0167), 

indicating that significant differences can be observed between the sites.  

The results of the post hoc test are shown in Table 11. Sites sharing the same letter are not 

significantly different, while those sharing a different letter are significantly different from each 

other. As mentioned above, the highest colonisation percentage, for both A. cepa as P. 

vulgaris, occurred on site D. However, we must make the remark that the standard error on 

these observations is highest, indicating that the colonisation could be much lower or much 
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higher if different samples would have been taken. Furthermore, colonisation percentage was 

lowest on site A for P. vulgaris, while the lowest colonisation occured on site E for A. cepa.  

Table 11: Mean and standard error values of the colonisation percentage for P. vulgaris and A. cepa 

per site. 

 

In an additional correlation, we aimed at finding possible correlations between the fresh weight 

growth of the four plants of each crop separately and the colonisation increase of AMF of the 

pooled root fragments. As the R² values for the overall growth (during the entire growing 

season) increase were too low, this correlation was performed depending on the DAP. The 

output of these correlation tests is shown in Table 12.  

Table 12: The correlation and corresponding P-values between the growth rate of the fresh weight of 

P. vulgaris and A. cepa and the growth rate of the colonisation in a 15-day interval. As A. cepa was 

transplanted, we cannot observe the relation between plant growth and colonisation in the first 15 

day-interval. 

DAP P. vulgaris A. cepa 
 

Rs p-value Rs p-value 

15 -0.437 0.462 - - 

30 -0.648 0.237 0.153 0.806 

45 0.577 0.308 0.665 0.220 

60 -0.703 0.297 0.341 0.659 

 

The correlation could not be performed for A. cepa in the first 15 DAP, as those plants were 

transplanted. We notice no significant correlation between the colonisation rate and the growth 

rate. This might be because the number of samples is drastically reduced. We notice for A. 

cepa that all relations are positive, indicating that colonisation growth also improved the fresh 

weight growth. This was not the case for P. vulgaris, where colonisation increase had a 

negative impact on fresh weight increase in the first 30 DAP. This relation turned around to a 

positive relation after 45 DAP, but became negative again at 60 DAP.  

Site P. vulgaris A. cepa 
 

Mean SE 
 

Mean SE 
 

A 0.350  0.26 (b) 0.61 0.230 (ab) 

B 0.435  0.29 (b) 0.436 0.289 (bc) 

D 0.662  0.34 (a) 0.662 0.338 (a) 

E 0.420  0.2 (b) 0.420 0.205 (c) 
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Figure 26: The colonisation percentage of A. cepa at 15-day interval. Errorbars indicate the variance 

between the 10 different fragments observed of the pooled samples from the four harvested plants.  

Figure 27: The colonisation percentage of P. vulgaris at 15-day interval. Errorbars indicate the 
variance between the 10 different fragments observed of the pooled samples from the four 
harvested plants 
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4.2.2. YIELD AND GROWTH PARAMETERS 

The results of the observed fresh weight from the first 60 DAP is shown in Figure 28 and Figure 

29. During the growing season on site C, goats were walking through the fields. Thus, a lot of 

seeds did not germinate and after 45 DAP no more plants were left. Due to those 

circumstances, only data until 45 DAP is available for site C. Until 30 DAP enough vital plants 

were available to select four random plants, hence we cannot observe a difference in growth 

between P. vulgaris plants in the first 30 DAP, but at 45 DAP plants on site C are visibly smaller 

than the others. Furthermore, we observe small differences in fresh weight between the other 

sites. For A. cepa we observe within the first 45 DAP almost no difference in fresh weight. But 

the fresh matter increases considerably after day 45. The plants invested in root growth and in 

leave accumulation at first, after which they started accumulating fresh matter in the bulb. This 

exponential trend cannot be observed for P. vulgaris. For bean as crop the growth of the fresh 

matter follows more of a linear trend. Like onions, there is no clear trend in which site had the 

heaviest plants, but 45 DAP plants on site C are remarkably smaller.  

Additionally, although the harvest scheme and procedure was clearly communicated in 

advance, both orally and per email, no data were collected for final yield (total cobs and cob 

weight) as for final plants height. The received data was very doubtful1, so it was decided to 

eliminate this data. Furthermore, the final root samples were badly conserved during transport 

to Belgium by the local assistant. The moment of analysis the roots started to degrade already. 

Analysis on the roots was still performed. Lower percentage of colonisation was observed, 

compared to the previous analysis. However, no conclusion could be made whether this was 

a natural process or a result of the bad conservation. To eliminate bias, the analyses were not 

used for statistical analysis.   

In an additional statistical test, we aimed at identifying the influence of the soil edaphic 

parameters on the growth rate. The result of the Pearson test is shown in Table 13. The 

influence of the soil endaphic parameters on the colonisation was included in the analysis of 

the field trial.  All the other edaphic soil parameters had no significant correlation on the fresh 

weight.  

Table 13: Correlations between the fresh weight and the soil edaphic parameters. (1) For site C the 

Pearson correlation test was performed with the fresh weight of the plants at 45 DAP   

 pH(KCl) pH(H20) N 

(%) 

C 

(%) 

P 

(ppm) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

Fresh weight 

at 60 DAP1 

0.07 -0.48 0.01 0.04 0.08 0.06 0.23 -0.25 

                                                   
1 As plants had a higher dry weight than fresh weight and cobs were heavier than the plant, it was 
concluded that these results could not be correct. 
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Figure 28 The fresh weight of A. cepa at 15-day interval. Different colours indicate the different 

sites. Errorbars indicate the variance between the four harvested plants.  

Figure 29: The fresh weight of P. vulgaris at 15-day interval. Different colours indicate the different 

sites. Errorbars indicate the variance between the four harvested plants.  
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4.3. GREENHOUSE TRIAL 

4.3.1. SET-UP 

In Table 14  the origin of the Congolese soils added to the pots are shown. It is remarkable 

that only eight pots with inoculation soil germinated from the 21-different used soils. Especially 

in soils coming from location with A. cepa or P. vulgaris as previous crop, the seeds did not 

germinate well, while in soils with previously grown A. graveolens all seeds germinated. 

Although the number of trap pots set up per site was not equal for each site, we notice that 

only half of the seeds germinated in soil from site H, none in soil from site D and all of them in 

soil from site A and K. As only one extra seed germinated at the second try (Site E – P. vulgaris) 

it was decided to perform all statistical analyses on the data collected from the initially 

germinated seeds. 

Table 14: The used soils as 'inoculum' in the trap culture. The values between brackets indicate the 

number of replicates that did not germinate on a total of two.  

Site A C D E H I J K 

A. cepa 
  

x (2) 
 

x (2) x (2) 
  

A. graveolens 
   

x x 
  

x 

D. carota 
   

x  (2) x 
   

P. vulgaris 
   

x  (1) x (2) x (2) 
  

S. lycopersicum x x (1) 
  

x (2) x (2) x (2) x 

Z. mays  
   

x (2) x x x (1) 
 

 

4.3.2. SPORE FORMATION 

The first aim was to assess if new spores had been formed already. The first three observed 

soils samples showed no spores in the quick soil analysis. As the reference sample (Belgian 

field soil) showed a lot of vitality, it was concluded that no new spores were produced yet in 

the trap culture and due to the high dilution (≈20ml/1500ml) no more spores could be observed.  

4.3.3. COLONISATION 

The aim of this experiment was to identify differences in AM fungal colonisation level between 

treatments at greenhouse level 72 days after sowing. Although microscopic analysis was 

performed double, no indication of mycorrhiza colonisation could be found in any of the plants 

roots after 72 days.  
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4.3.4. YIELD AND GROWTH PARAMETERS 

Although no colonisation was observed, statistical analysis can aim at identifying differences 

between yield and growth parameters. Although, only a very small amount of the original soils 

was used, changes in plant growth might be the result from the Congolese soil. As all pots had 

the same amount of substrate and the substrate was sterilised, the small dose of Congolese 

soil was the only varying parameters. We assume that genetic variance within the seeds did 

not have an impact on germination, as all seeds clearly germinated in the pair related to the 

history.  

A first statistical analysis aimed at identifying differences in fresh weight of the plants with soils 

from different locations and different previous crops 72 days after sowing. The output of the 

Kruskal Wallis tests gave p-values of 0.41 and 0.168, indicating that there were no significant 

differences in plant fresh weight between plants grown in soils from a different site and thus a 

different cropping history (previous crop). The results are shown in the barplot of Figure 30 and 

Figure 32. Errorbars show the SE, while different colours show the different previous crops. 

Figure 30: Barplot of final plant height and fresh weight in relation to the previous crop 
from the soils used as inoculum 
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A second statistical analysis aimed at identifying differences in final plant height. Plants in the 

succeeded trap pots ranged between 6.5 and 30 cm. On average, plants were 20.42 ± 1.68 

cm long. There are large variations in plant height between pots with soil from different fields. 

Most plants germinated in pairs (except for samples for S. lycopersicum from site C and Z. 

mays from site I) and growth indices had a small variance between the duplicates. This is 

clearly visible on  Figure 30 and Figure 32, where the error bars are small for each different 

inoculum, except for A. graveolens from site K.  

Figure 31: Growth of the P. vulgaris plants during the experiment. 

Figure 32: Barplot of final plant height and fresh weight in relation to the site of the 

inoculum soil 
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To indicate differences in plant growth a statistical analysis aimed at identifying differences in 

growth rate per site and per different previous crop. To calculate the growth rate, the growth 

within the first 35 and 42 days was considered, which is the linear part of the growth curve. As 

the R²-values for 35 days ranged between 0.95 and 1, while those for 42 days ranged between 

0.89 and 0.99, it was decided to continue with those for 35 days. The output of the Kruskal 

Wallis tests gave p-values of 0.73 and 0.703, between the site and the previous crop 

respectively. Due to the small sample size, it was difficult to observe statistical differences. The 

results are shown in Figure 31. The variation within the two measurements is visualized 

through the bars.  

The last statistical analysis aimed at visualising possible correlations between the edaphic soil 

factors for the soil used as inoculum and the growth parameters of the plant. Figure 33 shows 

the Pearson correlation matrix. In the upper part, significant values are indicated in colour, red 

for significant positive correlations and blue for significant negative correlations, while the blank 

ones are not significant.  

As expected, the final plant height was significantly positively related to the growth rate at 35 

days (rs = 0.98). We would expect fresh weight to be significantly positively correlated to plant 

height, as higher plants are often heaver. However, this is not the case, although the correlation 

is positive.  Probably, high plants invested less in leave mass, but more in shoot growth. This 

can be confirmed by the significant positive correlation between the fresh weight and the 

growth rate (rs = 0.73). 

Figure 33: Correlation matrix of all Pearson correlations (r) between the collected data. The darker 
the colour, the higher the value. Chl. Y.L. and Chl. O.L. refers to the chlorophyll content in the 

young and old leaves respectively, and G.R. to the growth rate a t 35 days.  
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We notice a significant positive correlation between the final plant weight and the chlorophyll 

content of young leaves (r = 0.22) and between the growth rate at 35 days and the chlorophyll 

content of young leaves (r = 0.73). In contrast, the growth rate is significantly negatively 

correlated (rs = -0.43) with the chlorophyll content of the old leaves. However, we must make 

the side note that the leaves that appeared first during the growth stadium were considered as 

old leaves. Hence if those had already fallen off no chlorophyll was noted. No positive 

correlation can be observed between the total soil N and the chlorophyll content in the young 

leaves (rs = -0.23), although a positive relation is found between the available P in the soil (rs 

= 0.45). 

Furthermore, we observe that the amount of available P was significantly negatively correlated 

with the growth rate (rs = -0.63), while the total C and N were significantly positively related 

with the growth rate (rs = 0.34 and rs = 0.37). The soil pH, both measured with H20 and KCl, 

are significantly related with the plant growth (rs = 0.22 and rs = 0.57). 
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5. DISCUSSION 

It must be clear that multiple valid explanations will exist for the observed results. In this study, 

various parameters (e.g. soil CEC, heavy metal content, …) were not noted, and not all noted 

parameters (e.g. age) were usable, hence it is difficult to explain all results.  

5.1. SOIL PARAMETERS 

The mean pH measured was 6.68, which is considerably higher than those measured by 

Adhikary et al. (2016). They measured a pH(KCl) of 4.76 and pH(H20) of 5.73 on agricultural 

sites in the peri-urban zone of Lubumbashi, although on these sites large-scale pivot-irrigated 

agriculture was practised and the plots were recently taken into use. In our study, some sites 

showed clearly higher pH-values with mean values above 7 (Site D, G and F), while on other 

fields the soil showed a pH lower than 6 (Site K). The statistical analysis indeed revealed that 

there were significant differences between sites based on the soil pH. Liming is probably the 

most valid explanation for the elevated pH.values. Although it is known that this practice is 

used, no data were noted on the use of lime. Another possible explanation might be the use of 

manure and compost as fertiliser. However, the effect of fertiliser on soil pH appeared not to 

be significant. We notice that the field with the highest pH(H20/KCl) (8.32/7.72), has compost 

as amendments. This is in line with Nest et al. (2014), who observed an increased pH(KCl) 

after eight years of compost application. Likely, manures are alkaline (Darlington, 2017), and 

the application of manure in Lubumbashi is more common than the use of mineral fertilisers. 

Soil pH is on average 6.72±0.67 when manure is applied as fertiliser. However, on some sites 

increased (on site D) as well as decreased (on site K) soil pH levels are noted after manure 

application. This trend of soil pH increase, could be due to the used fertilisers on the previously 

grown crops, which can aggravate this increase.  

The total amount of Corg in the soil ranged between 1.703 and 16.22%. Compared to Adhikary 

et al. (2016), who observed an average of 2.03±0.15% Corg in the soil, our values vary much 

more. The total amount of N in the soil ranged between 0.132 and 1.198%, which is also higher 

than the observed values by Adhikary et al. (2016) of 0.13±0.01%. As expected, Nt and total 

organic C were found to be significantly correlated (rs = 0.98). This confirms the theory that 

organic matter contributes considerably to the amount of N in the soil.  

The soil available P varied between 7.19 and 491 mg P kg-1 soil. For strongly weathered 

Oxisols, the level of Bray P (available P in tropical soils) is below 10 ppm. Our values are also 

far above the observed values of 11.71± 5.66 ppm by Adhikary et al. (2016). We notice that 

the high mean values of available soil P are particularly related to site F and G (370.33± 43.11 

ppm and 281.2± 93.44 ppm, respectively). These sites had significantly higher soil P levels 

compared to the other sites. Most fields on site F are naturally flooded during the rainy season. 
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Farmers farming on these fields, do not use additional fertilisers, but use the silt provided by 

the inundation. During the period of flooding anaerobic conditions are present. This anaerobic 

decomposition process of the organic material results in the release of P in dissolved and 

therefore easily accessible form, which might explain the extremely high values (Kroiss, 

Rechberger and Egle, 2011). On the field with Z. mays on site F compost is applied, however 

this is more non-recycled waste containing plastic, vegetables and food leftovers. Probably 

values of plant nutrients in the soil on this field are above normal, because of the environmental 

contamination. 

This environmental pollution can be extended to the water sources. During the dry period, all 

sites are irrigated with water from the nearby valleys. These water sources are public and used 

by everyone. Hence some of these water sources are strongly polluted, particularly when they 

are within or close to the city. The long-term application of wastewater can increase nutrients 

and toxic elements in agricultural soils such as P and heavy metals, although this change in 

soil nutrients depends on the amount of the water added. Very clayey soils, such as site A and 

C, need more water to achieve water contents near the field capacity. However, they should 

be irrigated less, as they can maintain an optimal water potential during a longer period. 

Nevertheless, as was observed, plants are irrigated daily. Hence, these soils will probably 

obtain more contaminants and P.  Additionally, due to the large organic matter and clay 

contents, they have a larger capacity to adsorb contaminants (Ortega-Larrocea, 2001).  

The farmer from site G only used mineral fertilisers. During my stay, I observed that the mineral 

fertiliser used within the faculty had NPK values of 10-20-8. As this is the common fertiliser 

sold on the market, farmers using mineral fertilisers apply twice as much P compared to N for 

each applied gram of fertiliser, while optimal N/P value for plants ranges between 4/1 – 5/1 

(D’Haene, 2015). The same accounts for N/P values of organic fertilisers. Nutrient values 

range from 2-4, 1-2 and 1-1.5% N and P between 1-3, 0.5-1.5 and 0.2-0.5% P for poultry 

manure, cow manure and urban yard waste respectively (Hartz, 2009). Hence, repeated 

application of these mineral fertiliser and organic amendments, potentially increase P 

concentrations in the soil as plants export more N compared to P (Vanden Nest et al., 2014). 

It was indeed seen that the type of fertiliser significantly affected the P levels in the soil. This 

is aggravated by the short growing periods of some crops such as amaranth, where 

amendments are added, but few are exported. This theory is conformed, by the elevated pH 

levels on site G combined with low total soil C and N. 

Furthermore, it was observed that site E had one field with an extremely high available P (340 

mg P kg-1 soil). The average Bray II P of this site (108.63 mg P kg-1 soil), increased much due 

to this extreme value. If we exclude this field the average available P on this site would only be 

31.5 mg P kg-1 soil. These observed high values can be explained by better management 
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practices. The fields on this site are managed by several different farmers, some of them had 

more financial resources, while other less.  

In general, it is believed that the Bray method is better in acid soils. As we expected acid soils 

the Bray II method was preferred, however Olsen P might have given different results. 

Furthermore, as the soil was sampled in the upper 0-25 cm, it could have been that some soil 

samples contained high amounts of organic amendments, that were not mineralised yet. 

We observe a mean value for C/N of 13.69±1.53. Although compost can improve soil structure 

and water movement through heavier textured soils that are high in silt and clay content, we 

did not notice a significant correlation between C/N value and the soil texture. Although this 

correlation is not significant it is positive (rs = 0.13), the higher the sand content the higher the 

ratio.  

Generally, we would expect a positive correlation between total soil C and the clay content. 

But high levels of organic matter are difficult to maintain in cultivated soils in the wet-dry tropics, 

because climate and soil conditions favour rapid decomposition. Additionally, the main clay 

mineral is kaolinite, which can hold fewer clay-humus complexes. This mineral has a much 

smaller specific surface and nutrient exchange capacity compared to most other clay minerals, 

which makes them the clay-humus complexes vulnerable to decomposition  (Bot and Benites, 

2005). This is observed in the negative correlation (rs = -0.1) between total soil total C and the 

clay content, although this correlation was not significant. 

The positive correlation (rs = 0.3, rs = 0.37, rs = 0.52) between the soil pH(H20) and total soil N, 

total soil C and soil available P, respectively, can be explained through the effect of pH on the 

growing conditions for micro-organisms. In strongly acid soils, the growing conditions for micro-

organisms are poor, resulting in low levels of biological oxidation of organic matter (Bot and 

Benites, 2005). Surprisingly, only soil available P is significantly correlated with the pH(KCl) (rs 

= 0.52), although for the other two plant nutrients the correlation is positive as well.  

No significant correlation could be observed between soil Corg and P (rs = -0.26). Additionally, 

higher soil Corg are often related with lower P concentrations (rs= -0.28). This is in contrast to 

the findings of Nest et al. (2014), who observed increased P concentrations in the soil with the 

application of organic amendments. It is hard to explain the observed effect, as other 

environmental conditions like nutrient uptake by plants and repeated manure or compost were 

not noted in our research. 
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5.2. FIELD SURVEY 

5.2.1. SPORE DIVERSITY AND COMMUNITY COMPOSITION 

We assessed AM fungal spore abundancy and diversity based on field-collected spores in 

distinct small farmer gardens in and around the city of Lubumbashi. The total of 65 recorded 

different AMF morphotypes, with an average of 14±8 different morphotypes per site, in this 

study is similar to the results of previous studies from the tropical zone, where Jansa (2002) 

and Oehl et al. (2010) reported species richness of 17 and 25 in single field sites respectively. 

These results all indicate generally higher species composition of AM fungal communities in 

agricultural soils than previously believed (Johnson, 1993).  

One of the reasons for the different outcomes can be related to the sampling intensity. In this 

study, soil sampling was only conducted once and spore extraction and morphologic evaluation 

was only preformed once. Furthermore, spore surveys from field soil alone may also 

underestimate the presence of some AMF species that do not frequently sporulate under given 

environmental conditions (Sanders, 2004). Additionally, spores extracted from field conditions, 

may not easily be distinguished, due to age and degradation, which causes a merging of 

phenotypes making identification difficult (Bago et al., 1998; Kiers et al., 2011).  This advocates 

for employing more than one approach when aiming at a thorough description of AMF diversity 

and species occurrence at a field site.  

In this study, we showed that the AMF communities in sub-tropical soils under different crops 

and rotations were dominated by Glomus sp. This finding was expected as several other 

studies from (sub)tropical and temperate zones were all showing a dominance of Glomus sp. 

in agricultural soils (Franke-Snyder et al., 2001; Jansa et al., 2003; Oehl et al., 2003, 2010; 

Alguacil et al., 2008). It should be mentioned that the majority of papers on this topic used 

fungal DNA extracted from mycorrhizal roots (Helgason et al., 1998; Jansa et al., 2003; Oehl 

et al., 2003, 2010; Alguacil et al., 2008). We would expect a higher AMF diversity in our survey 

due to the fact that the AMF diversity in the soil is higher than within the roots, as observed by 

other authors (Balestrini et al., 2010; Borriello et al., 2012). This can be explained as not all 

spores colonise roots and as mentioned above most species only sporulate under certain 

environmental conditions (Sanders, 2004).  

In addition, a bias towards this identification could have occurred. As Glomus and Acualospora 

are commonly studied and hence a lot of information about the spore appearance is available. 

This could have let to the over detection during the spore analysis of species belonging to 

those two genera. The genus Glomus contains many species, hence this simplistic description 

based on colour, size and shape, could have matched with many of the species of this genus. 
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Surprisingly, Rhizophagus sp., the most-abundant and widespread AMF taxon in the majority 

of studies carried out until now and studied in different locations in both natural and managed 

ecosystems around the world (Öpik et al., 2006), was found only on site A in our survey. The 

low presence of this order in our study, it is difficult to explain since Rhizophagus, particularly 

R. intraradices, is considered as a very invasive species with a generalistic lifestyle. Although 

this species is particularly related to the production of a large quantity of extra-radical 

mycelium, and hence probably less spores (Jansa et al., 2003; Öpik et al., 2006). 

Another finding of note in our study was the absence of genera such as Archaeosporaceae 

and Paraglomeraceae and very few Gigaspora and Diversispora.  This is in agreement with 

the results of other studies that indicated that these AMF species do not appear to be dominant 

or detectable in arable soils (Oehl et al., 2003; Alguacil et al., 2008; Borriello et al., 2012). 

Likewise, AMF spore surveys in tropical soils in Venezuela and Indonesia indicated absence 

of genera such as Gigaspora and Scutellospora upon soil disturbance imposed either through 

agricultural use. The AMF communities in those disturbed soils were dominated by Glomus, 

Acaulospora, and Entrophospora sp. (Boddington and Dodd, 2000; Hernández, Cuenca and 

García, 2000). 

5.2.2. SPORE ABUNDANCE 

The AMF spore abundance differed among the different sites, but they did not differ between 

the different crops, mono- or intercropping systems and fertiliser type. However, as mentioned 

above, our dataset is unbalanced which implies that caution should be taken when interpreting 

the results.  

Remarkably, more spores were found in soil from fields were Brassicaceae sp. were grown 

previously than those were natural vegetation, L. sativa or P. vulgaris occurred. This is 

surprising as crops from the family of the Brassicaceae are among the few non-hosts for AMF, 

while L. sativa is an obligately mycotrophic crop (Janos, 1980). This could be related to the 

crops grown before the Brassicaceae. The commonly grown Brassicaceae in Lubumbashi is 

Chinese cabbage, which has an average growing cycle of only 60 days. Hence, the influence 

of the crop before that can still be significant. Additionally, the other factors (such as fertiliser 

and cultivation) also have a small impact. All these small differences might result in this high 

spore abundance.  

Crops that had been growing during considerably time on the fields, such as A. graveolens 

and S. lycopersicum, showed higher spore abundance than those with a shorter growing cycle. 

For S. lycopersicum, this is contrasting to what we expected, as the crop is only marginally 

dependent on mycorrhiza (Habte, 2000). Although this means that it does not depend on 

mycorrhiza to complete the growth cycle, and generally grows better without AMF (Smith et 
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al., 2011) but can benefit from it. The high number of spores could indicate that AMF already 

started producing new spores.  

However, our mean number of spores (55 / 100 g soil), is considerably lower than those 

reported by Oehl et al. (2010), who had on average 5 spores in 1 g soil in arable systems and 

Stürmer & Siqueira (2011), who observed more than 200 spores in 100 g soil (however in both 

studies the crop was not specified). Although spores are commonly found in cultivated soils, 

Janos (1980) reports very low number of spores in tropical soils and low-input systems tend to 

have higher populations of spores of AMF than the conventionally farmed plots (Douds Jr., 

Janke and Peters, 1993).  

Most worthy, is that we found a positive relation between the available soil P and the spore 

abundance. Kahiluoto, Ketoja and Vestberg (2000) showed decreased infectivity of mycorrhiza 

in European clay and silt soils when P rates of 45 kg ha−1 were added. Balota, Machineski and 

Scherer (2012), noticed a reduction in sporulation already at P levels above 25 mg kg-1 soil P. 

The high concentrations of P in the soils could have affected the spore abundance of AMF. 

Generally, spores are most abundant at low to intermediate levels of soil fertility, since high 

nutrient inputs to soils diminish the soil colonisation potential and the dependency of plants on 

mycorrhization (Nelsen and Safir, 1982; Ortega-Larrocea, 2001). In this study, it could have 

been that the abundant available P supply within the soil on most sites contributed to a low 

incidence of sporulation.  Although the relation between the soil available P and the spore 

density was positive (but not significant). On the other hand, the relation (though not significant 

either) between the total soil N and spore density was negative.  This could be due to the 

presence of ammonium which can drastically reduce spore production, as shown by Villegas 

et al. (1996). 

Apart from the fertilisation and management practices, AMF are also strongly influenced by 

seasonality (Yang et al., 2010; Montero-Sommerfeld et al., 2013). In Lubumbashi, crop species 

and cultivation locations also differ strongly between dry and wet season. Some of the fields 

can be cultivated during the dry period, but are flooded during the rainy period and hence not 

useable. AMF are aerobic microorganisms, and conditions with O2 deficiency are detrimental 

to their development and survival (Atwell and Steer, 1990). Under anaerobic conditions AM 

fungal growth is restricted due to O2 unavailability, leading to lower colonisation in flooded soil 

compared to non-flooded soil. Although they may be totally absent or temporarily absent in 

waterlogged conditions, research showed that they become re-available in dry conditions 

(Solaiman and Hirata, 1995, 1997; Sah et al., 2006; Matsumura, Horii and Ishii, 2008). The soil 

from site A and F are flooded during rainy season, however they did not have considerably 

lower spore densities than other fields. On the contrary, site A had the second most spores in 

the soil.   
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This seasonality is furthermore determined by the temperature. Although, in this study average 

temperatures were not noted, previous studies have found (Tommerup, 1983b; McGee, 1989; 

Liu, Wang and Hamel, 2004; Saks et al., 2014) that AM fungal spore numbers appeared to be 

negatively impacted by temperature.  

As the spore abundance was not significantly correlated with N, P, C nor soil texture, AM fungal 

spores may not be evenly distributed throughout the soil, instead exhibiting patchy 

distributions. These findings suggest that there is a possible relation between soil edaphic 

parameters, but that they might be confounded by other variables. Following studies, should 

consider not pooling the soil samples as well as analysing more soil samples on spore density. 

Another possibility is to focus on a particular parameter, and leave the other parameters behind 

or group them into one factor. 

5.2.3. COLONISATION 

Root colonisation ranged from 7 to 91%, but only two fields had less than 10% root 

colonisation, while more than 30% of the fields had a colonisation percentage higher than 50%. 

Generally, root colonisation ranges from 60-100% in most soils (Naher et al., 2013),  except 

when very high soil P levels are present. The percentage of AM fungal colonisation recorded 

in this study is higher than that reported in previous studies of tropical ecosystems (Douds Jr., 

Janke and Peters, 1993; Li et al., 2006; D’Haene, 2015), but similar to colonisation of R. 

irregularis in semi-arid systems in Spain (Ceballos et al., 2013) and the colonisation on sub-

tropical crops (maize, bean and sorghum) (Alguacil et al., 2008). 

If we compare crop species as host plant on different sites we can conclude that S. 

lycopersicum has the lowest colonisation percentage (33%) with a high variability (25%). This 

high variation is due to observed colonisation of over 90% on site C. As mentioned in section 

5.2.2 this low colonisation can be explained as S. lycopersicum depends only marginally on 

AMF. S. melongena, a member of the same family, has an average colonisation of 51%. Yet, 

equality in family is not a guaranty for similar colonisation as the response of AMF can vary 

among different cultivars of crops. Kaeppler et al. (2000) showed variation to AMF in two 

different varieties of Z. mays, while Bryla & Koide (1990) showed this for the S. lycopersicum.  

In this study, colonisation on Z. mays was on average 56%. This is a high percentage, since 

Z. mays is, like S. lycopersicum, only marginally dependent on mycorrhiza. Our results are 

slightly higher than the observation made by Douds et al. (1995), where colonisation on Z. 

mays ranged between 35% and 45% for conventional and animal manure fertilisation, 

respectively. In Nigeria the  colonisation was lower ranging between 11% and 27%, and 

dependent on previous soybean treatments and farmers’ field (Osunde et al., 2003).  
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Contrarily, A. cepa, an obligate host crop, (only) has a colonisation percentage of 47±25%. A 

possible explanation for the low colonisation percentage might be that at least half of the 

sampled plants were approximately 6 weeks old. Generally, colonisation increases with the 

age of the plant (Shuab et al., 2014), as was noticed in this study (see section field trial).  

According to the site the colonisation largely differs. The colonisation was significantly higher 

on site A, C and D, than on H, J and K. No trend can be shown for any of the edaphic soil 

parameters in this soil and the average colonisation. We initially hypothesized that AMF are 

affected by soil types and that the differences might depend on the land use intensity in all 

soils. However, we did not find any correlation with the edaphic soil parameters.  Although, the 

silt content had a greater (negative) impact on the colonisation than soil nutrients. Probably 

the combination of all these edaphic factors, together with management practices resulted in 

the significant difference between the sites.  

Colonisation did not follow the same trend as spore abundance. Although the number of spores 

in the soil was not high compared to other studies, this did not directly have an impact on the 

colonisation, indicating that the number of spores has a marginal influence on the colonisation.  

We concluded that extraradical mycelia of AMF provide a functional inoculum. This could imply 

that the previous crop has an important function to play, as it should be the major supplier of 

this extraradical mycelium. We observed that L. sativa as a previous crop resulted in higher 

colonisation percentages, but this relation was not significant. L. sativa is known to be an 

obligate host plant and the cultivation of common lettuce could maintain a high AM fungal 

abundance in the soil (Miller and Jackson, 1998).  

Another factor providing extraradical mycelium might be a mycorrhizal via intercropping. The 

occurrence of another mycorrhizal host crop in the rotation and between the other crop is 

generally positively associated with colonisation (Hocking, 2001; Qiao et al., 2016). However, 

in the present study, monoculture or intercropping with Curcurbita sp. did not affect 

colonisation, although this may be due to the very small number of samples under 

intercropping. Only focusing on Z. mays, which was the only possible grown crop under 

intercropping, still showed no significant difference.     

The high colonisation percentage is surprising, considering the high amount of available 

phosphate found in almost all soil samples. In general, increasing levels of fertilisation are 

usually associated with reduced spore densities of AMF and mycorrhizal colonisation. When 

high soil nutrient levels are present, host plants would do better to absorb the soil’s abundant 

nutrients themselves, rather than trade away their photosynthetic products for AM to perform 

this function. Generally, the P-growth response curve, indicates that non-mycorrhizal plants 

grow better than mycorrhizal from P levels of 200 mg kg-1 (Balota, Machineski and Scherer, 
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2012). However, the AM fungal response on fertilisation depends on the amount, the fertiliser 

type and the method of application.  

Several studies have reported that root colonisation by some AMF can be stimulated by 

amendment of different organic substrates (Gryndler et al., 2001, 2002, 2006, 2009). In the 

present study, there was no apparent stimulatory effect of amendments with organic material 

on the colonisation of AMF. Although the lowest percentage of colonisation was, indeed, 

recorded in the treatment with mineral fertiliser NPK, the number of observations for individual 

sequence types was too low to confirm a statistically significant trend. Application of silt 

resulted in the highest colonisation percentage (70%), while application of NPK only resulted 

in colonisation precentage of 33.4%. All other animal amendments resulted in a similar 

colonisation percentage with averages ranging between 46 and 55%.  

Furthermore, the effects of mineral N on AM fungal community composition are not well 

understood, but many studies indicate that N fertilization can have a negative impact on AMF 

colonizing plant roots (Santos, Finlay and Tehler, 2006). Although, this relation depends on 

the source of N (1996; Villegas and Fortin, 2001). In this study, however the total soil N had a 

slightly positive (non significant) relation on the colonisation.  

Due to the highly variable data, a general conclusion is difficult. Generally, variability should 

decrease with a larger sample number, but as the plants are exposed to varying parameters 

(among those are soil, management, previous crop) variability might be extensive.  This high 

dispersal could be resulted to the fact that the 10 analysed fragments were a mix of the four 

different plants. As such, the variance is not only the variance in colonisation on different parts 

of the roots on one plant, but also in colonisation between the four different plants. It could be 

that one plant is highly colonised, while the other is not. Additionally, we could observe low 

colonised parts of the roots, or highly colonised. A solution to eliminate this high dispersal might 

be to observe the same number of fragments, but distinguish between the plants. This way we 

could make a difference in variance between plants and variance of colonisation on the root 

plants. Furthermore, our data has an extra constraint, as the samples were collected only at 

one time. 

5.2.4. MOLECULAR ANALYSIS 

Root samples from the same plants as were analysed microscopically, were also analysed via 

molecular analysis. Although clear bands were visualised in the gel-electrophoresis of the 

second PCR, a too low concentration was measured. This suggests that not in every sample 

AMF were present. Although all samples were colonised according to the microscopic analysis. 

The fact that even root samples which received a colonisation percentage of more than 60% 

during the microscopic analysis, didn’t show a band in the gel-electrophoresis, indicates that 
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the microscopic analysis is not solid or that DNA extraction can fail. Which of both is the cause 

here, cannot be concluded. However, as in total 33 of the 44 samples were positive, we can 

conclude that local, indigenous AMF species colonised the plant roots.   

The low colonisation observed in the microscopic analysis on roots of S. lycopersicum was 

confirmed by this molecular analysis. As stated above; S. lycopersicum is only marginally 

dependent on mycorrhiza (Habte, 2000), and grows better without AMF (Smith et al., 2011). 

On the other hand, it is often declared that A. cepa is a highly dependent mycorrhizal crop, 

which can hardly complete its life cycle in the absence of AMF because of the insufficient P 

uptake and hence the insufficient growth, due to their sparse unbranched root system (Charron 

et al., 2001; Galván et al., 2009, 2011; Shuab et al., 2014). In this study, we observed high 

colonisation in the morphological analysis, but most root samples from onion were negative in 

the gel-electrophoresis.  

Similarly, to the microscopic analysis, in this molecular analysis, it could have been an option 

to keep the root samples of each plant separately, without generating one pooled sample. This 

would have allowed us to detect variances between plants of the same site and crop. In the 

current study, it is possible that the randomly chosen subsample of the roots from the four 

plants, were not colonised, while those observed under the microscope were. Furthermore, it 

could have been an option to equalise the starting concentration of DNA at the beginning of 

the PCR procedure. As such we could get an idea on the percentage of colonisation within one 

sample. This would obviously be an approximation.  Another possibility could have been to 

perform Q- PCR, to determine the amount of DNA from each AMF species present in the 

samples. Although this method is up until today only possible for a few species. 

5.3. FIELD TRIAL 

5.3.1. YIELD AND GROWTH PARAMETERS 

In the early period after planting, no visible morphological increase in plant shoot growth of A. 

cepa can be observed. Although root growth was not noted, growth will be predominantly 

situated there. This root growth is strengthened in the presence of AMF. This is also concluded 

by Shuab et al. (2014) who did not notice increase in fresh weight at 20 days of plant growth, 

but who noticed increased root growth in mycorrhizal plants. Although no correlation could be 

made in the first 15 DAP for A. cepa, we notice a negative relation (though not significant) 

relation for P. vulgaris.   

Additionally, this negative correlation can be explained because of the competition that occurs 

for C between the plant and the AMF. Once the AMF is settled it starts providing nutrients 

towards the plants, which explains the strong positive correlation between the fresh matter and 
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the colonisation percentage at 30 and 45 DAP.  This positive correlation disappears again after 

60 days for P. vulgaris. This could be explained as followed; plants accumulate nutrients, 

particularly P within the first days of their maximum growth. P. vulgaris particularly invests in 

leaf growth within the first 50 to 60 DAP, where after it starts accumulating matter in the pods 

(Johnson, Graham and Smith, 1997; Schmidt et al., 2011; Barber, Kiers, Theis, et al., 2013). 

This positive relation for A. cepa continues during a longer time, as the growing season is 

longer (and as such the accumulation of fresh matter).   

The decrease in growth rate of the colonisation in the 15-day interval from 45 to 60 DAP in P. 

vulgaris plants, might be due to the high competition between mycorrhiza and rhizobia. 

Previous reports on common bean, support the idea that co-inoculation has a negative effect 

on the microsymbionts, since nodulation and mycorrhizal colonisation compete with one 

another for host C (Mortimera, Pérez-Fernández and Valentine, 2008). Although once AMF 

are established, and subsequently enhancement of P nutrition occurs and C is more available 

for nodule growth, nodulation is benefited (Harris, Pacovsky and Paul, 1985). 

In this study, site D was the only site with a different previous crop than Brassicaceae. For both 

the crops A. cepa and P. vulgaris the colonisation observed after 15 DAP on roots from this 

site compared to roots from other sites is higher. However, this trend is only visible within the 

first 15 DAP. Miller (2000) concluded that the mycorrhizal colonisation in maize was still 

markedly reduced at the three-leaf stage when a non-mycorrhizal plant rather than maize was 

grown as previous crop. This inhibitory effect continued, although reduced, until the six-leaf 

stage. Due to this delayed colonisation, the early-season P absorption reduced, which could 

reduce the final yield.  

On site C we observed low levels of available P (8.93 ppm), and we a high colonisation in the 

first 45 DAP. The high mycorrhizal effect is also seen in the highest fresh weight. This confirms 

the theory that plant dependence on AMF is higher at low P levels. When P availability is not 

limiting, P uptake by roots can satisfy plants’ demand, therefore the contribution of AMF 

becomes less important (Deressa and Schenk, 2008). Although the extent to which AM fungal 

colonisation benefits plant growth, depends in part on the size of its root system, including 

numbers and extent of root hairs. In general, plants with low root-shoot biomass ratios, slow 

root growth rates, and/or poor development of root hairs show relatively larger growth 

increases when AM (Smith et al., 2011). Onions answer to the above stated characterisation; 

hence these plants should show increased benefits to AMF compared to P. vulgaris, which has 

a spacious root system. Indeed, the low available P on the field of P. vulgaris in site C, does 

lead to increased colonisation, but not to higher plants. Although this could also be the result 

of goats eating and dragging those plants. 
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5.3.2. COLONISATION 

In both crops the frequency of mycorrhiza increased with time. For A. cepa we notice that the 

colonisation after 15 DAP is already considerably higher than for P. vulgaris. This is probably 

because onion plants were planted from cuttings, while P. vulgaris still had to germinate. We 

observe an average colonisation of 14.8% for A. cepa, while at 15 DAP this colonisation 

percentage is only 3.6% for P. vulgaris. This is in line with Shuab et al. (2014), who observed 

23.14% colonisation 20 days after germination on onion. On some sites the colonisation 

increased almost exponential, while on other it remained the same or even decreased. 

Shuab et al. (2014), had an average colonisation of 32.74% at 40 days after germination, and 

51.16 % at 60 days for A. cepa, which is lower than the colonisation percentage observed in 

this study.  

Furthermore, we notice that the colonisation is always lowest in site E, while it is highest on 

site A. This could be because the cutting came from site A, as such the edaphic parameters, 

particularly soil texture, did not vary considerably. Probably, the indigenous AM fungal 

community, was already adapted leading to the highest colonisation. The colonisation on site 

E remains very low, this could be because this site is not irrigated by man, but has irrigation 

via channels. After 45 DAP, the water flowing to the plot with onion was reduced, because two 

small ponds were installed to start up experiments with fish. It is known that plants benefit more 

from mycorrhiza in dry circumstances (Augé, 2004; Bolandnazar et al., 2007; Ballesteros-

Almanza et al., 2010; Augé, Toler and Saxton, 2015). The sudden change in water moisture 

in the soil could have let to more benefit from AMF, leading to a higher colonisation.  Rasmann 

et al. (2009) found similar results in tomato plants. This is also confirmed by the lower growth 

rate of the onion plants on site E from 45 to 60 DAP. The onion plants are among the heaviest 

until 45 DAP, but after 45 DAP the mass accumulation considerably decreases. In contrast 

Naher et al. (2013) found an increase of 117% in root colonisation in flooded conditions.  

For P. vulgaris the average colonisation percentage at 60 DAP is 46%. This is a lot lower and 

later than the peak percentage of colonisation of 97% noticed by Mortimera et al. (2008) 17 

days after emergence of P. vulgaris. For most sites the colonisation remained steady or 

increased slightly until 60 DAP. This is contrasting to Mortimera et al. (2008), who observed a 

decline in the level of colonisation after 17 days. The high percentage of colonisation on site D 

is contradicting to what we expected. The available P concentration in the soil on this field is 

the highest among the 5 sites. From previous studies, we would expect lowest colonisation on 

this field. As mentioned above, this could be due to the previous crop being different on site D. 

Also, this field had the highest amount of sand and the lowest amount of clay. This could result 

in a lower water retention capacity. As AMF can help plants overcome periods of water stress, 

this could be a possible explanation (Sah et al., 2006; Ballesteros-Almanza et al., 2010; Augé, 
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Toler and Saxton, 2015). The present study did not account for moisture retention in the soil. 

However, quantification of the water retention capacity, or already the amount of water in the 

soil, may help us explain the underlying mechanisms. 

In contrast, we observe that the colonisation decreases considerably in P. vulgaris on site E 

after 45 DAP, although the plants still have the highest growth rate. Equally to the onion plots 

on site E, these plots received considerably less water after day 45. Although the results are 

contradictory, a plausible explanation might be related to the distinction in root system of both 

plants. A. cepa has few root branching and is thus more vulnerable to dry circumstances. The 

soil on site E belongs to the silt loam classification, because the percentage silt is above 50%. 

High amounts of silt, provide a better water retention. Probably the extensive root network of 

P. vulgaris could better absorb the sudden dry conditions.  

Moreover, the flooding plays an important role in AM fungal diversity, and the effect depends 

on the duration of the excessive water circumstances (Wang et al., 2011). However, Sah et al. 

(2006) saw no long-term physical effects on P. vulgaris plant shoots with repeated flooding. 

Nor did he detect any effect from flooding on the survival of colonies established in the plant 

roots. These result are in agreement with Wang et al. (2011), who found no inhibitory effects 

of moderate flooding on the colonisation intensity. 

5.4. GREENHOUSE TRIAL 

In the greenhouse trial, the first remarkable observation is that more than half of the seeds did 

not germinate (24/42). No germination test was conducted beforehand, and so there is no 

indication of vitalness of the seeds. However, to reduce possible non-germination due to 

vitalness, all pots were planted with two seeds. After one week, the ‘extra’ germinated plant 

was removed by hand. Furthermore, resewing had very little effect; only one single plant 

germinated after the second try. Hence, this low germination incidence can only be related to 

the soil used for inoculation or the substrate. 

This statement is further reinforced by the visual observations. During visual observation of the 

plant growth, it was clear that according to the inoculum soil either both replicates did germinate 

or both did not. This makes us suspect that germination was particularly influenced by the 

inoculum soil, especially since seeds were placed within this inoculum soil.  

Most likely, pathogenic fungi were present in the soil used for inoculation. Fungi such as 

Rhizoctonia solani, Fusarium, and Pythium occur quite common, have many host plants 

(Kasiamdari et al., 2002; González-Fernández, Prats and Jorrín-Novo, 2010) and can cause 

seedling death (Harveson, 2017). These inoculum soils are rich in clay and have a moderate 

to high soil moisture content, particularly during the rainy season, which are favourable 
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situations for those pathogens (Baker, 1970). Although it is known that AMF can be affective 

against soil fungi, their defence depends on the competitiveness of both micro-organisms 

(Abdalla and Abdel-Fattah, 2000; Abdel-Fattah and Shabana, 2002).  

Another possible reason could be that very few micro-organisms were present in the pots, as 

they were mainly filled with sterilised substrate. Micro-organisms, such as Pseudomonas sp. 

and B. coagulans, can have a significant influence on seed germination of P. vulgaris (Kapilan 

and Thavaranjit, 2015). Although no test on other micro-organisms in the soil was conducted, 

the absence of these micro-organisms in some of the pots, might have had a negative impact.  

Both explanations could confirm, why seeds in soils from specific sites always germinated (site 

A and K), while seeds in soils from other sites never germinated (site D). To verify this, 

additional analysis of the soil for different bacteria and other micro-organisms could be 

performed. In new studies, data should be noted on the number of seeds that do not germinate 

on the field, and surveying of the farmers on disease occurrence should be included in the 

study. 

5.4.1. SPORE FORMATION 

Eskandari & Danesh (2010) observed for G. intraradices that true spores were formed 25 days 

after contact with the host plant. Tommerup (1983; 1984) reported that some spores require 

several days or longer to germinate and spore dormancy can occur as well. However, we 

conclude that in a total period of 72 days spore formation should have started if colonisation 

had occurred. Analysis of the roots showed no colonisation, which is the reason why no new 

spores were formed yet.   

5.4.2. COLONISATION 

The colonisation capacity of AMF is influenced by the host plant, the soil as a medium and the 

characteristics of the fungi, including their competitive ability and the infectivity of propagules 

within the soil (Abbott and Gazey, 1994; Solaiman, Abbott and Varma, 2014). The used crop 

species (P. vulgaris) is reported to be a good host (Augé, 2004; Valarini et al., 2009; 

Devlamynck, 2016), although genotypic variation can influence the degree of AMF formation 

(An et al., 2010). However, the adaptation of AMF to particular soil conditions is much harder. 

Hence, the large difference in edaphic and climatic factors between the greenhouse setup and 

their native environment, probably resulted in a negative impact on their capacity to colonise 

roots. Henkel et al (1989), observed that AM fungal isolates are more effective when used in 

their native soil type. Soil temperature and organic matter influence soil structure, soil pH, 

nutrient and water-holding capacity, all of which, alone or in combination, can influence 

mycorrhizal colonisation (Braunberger, Abbott and Robson, 1997; Oliveira and Oliveira, 2010; 
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Solaiman, Abbott and Varma, 2014). A probable explanation might be that isolates adapt to 

nutrient levels and other factors in the soil where they occur. Furthermore, because of the 

changed soil factors, spores may have activated an innate period of dormancy. This period of 

quiescence helps them to survive periods of adverse soil condition, but makes living spores in 

the soil unsuitable as propagules (Tommerup, 1983a). 

Furthermore, the infectivity of the fungi can be associated both with differences in inoculum 

level and form, and differences in their ability to colonise roots (Abbott and Robson, 1982; 

Srivastava et al., 1996). Lower infectivity may be the result of the high dilution, which decreased 

the inoculum level severely, particularly as we only observed the number of spores. Although, 

spores of fungi are generally considered to be the most important type of inoculum, their 

number is often poorly correlated with mycorrhizal formation in the soil (Biermann and 

Linderman, 1983; Mukerji and Kapoor, 1986; Jasper, Abbott and Robson, 1989; McGee, 

1989). The ability to start a quiescent period is probably one of the reasons for this poor 

correlation. Beside spores, soil hyphal fragments, root fragments (even dead ones) containing 

hyphae and vesicles (storage structures) also function as propagules of AMF. In ecosystems 

the pre-existing network of soil hyphae is often the main source of AM inoculum (Biermann 

and Linderman, 1983; Brundrett, Abbott and Jasper, 1999; Solaiman, Abbott and Varma, 

2014). However, in this experiment the soils were mixed thoroughly. The handlings possibly 

broke the AMF hyphae, making it hard for the native AMF species to rapidly colonise the roots. 

This has been observed in tillage systems (which also mixes the soil) by several authors 

(Douds et al., 1995; Hooker and Black, 1995; Miller, 2000; Bailey and Lazarovits, 2003; Jansa, 

A. Mozafar and Frossard, 2003; Kabir, 2005; Gosling et al., 2006; Rasmann et al., 2009; 

Schalamuk and Cabello, 2010).  

Additionally, decreased infectivity can be due to the storage time and circumstances of the 

sampled soil. This ability depends on the temperature, relative humidity and soil texture during 

storage (Daft and Spencer, 1979). Although samples were kept in the fridge during most of the 

time, the last two parameters could not be controlled. Tommerup (1984) showed that stored 

soil samples without plants retain their capacity to infect plants up to a period of 4 months. In 

this case the soil was used after 2.5 months, which might have decreased the infectivity 

capacity already.  

5.4.3. YIELD AND GROWTH PARAMETERS  

Although visual differences were observed in the growth parameters they did not lead to 

significant differences between site nor previously grown crop. However, we notice that the 

smaller plants are particularly related to sampled soil from sites C, K, A and H, where the 

measured height is under 20 cm, while all plants grown on the soil from the other sites are 

above 25 cm. Consequently, these plants also had the lowest final fresh weight. We would 
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expect smaller plants to occur in pots with less plant nutrients. Although available P on site H, 

C and K was among the lowest of all the measured values, this was not the case for site A, 

which was among the highest measured values. For available P, we notice that site H, K and 

C are among the lowest, while C is in the middle bound. However, the measured nutrients, 

particularly P, were far above values that are limiting for plant growth. It is likely that plant 

nutrient availability is not the only explanation for this difference in growth. This is also 

concluded from the correlation matrix, were no significant correlation can be found between 

the plant height and the total soil N nor the available P.  

This is strengthened by the mean value of chlorophyll measured during the experiment. 

Chlorophyll gives a first indication about the health status of plants. In this study, we measured 

a mean value of 42.01 SPAD units for the young leaves, which lies within the optimal range for 

P. vulgaris. The mean value of 29.86 SPAD units for the older leaves is a lot lower. As N and 

P are among the mobile nutrients within the plant, they can be transferred from the older leaves 

to the younger leaves. 

Shuab et al. (2014) noticed that onion growth decreased considerably for non-mycorrhizal 

plants in sterilised soil. Similar results were obtained by Charron et al. (2001) and Sasa, Zahka 

and Jakobsen (1987). Possibly the ecological equilibrium between the microflora and the plant 

could not be re-established within the time of the experiment.  

  



87 
 
 

 

 

6. CONCLUSION AND RECOMMENDATION 

It is often stated that sustainable production of food crops in the tropics is severely constrained 

by the fragility of soils (Cardoso and Kuyper, 2006). In this study, the initial hypothesis that 

most sub-tropical soils are infertile and very prone to degradation, was not demonstrated. The 

nutrient concentrations, particularly P, in the soils in this study range from extremely high to 

very low. This shows that that although there is a large proportion of acid soils around 

Lubumbashi, not all of them meet the hypothesed constraints. However, in this study only small 

fields maintained by small-farmers were surveyed. These field were mainly situated around 

natural water sources, and hence in the valleys, which probably had an impact on the natural 

occurrence of the nutrients and the soil texture. Nevertheless, can improving the use of 

biological resources in these soils contribute to enhanced sustainability. Therefore, site-

specific management will be increasingly necessary, as the demand on those soils and other 

soils around the city for food production will increase.  

Mycorrhizal symbiosis is widely accepted as being fundamental for ecosystem stability and 

sustainability (Jeffries et al., 2003). The contribution of AMF to crop yield and soil fertility are 

considered as the most beneficial for agriculture. In this dissertation, it has been pointed out 

that AMF have positive outcomes on plant production in open-field conditions. This is mainly 

due to the nutrition-related benefits that this class of soil fungal symbionts can provide to their 

host-plant, as well as the protection against drought during the dry periods.  

Our survey showed no significant differences in colonisation of different tropical crop roots or 

various sites with different history and management practices. As the data was very dispersed, 

overall significant conclusions were limited. However, microscopic and molecular analysis 

showed some differences in crops as host plants. D. carota was considered the best host plant, 

while L. lycopersicum the least.  Therefore, the question how to optimally manage these 

beneficial fungi remains. More fundamental and strategic studies in this field are therefore 

needed. For this reason, the next significant step to make better use of AMF in agriculture is 

to carry out large-scale multilocation field trials, to increase awareness among the farmers and 

to gain more insight into mycorrhiza in the sub-tropics. The rapid development made with next-

sequencing will surely contribute in the understanding of this symbiotic relation.   

Although the observed mycorrhizal spore diversity on the fields was high compared to previous 

studies performed in the sub-tropics, our study confirms that fungal diversity in agricultural 

ecosystems is quite low and demonstrates that agricultural practices (applied by small-scale 

farmers in and around Lubumbashi, D.R. Congo), can influence AM fungal abundancy and 

diversity. From the perspective of sustainable production, it is very important to ascertain 

optimal inputs, preferably organic and low tillage practices that can promote mycorrhizal 
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diversity and, therefore, contribute to the long-term sustainability of agroecosystems under 

sub-tropical conditions. Stimulating naturally occurring AMF species instead of applying 

inoculants might be a better, because as pointed out in this study cultivation of these fungi via 

trap cultures is not an easy procedure.  In addition, indigenous AMF have been demonstrated 

to be equally or even better performing than commercial inoculum and for resource-poor 

farmers, the on-farm production from native soils might be more affordable (Berruti et al., 

2016). 

One of the five objectives to be reached by 2015 as set by African leaders is to have an 

agricultural production that causes no harm to the environment (Blein et al., 2013). As shown 

in this study, mycorrhiza can play an important role in the sustainability of agricultural 

production. However, this study indicates that the action needed to achieve sustainable 

production of food crops in the tropics differs depending on the farmers’ resource endowment, 

and that agricultural policy advice needs to be adapted to farmers’ resource levels.  
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APPENDIX 

Table 1: The different observed morphotypes grouped by size, form and colour, and linked to the 

site and culture. In the left column, a the most possible genera is noted based on these 

characteristics.  

N° Dim Form Colour Site Culture Identification 

1 

b
ig

 

 

ellips bright yellow  I S. lycopersicum Acaulospora   

2 globoid bright brown A, C, 

H, K 

Z. mays, A. 

graveolens,  

S. lycopersicum 

Glomus 

3 
 

dark brown E, I, 

D, H 

A. graveolens, S. 

lycopersicum, A. cepa,  

P. vulgaris 

Glomus 

4 
 

grey E, D D. carota, A. cepa Glomus 

5 
 

hyaline E, H, 

K 

Z. mays, A. 

graveolens, S. 

lycopersicum 

Acaulospora  

6 
 

bright yellow  H, A D. carota, S. 

lycopersicum, P. 

vulgaris 

Glomus 

7 
 

dark yellow I, H P. vulgaris, A. cepa Glomus 

8 irregular hyaline H P. vulgaris  - 

9 oval hyaline C S. lycopersicum Acaulospora 

10 ovoid bright brown H D. carota Acaulospora 

11 
 

hyaline H D. carota Acaulospora 

12 
 

bright yellow  A S. lycopersicum Rhizophagus 

13 reniform bright brown E A. graveolens Glomus 

14 
 

dark brown H S. lycopersicum Glomus 

15 subgloboid bright brown E, D A. graveolens, A. cepa Gigaspora 

16 
 

dark brown H S. lycopersicum Gigaspora 

17 
 

grey H, E D. carota Gigaspora 

18 
 

hyaline H D. carota, P. vulgaris Gigaspora 

19 
 

bright yellow  E, H A. cepa, P. vulgaris Gigaspora 

20   orange H Z. mays, A. graveolens Gigaspora 
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21 

m
e

d
iu

m
 

 

ellips dark brown E, I D. carota, S. 

lycopersicum 

Glomus 

22 
 

hyaline H A. cepa, P. vulgaris Acaulospora 

23 
 

bright yellow  D A. cepa Glomus 

24 
 

dark yellow H Z. mays Glomus 

25 globoid bright brown D, E, 

H 

D. carota, A. cepa Glomus 

26 
 

dark brown I, H P. vulgaris, Z. mays Glomus 

27 
 

brown K A. graveolens Glomus 

28 
 

grey D, E, 

H 

D. carota, A. cepa,  

P. vulgaris 

- 

29 
 

hyaline K, H, 

E, I, 

J,A 

S. lycopersicum,  

A. graveolens, P. 

vulgaris, A. cepa, Z. 

mays 

Acaulospora 

30 
 

bright yellow  H, J, 

K 

S. lycopersicum, Z. 

mays, P. vulgaris, A. 

cepa 

Glomus 

31 
 

dark yellow E Z. mays Glomus 

32 obpyriform bright yellow  H Z. mays - 

33 oval hyaline E, I Z. mays, A. graveolens Acaulospora 

34 ovoid bright yellow  I, K S. lycopersicum,  

P. vulgaris 

Diversispora 

35 pyriform bright yellow K S. lycopersicum Glomus 

36 
 

bright brown K A. graveolens Glomus 

37 
 

grey D A. cepa - 

38 spatula 

form 

bright brown H D. carota  - 

39 subgloboid dark brown D A. cepa Glomus 

40 subtriangul

ar 

bright yellow  I P. vulgaris - 

41 

s
m

a
ll 

 

ellips dark brown H, J P. vulgaris, D. carota Glomus 

42 
 

browne H A. graveolens  Acaulospora 

43 
 

grey C S. lycopersicum  - 
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44 
 

hyaline H, I, 

K 

Z. mays, P. vulgaris,  

D. carota 

Acaulospora 

45 
 

bright yellow  H, I S. lycopersicum, A. 

cepa 

Glomus 

46 
 

dark yellow E Z. mays Glomus 

47 globoid dark brown A, C, 

H, I, 

J, K 

P. vulgaris, S. 

lycopersicum, Z. mays 

Glomus 

48 
 

brown H, K Z. mays, A. graveolens  Glomus 

49 
 

grey E, H, 

I 

S. lycopersicum, A. 

cepa, Z. mays 

Glomus 

50 
 

hyaline C, E, 

H, I, 

K 

A. cepa, Z. mays, A. 

graveolens, P. 

vulgaris,  

D. carota, S. 

lycopersicum  

Acaulospora 

51 
 

bright yellow  H, I, 

J, K 

S. lycopersicum, A. 

cepa, Z. mays  

Glomus 

52 
 

dark yellow H, I, 

J 

A. cepa, Z. mays,  

D. carota  

Glomus 

53 
 

orange C S. lycopersicum  - 

54 oval bright brown H Z. mays, P. vulgaris Glomus 

55 
 

dark brown E D. carota Glomus 

56 
 

brown H Z. mays Glomus 

57 
 

hyaline D P. vulgaris Acaulospora 

58 ovoid dark brown K A. graveolens Acaulospora 

59 
 

hyaline E, I A. cepa, Z. mays Acaulospora 

60 
 

bright yellow  H, J Z. mays Glomus 

61 
 

dark brown H S. lycopersicum Glomus 

62 spatula 

form 

hyaline H S. lycopersicum - 

63 subgloboid bright brown E A. cepa - 

64 
 

grey D A. cepa - 

65   dark yellow E A. cepa  - 

 


