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 Striga, a genus of obligate parasitic weeds in the family Orobanchaceae, has been 

identified as the most important biological factor limiting agricultural productivity in sub-

Saharan Africa. Germination of Striga seeds is triggered by strigolactone root exudates 

from host plants. Strigolactones also induce hyphal branching in arbuscular mycorrhizal 

(AM) fungi, which are important for plant uptake of phosphorus in low phosphorus soils. 

Mechanisms of Striga resistance based on reduced strigolactone production may also 

convey resistance to AM fungi which would require higher inputs of phosphorus fertilizer 

to attain optimal crop growth. There is evidence for genetic differences in mycorrhizal 



responsiveness in other grain crops; therefore it is beneficial for breeders to be aware of 

these differences when developing Striga-resistant sorghum cultivars. This research aims 

to determine phosphorus and mycorrhizal responsiveness of sorghum genotypes 

important for or developed by breeders working on Striga resistance. Phosphorus 

response curves were determined for twelve sorghum genotypes using pasteurized low 

phosphorus soil amended to achieve four different phosphorus levels. Simple linear 

regression was performed on root and shoot dry weight data. Results indicate variability 

in phosphorus responsiveness within Striga resistant and susceptible genotypes. Seven of 

these genotypes were selected for continued research, which analyzed responsiveness to 

phosphorous and differences in mycorrhizal responsiveness in relation to reported 

mechanisms of Striga resistance. Treatments included three levels of phosphorus 

amendments and the addition of Funneliformis mosseae inoculum. All genotypes were 

strongly responsive to P amendment when grown without AM fungi and showed a 

decrease in responsiveness to P when inoculated with F. mosseae. Trends for all 

genotypes indicate a greater uptake of P, Zn, and Mg by mycorrhizal plants as compared 

to nonmycorrhizal plants. All seven genotypes were responsive to mycorrhizae, with a 

significant increase in biomass for all genotypes, especially at the lowest phosphorus 

level. The responsiveness to the mycorrhizal fungus does not appear to be directly related 

to the susceptibility of genotypes to the parasitic weed Striga.  
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Introduction and Literature Review 

 

Striga, an obligate root hemiparasitic weed, is the most important biological factor 

limiting agricultural productivity in sub-Saharan Africa (Ejeta 2007a). It is estimated that 

up to 50 million hectares of crop lands on the African continent are infested to some 

degree, and Striga negatively impacts nearly 300 million people (Ejeta 2007a). Native to 

semi-arid and tropical grasslands of Africa and Asia, Striga is a member of the family 

Orobanchaceae and reproduces via seeds. It has a wide host range including many food 

and fodder crops, although the major damage caused by this parasite is on staple crops of 

the rural poor in the African savanna, namely maize (Zea mays L.), sorghum (Sorghum 

bicolor [L.] Moench), pearl millet (Pennisetum glaucum [L.] R. Br.), upland rice (Oryza 

sativa L.), and cowpeas (Vigna unguiculata [L.] Walp.) (Ejeta 2007b). It also can 

parasitize sugarcane, legumes, and a range of weedy grasses.  

 

Soil degradation in sub-Saharan Africa has had a significant effect on crop production, 

and may also be contributing to the increasing problem of Striga on farmland. The areas 

of Africa with the heaviest infestation rates are found in ecological zones with low 

rainfall and degraded, infertile soils (Ejeta 2007a). Rates of soil degradation can be 

influenced by soil quality parameters. Some of these are inherent properties of soil, such 

as texture and mineral composition, but many properties, such as soil structure, organic 

matter content, and soil fertility can be significantly influenced by management practices. 
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One method of quantifying the influence of management practices on soil fertility is by 

calculating the incoming and outgoing nutrients (farming or otherwise) for a system, and 

thus determining its overall nutrient balance. African cultivated soils are experiencing an 

overall negative nutrient balance, with the average N, P, and K balances totaling -22, -

2.5, and -15 kg ha-1 yr-1, respectively (Smalling et al. 1997). Climatic conditions such as 

intense heat, highly variable rainfall, and strong windstorms also play a large role in 

degrading the soils of sub-Saharan Africa (Gruhn et al. 2000). It is yet unclear how global 

climate change may alter these conditions and thus influence soil degradation.  

 

Changes in land use due to the rapidly increasing human population over the past several 

decades have also contributed to poor soil management by farmers. These include 

insecure land tenure arrangements, sharecropping, expansion of cropped land area, 

intensification of cropping on the same land, and land constraints which reduce the land 

available for communal grazing (Van Ast et al. 2005; Gruhn et al. 2000; Sauerborn et al. 

2003). In fact, severe overgrazing has been identified as the number one cause of human-

induced soil degradation in Africa (Gruhn et al. 2000).  

 

With subsistence farmers now relying more and more on leased land, the practice of 

fallowing has declined severely (Gruhn et al. 2000). This has depleted soil nutrient levels, 

increased Striga seed banks (high proportions of the seeds lose viability with each year 

fields are left fallow), and greatly reduced soil stewardship because farmers have little 

incentive for long-term maintenance or improvement of soil quality on leased land (Ejeta 
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2007a). With these small plots of land being intensively farmed year after year, the Striga 

seedbank in the soil has increased exponentially. For example, Rodenburg et al (2006) 

found that the average estimated seed production per square meter per cropping season 

was 334% to 785% of the initial seedbank. The introduction of exotic cereal crops has 

also greatly increased the area of Striga infestation (Woomer et al. 2008). Since Striga is 

native to sub-Saharan Africa, many native cereals (such as sorghum and millet) show 

tolerance or resistance to Striga, whereas imported crops (especially maize) remain 

extremely susceptible (Woomer et al. 2008). In fact, the impact of Striga is so strong on 

maize cropland in sub-Saharan Africa, that the total area is estimated to be around 3.2 

million ha annually, or about 24% of the total maize area (De Groote et al. 2008). 

Infested areas experience an estimated average crop loss of 55% of the potential yield, or 

1.6 million tons per year in total, which is translated into an economic loss of US$383 

million (De Groote et al. 2008; Woomer et al. 2008). Traditional methods of fighting the 

Striga scourge are no longer effective, and farmers now face the task of finding new 

methods, resources and technologies to continue to produce sufficient crop yields. 

 

To better understand effective strategies for managing the Striga infestation, it is first 

important to have an understanding of the life cycle of Striga. Striga species occur on a 

wide range of soil types from very light sands to heavy cracking clay. Observed 

restrictions of Striga species, varieties, and populations to specific soil types are thought 

to be more related to host plant suitability rather than any direct influence on the parasite 

(Parker and Riches 1993). Striga seeds are extremely small, averaging 0.3-0.5 mm in 
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diameter (Rich and Ejeta 2007). Once deposited in the soil they require an after-ripening 

period that prevents them from germinating during the season in which they were 

produced. A preconditioning period must also occur before the seed can germinate. The 

specific requirements of this preconditioning time vary by species, and are related to the 

environmental conditions of their geographical area of origin (Rich and Ejeta 2007). 

Striga seeds also have the ability to enter secondary dormancy if environmental 

conditions have prepared them for germination, but they have received no germination 

signal from a nearby plant.  

 

Several natural stimulants that activate Striga seed germination have been identified 

through laboratory testing, including gibberellic acid and cytokinins (Worsham 1987), 

ethylene (Logan and Stewart 1991), jasmonates (Yoneyama et al. 1998), and a group of 

molecules known as strigolactones (Butler 1995). Of these, strigolactones have been 

identified as the most active, with the ability to initiate 50% of seeds to germinate at 

picomolar concentrations (Akiyama and Hayashi 2006). Strigolactones are a group of 

sesquiterpene molecules that are formed via the carotenoid pathway (Matusova et al. 

2005). It is predicted that there may be more than 100 strigolactone derivatives that exist 

in the plant kingdom (Akiyama and Hayashi 2006). Strigolactones have a structural core 

made up of a tricyclic lactone (ABC part) that connects via an enol ether bridge to a 

butyrolcatone group (the D-ring) (López-Ráez et al. 2009). Strigolactones have been 

found to play a diverse role in various biological systems beyond their role as parasitic 

weed seed germination signals. The strigolactone 5-deoxystrigol, thought to be the 
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precursor of all currently known strigolactone molecules (Xie et al. 2010), was found by 

Akiyama et al (2005) to induce hyphal branching in the arbuscular mycorrhizal (AM) 

fungus Gigaspora margarita. The identification of strigolactone production in 

nonmycorrhizal host plants (such as Arabidopsis) led to the discovery (Gomez-Roldan et 

al. 2008) that strigolactones are a novel class of plant hormones that cause inhibition of 

shoot branching in plants. Ruyter-Spira et al (2011) performed experiments which 

suggest that the auxin-strigolactone balance may be the basis for the mechanisms which 

regulate a plant’s root-to-shoot ratio. It is believed that even more functions and effects of 

strigolactones will be discovered through the intense research focus they have recently 

gained (Xie et al. 2010).  

 

In order for the release of strigolactone chemicals to be effective as germination signals, 

the Striga seed must be in extreme proximity to the root. In laboratory studies using the 

agar gel assay method, seeds further than 3.3 cm from the plant roots of highly 

susceptible sorghum cultivars did not germinate (Hess et al. 1992). In the complex 

environment of soil this distance would be much less, especially for resistant cultivars 

(Hess et al. 1992). Germinated seedlings begin to grow towards the plant root using 

chemotropism (Williams 1961), but have limited resources and can only grow a distance 

of 2-3mm until all reserve nutrients are exhausted. The root must also release a haustorial 

induction signal to begin the formation of the haustorium (Hood et al. 1998). This 

structure is the nutrient exchange site for Striga to extract nutrients from the host plant. 
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Striga will then attach and penetrate into the host root, forming a connection directly with 

the root xylem (Visser and Dörr 1987).  

 

The parasite then begins to extract water, nutrients, and photosynthate from the host 

plant. The effects of parasitism can be observed on the host during this initial growing 

period while the Striga plant is still beneath the soil surface. These effects often emulate 

drought responses and include chlorosis, stunting, wilting, scorching and collapse of leaf 

tissue (Parker and Riches 1993). Several local names for Striga translate into “fire-weed” 

due to this burnt appearance (Parker and Riches 1993). However, Striga has received the 

common name of “witchweed” based on the development of these symptoms on 

parasitized host plants prior to the observation of the Striga plants, causing the crops to 

appear bewitched (Ejeta 2007a). Within six weeks of attachment to the host, young 

shoots emerge from the soil. The leaves are photosynthetic, though Striga depends 

heavily on its host for carbon, with S. hermonthica receiving up to 85% of its carbon 

from the host (Rich and Ejeta 2007). Flowering occurs four to six weeks after emergence, 

and is day neutral (Stewart 1987). Striga inflorescences can produce between 25,000 (S. 

forbesii) to 200,000 (S. hermonthica) seeds per plant (Parker and Riches 1993).  

 

Methods of combating Striga 

Due to this high seed production, one of the more common methods subsistence farmers 

use to combat the infestation is hand-pulling of nearly mature Striga flowers to prevent 

an increase in the soil seedbank of Striga seeds. Over the course of a four-year study, 
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Odhiambo and Ransom (1994) demonstrated that hand-weeding of fields consistently led 

to a decrease in Striga emergence and a decrease in soil seed quantity (as compared to 

un-weeded fields). The practice was most effective when combined with inputs of 

fertilizer and organic matter. Hand-pulling appears to be a technique that has been passed 

down from previous generations, and may have been effective when Striga seedbanks 

were low. However, this approach is extremely labor intensive, ineffective at removing 

belowground Striga, requires effective timing and persistence, and is mostly impractical 

with the high level of infestation common in fields today (Debrah, S. K. 1994; Ejeta 

2007a). 

  

Yoneyama et al (2007) demonstrated that sorghum grown at deficient levels of N or P 

increased its production of the strigolactone 5-deoxystrigol by about 30-fold and 20-fold, 

respectively, as compared to the control. These exudates also resulted in 100-fold higher 

germination stimulation activity in a bioassay of S. hermonthica seeds as compared to the 

control. This suggests that providing plant-available P and N fertilizers could lower the 

production of strigolactones by host roots, thus decreasing Striga seed germination in the 

soil. Lower germination could lead to reduced attachment and emergence of the parasite, 

which reduces production of Striga seeds and increases crop yields. The crop yield would 

also increase due to availability of these often limiting nutrients, and could help to offset 

the damage caused by the parasitic attachment (Esilaba et al. 2000). The high cost of 

imported fertilizers, undeveloped distribution systems, and poor credit facilities greatly 

limit access of commercial fertilizers to smallholder farmers (Debrah, S. K. 1994; 
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Sanchez et al. 1997). Without inputs of chemical fertilizers or organic amendments, soil 

fertility declines further, and the Striga problem is exacerbated. Farmers who have 

heavily infested land often struggle to produce enough food for their families, let alone 

have excess to sell into the market (Woomer et al. 2008). Increasing soil quality through 

organic matter amendments has been shown to increase soil suppressiveness to Striga. 

Sauerborn et al (2003) demonstrated this by comparing several fields with similar soil 

types but which received different levels of organic inputs over the previous decade. The 

number of Striga seeds found in the soil as well as the incidence of parasitism were 

significantly different between the high input and low input fields. Sauerborn et al (2003) 

attributed this to the increase in biological activity found in soils amended with organic 

matter. Berner et al (1996) found that Nigerian field soil that had been previously 

pasteurized had a much higher Striga germination rate then field soils that were left 

unpasteurized – thus maintaining their biological populations (each soil was subsequently 

infested with S. hermonthica seeds and tests were conducted in a greenhouse study). 

Since the Sauerborn et al (2003) work was not based on a controlled experiment, it is 

impossible to know whether the fields began at a similar rate of infestation, or if there 

were other factors that contributed to the difference. However, the benefits of organic 

matter amendments to soils are well documented, and over time would provide a resource 

for slow release of nutrients, increased aggregate stability, as well as improving soil 

structure which increases water retention and gas exchange (Brady and Weil 2008). More 

specifically, with increased P and N released into the soil from organic amendments, the 
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production of strigolactones would be expected to decrease, which again should lead to 

lower Striga germination and attachment (Yoneyama et al. 2007). 

 

Several researchers have examined the benefits of non-host, trap crops, and intercropping 

on heavily infested Striga fields. Non-host plants are those which do not induce Striga 

seed germination, and therefore avoid parasitism by the weed. Examples of non-host 

plants include peanut, soybean, sunflower, and pigeon pea (Oswald and Ransom 2001). It 

is possible to grow non-host plants in heavily infested fields without any detrimental 

effects of the Striga infestation, although there are often other reasons that non-host crops 

aren’t used. For instance, these plants may not be suitable for local growing conditions, 

they may not be suitable substitutes for the subsistence crops they are replacing, or they 

may only be useful as a cash crop – which many farmers may not have the resources to 

bring to market (Parker and Riches 1993). Another alternative is the use of trap crops 

either grown in rotation with host crops, interplanted with host crops, or fully 

transitioning fields to only trap crops. Trap crops cause germination of the parasite’s 

seeds, but have some mechanism of resistance that either doesn’t allow attachment to the 

root, or the Striga plant dies shortly after attaching to the root. This is known as suicidal 

germination, an effective method of decreasing the overall seedbank in the field as well 

as providing another harvestable or forage crop (Sun et al. 2007). Significant success in 

decreasing Striga emergence and increasing grain yields has been seen with a one-to-one 

Desmodium intercrop. A study conducted by Khan et al (2002) demonstrated that 

intercropping maize with the fodder legumes D. unicinatum and D. intortum significantly 
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reduced S. hermonthica infestation and increased maize yields as compared to maize 

monocrop. Further laboratory research showed that this effect was due in part to an 

allelopathic mechanism negatively impacting Striga growth. 

 

For several decades now, researchers have been working on breeding culturally and 

economically important crops with resistance to Striga. Since Striga is a native weed in 

Africa and Asia, it evolved alongside many native cereals which are now important food 

crops. Many of these cereals, such as millet and sorghum, show varying levels of 

resistance to Striga which can be used in these breeding projects (Ejeta 2007b; Woomer 

et al. 2008). Maize is not a native plant in Africa, but its several introductions between 

the sixteenth and nineteenth centuries were greeted with great enthusiasm because its 

seeds are surrounded by a husk and thus protected from birds (Woomer et al. 2008). 

Large flocks of birds caused major losses in other native crops such as millet and 

sorghum. Since maize did not co-evolve with Striga, there are no resistance traits that can 

be exploited (Berner et al. 1995; Ramaiah 1987). Breeding projects directed toward 

maize thus tend to focus more on Striga tolerance traits, such as early, quick, deep root 

growth to avoid stimulating germination of seeds. One example is Strigaway® maize, 

which has been developed to be imazapyr (herbicide) resistant. Its seed is treated with 

imazapyr which causes delayed germination of Striga seeds, thus allowing the maize root 

to develop below the zone of Striga germination (Woomer et al. 2008). With sorghum 

and millet, breeders have been able to focus more directly on promoting the resistance 

traits found in some wild relatives (Rich et al. 2004). 
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Sorghum is the fifth most important cereal crop grown in the world, and a leading cereal 

grain produced in Africa (Zeller 2000). The geographic and domestication center of 

origin is considered to be northeast Africa, based on genetic diversity studies (Kimber 

2000). It has long been used in Africa as a staple food crop, favored in arid regions due to 

its drought tolerance and versatility. The grain is often harvested as a food crop, while the 

leaves and stock can be used as fodder for livestock. Some varieties are also grown and 

harvested for the molasses-like sugar product that can be harvested from the stalk (much 

like sugar cane), and is sometimes further fermented to produce an alcoholic beverage. 

Another desirable feature for subsistence farmers is that it may be grown in low nutrient 

conditions. Unfortunately, sorghum is also a host plant for several species of Striga, 

including two of the most devastating, S. hermonthica and S. asiatica. As mentioned 

previously, since Striga and sorghum co-evolved (both being native to Africa), there are 

several resistance mechanisms that exist within sorghum varieties. These mechanisms of 

resistance have been identified and categorized into four main types of resistance (Ejeta 

2007b; Haussmann et al. 2000). The first is lower production of the root-exuded chemical 

stimulants that cause Striga seeds to germinate, thus leading to a lower Striga infection 

rate. The second mechanism of resistance is reduced production of the haustorial 

initiation factors. The third is a hypersensitive response, a rapid, localized death of the 

host plant cells at the site of Striga connection which prevents further invasion. The final 

mechanism has been termed an incompatible response, and refers to any other 

mechanism of resistance that occurs at any other developmental stage of infection.  
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For the past few decades numerous breeding projects have been focused on enhancing 

sorghum’s resistance to Striga. In 2009, Dr. Gebisa Ejeta, a plant breeder from Purdue 

University, received the World Food Prize for his research on and development of Striga-

resistant sorghum genotypes. This award can be viewed as recognition of the importance 

of sorghum as a world food crop, and the seriousness of the threat of Striga to food 

security in Africa. Despite the success of this and other modern breeding programs, 

breeders have not addressed the potential role of AM fungi in nutrient uptake or Striga 

resistance in these systems. Some research shows that modern breeding techniques can 

lead to a decrease in responsiveness of various crops to AM fungi (Hetrick et al. 1992; 

Kaeppler et al. 2000), although these findings have been challenged by other researchers 

(Sawers et al. 2009). 

 

Mycorrhizal fungi form a mutualistic relationship with host plant roots.  Current 

estimates state that 80% of land plant species and 92% of land plant families are 

mycorrhizal, with arbuscular mycorrhizae being considered the ancestral and 

predominate form of mycorrhiza in land plants (Wang and Qiu 2006). AM fungi are 

found worldwide, associated with a wide range of hosts. The relationship is often viewed 

as a partnership, with the host plant providing the fungi with carbon, while the fungi aids 

the plant in uptake of certain nutrients from the soil. The fungi play an important role in 

the uptake and transport of nutrients to the plant by drastically increasing the absorptive 

surface area of the roots. The fungal mycelium is a fine, filamentous network that can 
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access soil surfaces that would otherwise be too small for even fine roots to penetrate. 

This is important for the uptake of diffusion-limited nutrients found within the soil 

profile. Mycorrhizal fungi also produce phosphatases in the rhizosphere, leading to an 

increase available phosphorus for fungal or root absorption (Smith and Read 2008). 

Mycorrhizal fungi have been shown to increase acquisition of organic and inorganic 

phosphorus (Jayachandran et al. 1992; Smith and Read 2008), nitrogen (Hawkins et al. 

2000), and in some instances other secondary macronutrients and micronutrients 

(Marschner and Dell 1994). AM fungi have also been shown to increase plant drought 

tolerance, more likely through altering the soil water relations rather than direct transport 

of water to plants through hyphae (Augé et al. 2007; Smith and Read 2008). Interestingly, 

Akiyama et al (2005) found that strigolactones exuded from plant roots cause hyphal 

branching in AM fungi, and thus may be a signal molecule to aid in host recognition.   

 

Sorghum is a host for both AM fungi and Striga, and both organisms appear to use root-

exuded strigolactones as signal molecules within the rhizosphere. When grown in low P 

and N conditions, sorghum increases production of strigolactones (Yoneyama et al. 

2007), supporting the hypothesis that this pathway may have evolved as a signal for 

mycorrhizal colonization in these unfavorable growing conditions. Once an association 

has been formed with AM fungi, sorghum decreases its production of strigolactones 

(Lendzemo et al. 2007). One method of breeding for resistance to Striga is focused on 

decreasing the production levels of germination stimulants – which include 

strigolactones. If these molecules are also used as a signal for AM fungi, there is a 
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possibility that these breeding efforts may inadvertently lead to a resistance to AM fungi 

by these sorghum lines.  

 

The objectives of my study are to determine if breeding for Striga resistance has 

influenced the ability of sorghum genotypes to benefit from mycorrhizal associations. 

Are resistant sorghum genotypes responsive to AM fungi, and is that responsiveness 

significantly different from the response to AM fungi exhibited by Striga susceptible 

sorghum genotypes? Since AM fungi are known to facilitate the acquisition and transport 

of P to their host plants, it is also important to consider the P responsiveness of genotypes 

when grown without fungal partners.  
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Materials and Methods 

Materials 

Sorghum genotypes were chosen from those available through the Purdue University 

sorghum breeding program (Gebisa Ejeta lab).  Genotypes were chosen to represent a 

range of responses to Striga spp. (particularly Striga hermonthica and Striga asiatica) 

and a diversity of geographic origins. These genotypes are further described in Table 1. 

All sorghum seeds were donated by the Ejeta lab. 

!

The arbuscular mycorrhizal fungus Funneliformis mosseae (T.H. Nicolson & Gerd.) C. 

Walker & Schuessler  (INVAM isolate OR211) was originally collected in 1994 from a 

Chehalis soil series at the OSU Lewis-Brown farm in Corvallis, Oregon. It was isolated, 

increased, and provided for this research by Dr. Paul Schreiner of the USDA–ARS 

Horticultural Crops Research Laboratory, Corvallis, OR. The starter culture of 

mycorrhizal inoculum used in these experiments consisted of rhizosphere soil from 9-

month-old sudangrass pot cultures grown in the same soil mixture that was used for the 

experiment. The inoculum contained spores, hyphae, and infected roots cut to 

approximately 1 cm pieces, and had been quantified by the author to have a spore count 

averaging 40 spores/g soil. Other infective materials were not quantified. For the 

mycorrhizal responsiveness experiment, soil was inoculated with mycorrhizae through 

the following method. Pots were filled with 150 mL of pasteurized soil, followed by a 

layer of 300 mL pasteurized soil mixed with 15 g of mycorrhizal inoculum, and topped 
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with 150 mL pasteurized soil. A mycorrhiza-free filtrate was created by soaking 200 g of 

inoculum in 750 mL diH2O, and filtering through 5µm filter; 60 mL of this was diluted 

with 540 mL diH2O and applied evenly to all non-mycorrhizal pots (approximately 3 ml 

per pot) four weeks after planting. 

 

The planting medium was a 1:1 mixture of field collected soil and river sand. The field 

soil was collected from a Bw horizon in an alluvial Haploxeroll (mapped as the Malabon 

series) and sieved through a wire screen with a mesh opening size of 1 cm. The river sand 

was donated by a local company (Corvallis Ready-Mix Sand and Gravel, Corvallis, 

Oregon) and was also sieved to <1 cm. Soil and sand were then mixed 1:1 (v:v) using a 

cement mixer. The mixture was steam pasteurized (65° C for 45 min) in a Lindig cart to 

eliminate native AM fungi and most soilborne pathogens. The soil mixture was tested and 

found to have a pH of 6.8 with the following soil nutrient levels: 1 ppm Bray-P, 63 ppm 

K, 445 ppm Mg, 52 ppm Na, 1410 ppm Ca, 0.5 ppm NO3-N, and 8.2 ppm NH4-N. A 

liquid nutrient solution was mixed to provide the following levels of basal nutrients to the 

soil: 30 mg N kg-1 as (NH4)(NO3), 41.5 mg K kg-1 as KNO3, 20 mg S kg-1 as 

MgSO47H2O, and 2 mg B kg-1 as Na2B4O710H2O. The soil was laid out on heavy brown 

kraft paper on a lab bench, the nutrient solution was sprayed on, and the soil was air-dried 

for 2 days.  

 

Pots (Deepots®, Stuewe & Sons, Inc, Tangent, Oregon)  (656 mL volume) were steam 

pasteurized and a single layer of tulle mesh fabric was applied to the outside of the 



!

*'!

bottom of each pot and secured with a rubber band and duct tape to prevent the loss of 

soil. Prior to planting, each pot was filled with soil and watered to saturation. Soil was 

added to each pot to within 2 cm below the rim, and watered again. Pots were allowed to 

sit for several days before planting. Planting holes were created to a depth of 3.5 cm 

using a dibble, and each pot received 2 sorghum seeds. The holes were refilled with soil 

and the pots were watered and placed on the greenhouse bench according to the 

experimental design. Pots were watered every four days initially, and the frequency 

increased with the increasing moisture requirements of the plants. Plants were provided 

with natural daylight supplemented with 12 hr/day of supplemental lighting via four plant 

grow lights totaling 2800 watts of light. On a cloudy day light intensity measured on top 

of pots ranged between 220 and 535 µmol m-2 s-1 depending on bench location. Plants 

were thinned by pinching off extra plants to 1 plant/pot once they reached a height of 4 

cm. When plants reached the sixth-leaf stage, they were fertilized with a liquid 

application of 30 mg N kg-1 as (NH4)(NO3).  

 

Phosphorus responsiveness experiment 

The first experiment was designed to test a wide variety of sorghum genotypes for their 

responsiveness to soil P. Genotypes included landraces, wildtypes, Asian varieties, and 

cultivars with both Striga-resistant and Striga-susceptible phenotypes represented. 

Twelve sorghum genotypes (Table 1) were grown on a greenhouse bench at four levels of 

P in a split plot design with genotype as the whole plot factor, P as the subplot factor, and 

repetitions as blocks (see Appendix 1 for experimental design map). The maximum P 
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level was 120 lbs P2O5 acre-1, with the three other levels of fertilization calculated to be 

!, ", and # the full dose (60 lbs P2O5 acre-1, 30 lbs P2O5 acre-1, and 15 lbs P2O5 acre-1 

respectively). This equates to P amendment amounts of 26.19, 13.10, 6.55, and 3.27 mg P 

kg-1 soil. Amendment was made through the application of triple superphosphate (TSP), 

Ca(H2PO4)2. The TSP was ground in a mortar and pestle to a fine powder, mixed with 

water, and sprayed onto the soil. This was allowed to air-dry and was mixed thoroughly. 

All plants were planted on a single day, and planting was done in the method described 

above, with no addition of mycorrhizal inoculum. Each treatment combination had five 

repetitions, plus one extra pot planted as a backup in case of poor germination. At the 

sixth-leaf stage (6.5 weeks after planting), plants received nitrogen as described above. 

Plants were harvested nine to ten weeks after planting, with single genotypes always 

harvested within a day. Roots were washed, separated from shoots, and both were oven-

dried (70°C, 7 days) separately. Tissue dry weight was recorded for shoots and roots.  

 

Mycorrhizal responsiveness experiment 

An experiment was conducted with sorghum genotypes either resistant or susceptible to 

Striga to determine if they would respond differently to AMF and soil P. The experiment 

was a factorial design with seven genotypes, three levels of phosphorus, inoculation with 

live or pasteurized arbuscular mycorrhizal fungus inoculum, and eight repetitions. 

Genotypes for this experiment were selected with the goal of representing a range of P 

responsiveness (based on previous experiment), Striga resistance and susceptibility, and 

genotype background. Also, available information regarding germination stimulant 
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production levels of each genotype was considered so as to include both high and low 

producers. This was included to determine if levels of germination stimulant production 

affected mycorrhizal responsiveness.  

 

Plants were all grown on one greenhouse bench, with the mycorrhizal and non-

mycorrhizal treatments organized as mirror images of each other on either side of the 

bench. This was a deliberate effort to decrease any chance of mycorrhizal contamination 

between pots due to splash dispersal or fungus gnat transport. Each half of the bench was 

organized in a split plot design with genotype as the whole plot factor, P as the subplot 

factor, and repetitions as blocks (see Appendix 2 for experimental design map). The 

maximum P level was 100 lbs P2O5 acre-1, with the two other levels of fertilization 

calculated to be ! and # the full dose (50 lbs P2O5 acre-1, and 12.5 lbs P2O5 acre-1 

respectively). This equates to P amendment amounts of 21.83, 10.91, and 2.73 mg P kg-1 

soil. Amendment was made through the application of triple superphosphate (TSP), as 

described previously.  

 

Planting occurred on seven consecutive days, with one genotype being planted each day. 

Planting occurred as described above, with the mycorrhizal treatments receiving 15 g of 

inoculum while plants from the non-AMF treatment received 15 g pasteurized inoculum 

plus AMF-free filtrate from the inoculum. Each treatment combination had eight 

repetitions, plus one extra pot planted as a backup in case of poor germination. At the 

sixth-leaf stage, plants received nitrogen as described above. Plants were harvested eight 
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weeks after planting. On its day of harvest, each genotype was carefully removed from 

the experimental area and grouped by treatment (P amendment level and with/without 

AM fungi), and photographed to capture visual differences in growth. Roots were 

washed, separated from shoots, and both were oven-dried (70°C, 7 days) separately. 

Tissue dry weight was recorded for shoots and roots. Roots of extra plants (those planted 

as backups but never utilized as such) were collected to visualize mycorrhizal 

colonization in the different treatments. The roots were washed, separated from the 

shoots, and cleared and stained using a method (Phillips and Hayman 1970) modified as 

follows. Roots were cleared in 5% KOH (50 g L-1) solution for 25 minutes at 90!C, and 

lactoglycerin ($**!,-!('.!/01231!01345!")'!,-!6/71893:5!")"!,-!;0289!<*!-) was 

substituted for lactophenol. Root length colonized  by AMF was calculated for these 

limited samples using the line-intercept method (Giovannetti and Mosse 1980). 

 

To have sufficient plant tissue biomass to measure shoot nutrient content, tissues were 

ground, and bulked together by treatment (all 8 repetitions became one bulked sample). 

Statistical analysis of shoot nutrient levels was therefore not possible. Shoot tissue was 

analyzed for chemical properties using an Optima 3000™ DV inductively coupled 

plasma optical emission spectrometer (Perkin-Elmer, Norwalk, CT). Samples were also 

analyzed on a CNS Analyzer (Leco, CNS-2000, St. Joseph, MI), which is based on the 

Dumas dry combustion technique. Root tissue was not analyzed for nutrient content due 

to insufficient biomass. 
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Statistical Analysis 

For the phosphorus responsiveness experiment, linear regression was performed within 

individual genotypes with phosphorus amendment as the dependent variable and total dry 

weight biomass as the response variable using the statistical software R. If a genotype 

was found to have a significant linear response to P amendment, then it was deemed 

responsive to P. If there was no significant linear relationship, then the genotype was 

determined to be unresponsive to P amendment. All plants that did not germinate, or died 

shortly after germination, were given a dry weight biomass of NA (not available), and 

thus were not included in the analysis.  

 

For the mycorrhizal responsiveness experiment, several methods of analysis were 

performed to answer specific questions. Fixed effects were determined using analysis of 

variance with the PROC Mixed function in the statistical package SAS (vol. 9.3) (SAS 

Institute Inc., Cary, NC, USA). Factors were AM fungi (present or absent), Striga 

resistance (resistant or susceptible), genotype (with resistance nested within), phosphorus 

treatment, and repetition (blocks). The random error effects of repetition and the 

interaction of repetition and genotype (with resistance nested within) were also included 

in the model (Appendix 3). Phosphorus responsiveness was determined for both the non-

mycorrhizal and mycorrhizal plants, using the previously described method for analysis. 

 

Mycorrhizal responsiveness for each genotype was determined using a novel method 

developed by the author. The method is based on the Area Under the Disease Progress 
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Curve (AUDPC), an established method used in plant pathology to measure the 

progression of disease over time. The application of this method to the current 

experiment was made by first calculating the mean total dry weight biomass of individual 

genotypes at the three P amendment levels, grown both with and without the AM fungus 

(yielding six dry weight biomass means). Due to genetically inherited differences in 

growth potential across genotypes, the dry weight biomasses were relativized to their 

largest growth within each genotype to allow comparisons across genotypes. Within each 

genotype, all six mean total dry weight biomass data were divided by the largest mean 

total dry weight biomass observed for that genotype (this was the biomass at the 

mycorrhizal, high P treatment for all genotypes except P9403 in which the biomass for 

the mycorrhizal, medium P treatment was the highest). These numbers were then plotted 

for the three levels of P amendment, both with and without the AM fungus. The total area 

under each of these curves was calculated using the statistical software R (Figure 1) 

(Garrett et al. 2007).The area under the non-mycorrhizal curve was then subtracted from 

the area under the mycorrhizal curve, and the remaining area calculation is presented as 

mycorrhizal responsiveness for each genotype over the range of P amendment levels 

from 2.73 to 21.83 mg P kg-1 soil.!
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Table 1. Characteristics of sorghum genotypes included in this study. Genotypes are 
categorized as either susceptible or resistant to Striga. 

Phenotype Genotype  Background 
Mechanisms 

of  Resistance 

Germination 
Stimulant 

Level 

Haustorial 
Initiation 

Level 
Highly 
susceptible IS4225 Asian line  High High 

Highly 
susceptible Shanqui Red Cultivated line 

from China  High High 

Susceptible P954063 Ethiopian 
landrace  High Unknown 

Shows some 
resistance in lab 
- not field tested 

S.b. 
verticilliflorum, 
race: 
arundinaceum 
(47-121) 

Wildtype - 
country of 
origin 
unknown 

Hyper- 
sensitive 
response 

High High 

Shows some 
resistance in lab 
- not field tested 

S.b. Drummondii 
(PQ434) 

Sudanese 
wildtype Unknown Low Low 

Resistant Tetron Sudanese 
landrace Unknown Low High 

Resistant IS9830 Sudanese 
landrace Unknown Low High 

Resistant 
SRN39 
(Mogawium 
buda 1) 

Cultivated 
variety, 
unknown 
origin 

Incompatible 
response Low Low 

Resistant Brhan 

Developed at 
Purdue 
(SRN39 x 
Framida) 

Incompatible 
and hyper- 
sensitive 
response 

Low Unknown 

Resistant Gobiye (P9401) 

Developed at 
Purdue 
(SRN39 x 
P954063) 

Incompatible 
response Low High 

Resistant P9402 

Developed at 
Purdue 
(SRN39 x 
P954063) 

Unknown Unknown Unknown 

Resistant Abshir (P9403) 

Developed at 
Purdue 
(SRN39 x 
P954063) 

Incompatible 
response High Unknown 

!
!
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Figure 1. Illustration of method used to calculate the area under the curve (AUC) using 
the statistical software R. Area under the mycorrhizal curve (AUMC) is calculated 
through the addition of the total area of M1 and M2. Area under the non-mycorrhizal 
curve (AUNMC) is calculated through the addition of the total area of NM1 and NM2. 
AUC = AUMC - AUNMC 
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Results!

Phosphorus responsiveness of sorghum genotypes!

In the initial phosphorus responsiveness experiment with all twelve genotypes, but 

without the mycorrhizal fungus, there was a diversity of responses within sorghum 

genotypes belonging to each of the categories of Striga resistance. Of the three Striga 

susceptible genotypes (IS4225, Shanqui Red, and P954063), one was found to be non-

responsive to phosphorus additions (p>0.05), while two were found conclusively 

responsive (p<0.001) (Table 2). Of the nine Striga resistant genotypes, two were found to 

be non-responsive to phosphorus additions (p>0.05), two were found to be responsive 

(p<0.05), two were found to be strongly responsive (p<0.01), and three were found to be 

conclusively responsive (p<0.001) (Fig. 2a,b). Poor germination was experienced with 

several of the genotypes, which influenced the statistical results through a decrease in 

degrees of freedom. Fungus gnats also proved to be an issue in the greenhouse, damaging 

and killing some of the seedlings during the trial. As the focus of this experiment was to 

determine the responsiveness to P for individual genotypes, no statistical analysis across 

genotypes was conducted. Susceptible and resistant phenotypes that represented a range 

of responsiveness to P were selected for inclusion in the second experiment. 
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Table 2.  Relationship between dry weight biomass of sorghum (Sorghum bicolor) genotypes and soil phosphorus 
amendments.  Summary statistics are based on linear regression analysis. The slope estimates biomass increase (g)/2.18 mg P 
kg-1 soil. 

Phenotype Genotype y-intercept Slope  Adjusted R2 d.f. p-value Siga 
Susceptible IS4225 1.455 0.10 0.576 18 < 0.001 *** 
 Shanqui Red 1.265 0.11 0.863 18 < 0.001 *** 
 P954063 1.342 0.01 -0.051 15 0.649 NS 
Resistant S.b.verticilliflorum 

racearundinaeum 
(P47-121) 1.379 0.12 0.427 18 0.001 ** 

 
S.b. drummondii 
(PQ434) 0.781 0.11 0.747 18 < 0.001 *** 

 Tetron 0.319 0.11 0.518 11 0.003 ** 
 IS9830 0.444 0.11 0.615 17 < 0.001 *** 
 SRN 39 0.582 0.08 0.158 12 0.088 NS 
 Brhan 0.958 0.10 0.636 18 < 0.001 *** 
 Gobiye (P9401) 1.325 0.03 0.194 18 0.029 * 
 P9402 1.226 0.05 0.179 18 0.036 * 
  Abshir (P9403) 1.444 0.03 0.007 15 0.306 NS 
aSignificance: ***, p<0.001; **, p<0.01; *, p<0.05; NS, not significant p!0.05     
    
!
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Figure 2a. Mean total dry weight biomass (g) of six sorghum genotypes grown in soil amended with phosphorus at four 
rates (3.27, 6.55, 13.10 and 26.19 mg P kg-1 soil). Three genotypes are susceptible to Striga (IS4225, Shanqui Red, and 
P954063), two show lab resistance but are not field-tested (P47-121 and PQ434) and one is resistant to Striga (Tetron).  
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Figure 2b. Mean total dry weight biomass (g) of six Striga-resistant sorghum genotypes grown in soil amended with 
phosphorus at four rates (3.27, 6.55, 13.10 and 26.19 mg P kg-1 soil). 
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Mycorrhizal responsiveness of sorghum genotypes 

 

For the second experiment, in which seven genotypes were grown with and without the 

mycorrhizal fungus, analysis of variance showed that shoot, root, and total plant biomass 

were all significantly affected by the presence of mycorrhizae, phosphorus treatment, 

sorghum genotype, and the Striga-resistance of the genotype (Table 3). The interaction 

terms between phosphorus treatment and genotype, genotype and mycorrhizae, and 

phosphorus treatment and mycorrhizae were all found to be significant as well. The 

interaction term between resistance and mycorrhizae was found to be significant for 

whole plant and shoot biomass, but not for root biomass. The three-way interaction 

between phosphorus treatment, genotype, and mycorrhizae was found to be insignificant 

in all cases. 

 

Table 3. Significance of fixed effects on total dry weight of sorghum plants (7 
genotypes) 56 days after planting. 
Source of variation  Whole Plant Shoots Roots 
 DF F value F value F value 
Mycorrhiza, M 1 1970.79*** 2018.00*** 1164.81*** 
Striga-resistance, R 1 8.72*** 38.83*** 19.10*** 
Genotype (resistance), G 5 66.04*** 107.55*** 27.78*** 
P treatment, P 2 216.49*** 169.42*** 214.30*** 
P x G 12 5.16*** 5.31*** 3.98*** 
R x M 1 17.14*** 26.48***  

G x M 5 13.53*** 25.07*** 12.41*** 
P x M 2 107.12*** 77.95*** 120.08*** 
*** P < 0.001     
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Inoculation with AM fungi led to a significant increase in biomass for all genotypes, 

especially at the lowest phosphorus level (Fig. 3). The mean shoot, root, and total 

biomass (g), and root:shoot ratio for Striga-susceptible genotypes can be found in Table 

4, and for Striga-resistant genotypes in Table 5. Observations of cleared and stained roots 

from a subsample of plants inoculated with F. mosseae indicated that approximately 25% 

of the root length was colonized at the end of the experiment.  There was extensive 

development of coarse hyphae emanating from roots, and sporocarps typical of F. 

mosseae were abundant (Figures 4 & 5). Roots of non-inoculated plants showed no signs 

of mycorrhizal colonization, hyphae, or sporocarps. 

 

Table 4. Mean dry weight biomass accumulation of Striga-susceptible genotypes grown 
without AM fungi (NM) and with the AM fungus (M) (Funneliformis mosseae).  

Genotype 
P 

level AMF 

Shoot 
biomass 

(g) 

Root 
biomass 

(g) 

Total 
biomass 

(g) 
Std 

errora R:Sb 
IS4225 Low NM 0.40 0.16 0.56 0.04 0.40 
   M 2.96 1.00 3.96 0.07 0.34 
 Med NM 1.13 0.51 1.64 0.21 0.45 
   M 3.12 1.08 4.19 0.15 0.35 
 High NM  2.19 0.94 3.12 0.23 0.43 
   M 3.31 1.16 4.47 0.15 0.35 
P954063 Low NM 0.35 0.25 0.60 0.08 0.71 
   M 1.94 0.98 2.92 0.07 0.51 
 Med NM 0.63 0.45 1.08 0.07 0.71 
   M 1.93 1.00 2.93 0.07 0.52 
 High NM  0.95 0.70 1.65 0.18 0.74 
    M 2.00 0.96 2.96 0.19 0.48 
aMean standard error is calculated for total biomass    
bRatio of root biomass to shoot biomass     
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Table 5. Mean dry weight biomass accumulation of Striga-resistant genotypes grown 
without AM fungi (NM) and with the AM fungus (M) (Funneliformis mosseae).  

Genotype 
P 

level AMF 

Shoot 
biomass 

(g) 

Root 
biomass 

(g) 

Total 
biomass 

(g) 
Std 

errora R:Sb 
P47-121 Low NM 0.23 0.20 0.42 0.06 0.87 
  M 2.03 1.25 3.28 0.08 0.61 
 Med NM 0.72 0.56 1.28 0.20 0.78 
  M 2.15 1.30 3.44 0.10 0.60 
 High NM  1.43 1.11 2.54 0.22 0.78 
  M 2.36 1.45 3.80 0.13 0.61 
PQ434 Low NM 0.39 0.25 0.64 0.16 0.65 
  M 1.41 1.15 2.56 0.06 0.81 
 Med NM 0.63 0.42 1.05 0.11 0.66 
  M 1.44 1.14 2.58 0.06 0.79 
 High NM  1.11 0.88 2.00 0.12 0.79 
  M 1.48 1.13 2.62 0.05 0.76 
SRN39 Low NM 0.62 0.42 1.04 0.08 0.68 
  M 2.32 1.05 3.37 0.07 0.45 
 Med NM 1.30 0.82 2.12 0.10 0.63 
  M 2.37 1.01 3.38 0.08 0.43 
 High NM  1.98 1.05 3.02 0.14 0.53 
  M 2.60 1.14 3.74 0.07 0.44 
P9401 Low NM 0.33 0.22 0.55 0.05 0.66 
  M 2.49 0.88 3.38 0.16 0.35 
 Med NM 0.77 0.45 1.21 0.15 0.58 
  M 2.83 0.89 3.71 0.14 0.31 
 High NM  1.76 0.93 2.69 0.22 0.53 
  M 3.01 1.05 4.06 0.13 0.35 
P9403 Low NM 0.44 0.33 0.77 0.09 0.75 
  M 2.01 0.89 2.91 0.12 0.44 
 Med NM 0.71 0.45 1.16 0.21 0.63 
  M 2.04 0.96 3.00 0.10 0.47 
 High NM  1.19 0.76 1.95 0.13 0.64 
  M 1.96 0.95 2.91 0.12 0.48 
aMean standard error is calculated for total biomass    
bRatio of root biomass to shoot biomass     
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Figure 3. Mean total dry weight biomass (g) of sorghum genotypes grown with and without the AM fungus Funneliformis 
mosseae in soil amended with phosphorus at low, medium, and high rates (2.73, 10.91, and 21.83 mg P kg-1 soil). 
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Figure 4. Photograph of stained Funneliformis mosseae hyphae and immature spores 
attached to a cleared sorghum root. 

 

 
Figure 5. Photograph of stained Funneliformis mosseae hyphae, mature and immature 

sporocarps with cleared sorghum roots. 
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All seven genotypes, when grown without the addition of the AM fungus Funneliformis 

mosseae, were found to have total dry weight accumulation that was conclusively 

responsive to phosphorus amendments (p < 0.001) (Table 6).  When these same 

genotypes were grown with the AM fungus, they were less responsive to phosphorus 

amendment. Three genotypes (P94063, P9403, and PQ434) when grown with the AM 

fungus were unresponsive to phosphorus amendments, with no significant change in total 

dry weight biomass. The other four genotypes (IS4225, P47-121, P9401, and SRN 39) 

still showed a strong significant response to phosphorus amendment (p < 0.01). The 

largest difference was exhibited by genotype IS4225, for which the biomass increase 

associated with amendment of 2.18 mg P kg-1 soil was 0.29 g for nonmycorrhizal plants, 

and only 0.06 g for mycorrhizal plants. 
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Table 6. Responsiveness of sorghum genotypes to phosphorus amendment when grown with the AM fungus (M) 
and without the AM fungus (NM) (Funneliformis mosseae). Data were analyzed with simple linear regression with 
the slope estimating biomass increase (g)/2.18 mg P kg-1 soil. 

Phenotype Genotype AMF 
y-

intercept Slope 
Adjusted 

R2 d.f. p-value Siga 
Susceptible IS4225 NM 0.186 0.29 0.815 22 < 0.001 *** 
   M 3.893 0.06 0.237 22 0.009 ** 
 P954063 NM 0.463 0.12 0.629 22 < 0.001 *** 
   M 2.913 0.00 -0.043 22 0.840 NS 

Resistant 

S.b.v. race 
arundinaceum 
(P47-121) NM 0.100 0.24 0.770 22 < 0.001 *** 

   M 3.180 0.06 0.342 21 0.002 ** 

 
S.b. drummondii 
(PQ434) NM 0.382 0.16 0.696 22 < 0.001 *** 

   M 2.551 0.01 -0.028 18 0.498 NS 
 SRN 39 NM 0.844 0.23 0.863 22 < 0.001 *** 
  M 3.261 0.04 0.335 22 0.002 ** 
 Gobiye (P9401) NM 0.141 0.25 0.800 22 < 0.001 *** 
   M 3.299 0.08 0.331 21 0.002 ** 
 Abshir (P9403) NM 0.559 0.14 0.609 21 < 0.001 *** 
    M 2.940 0.00 -0.045 22 0.977 NS 
aSignificance: ***, p<0.001; **, p<0.01; *, p<0.05; NS, not significant     
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Nutrient analysis of shoot tissue suggests differences in uptake between genotypes, P 

amendment levels, and also between mycorrhizal and non-mycorrhizal plants (Tables 

7a,b). Statistical analysis of these data was not possible because it was necessary to 

combine replicate plants for tissue analysis. However, trends for all genotypes indicate 

greater uptake of P, Zn, and Mg by mycorrhizal plants as compared to nonmycorrhizal 

plants. Comparison of nutrient uptake among plants of different sizes complicates 

interpretation of mycorrhizal influence on total nutrient uptake. The exception is with 

tissue P levels, as increases in biomass are directly linked to increased P availability (as 

demonstrated by growth curves of non-mycorrhizal plants). The AM fungus 

Funneliformis mosseae appeared to have a strong effect on P uptake for all genotypes 

grown. In the mycorrhizal plants there is a clear trend towards greater total P uptake 

levels with increasing P amendment rates, even in genotypes with little biomass change 

across the P amendment levels.   
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Table 7a. Effect of P amendment levels and inoculation with the AM fungus Funneliformis mosseae on total shoot tissue 
uptake of macro- and micronutrients for four Sorghum bicolor genotypes. IS4225 & P954063 are Striga-susceptible genotypes, 
while P47-121 & PQ434 show Striga-resistance in laboratory studies, but have yet to be field-tested. 
      mg/plant !g/plant 

Genotype  
P 
level AMF P K Ca Mg C N Mn Cu B Zn Fe 

IS4225 Low NM 0.26 6.21 1.80 0.97 171.23 6.50 11.40 6.48 23.50 7.94 36.61 
   M 3.10 45.51 11.60 9.36 1245.53 18.72 108.68 35.13 92.37 71.54 195.44 
  Med NM 0.87 19.78 5.54 3.01 474.52 13.28 38.88 16.31 45.40 18.77 102.82 
   M 4.33 46.20 12.67 10.10 1311.10 19.12 120.27 39.12 97.90 66.19 200.39 
  High NM 1.56 36.29 10.23 5.22 920.28 17.72 69.06 28.81 73.89 26.03 144.88 
    M 5.50 48.65 14.18 11.16 1392.46 19.46 134.58 38.04 124.43 65.72 212.24 
P954063 Low NM 0.22 4.55 2.04 1.05 145.90 6.01 17.57 10.40 19.47 7.82 46.60 
   M 2.29 28.65 7.32 6.20 806.85 16.31 104.59 37.29 73.89 58.22 233.19 
  Med NM 0.60 10.35 3.88 2.17 258.34 10.45 37.09 19.87 38.87 14.73 156.69 
   M 3.07 30.76 7.28 6.97 802.11 17.09 104.99 29.80 68.61 47.00 264.02 
  High NM 0.83 16.37 5.30 3.02 394.02 12.61 47.99 21.87 44.68 20.09 84.31 
    M 3.85 29.80 7.73 7.90 830.84 17.08 111.95 31.34 67.47 41.32 205.81 
P47-121 Low NM 0.15 3.46 1.40 0.91 94.71 5.02 13.13 6.08 15.52 8.28 29.46 
   M 2.35 30.06 7.81 7.54 854.67 15.15 114.41 34.82 67.15 61.95 154.73 
  Med NM 0.56 13.41 4.44 2.21 298.15 10.63 48.51 13.94 44.67 21.98 85.39 
   M 3.35 33.05 8.23 8.16 902.19 15.09 132.78 32.88 66.92 65.14 166.43 
  High NM 1.25 24.10 8.04 4.42 592.88 14.10 95.12 22.64 57.34 37.01 127.08 
    M 4.36 35.15 10.84 9.54 983.03 14.72 151.57 45.44 93.99 66.57 230.76 
PQ434 Low NM 0.31 6.66 2.34 1.26 161.85 7.68 22.44 11.07 21.12 11.16 71.25 
   M 2.10 20.39 8.67 7.59 587.38 14.54 89.94 48.41 55.71 61.28 219.49 
  Med NM 0.40 11.29 3.70 1.90 262.10 11.63 34.19 15.98 31.49 14.95 79.29 
   M 2.92 24.14 8.65 7.58 595.70 13.35 97.29 51.18 48.60 62.04 171.16 
  High NM 0.93 19.05 6.59 3.65 462.43 13.72 55.40 32.20 45.11 24.30 111.49 
    M 4.00 20.58 9.17 8.34 612.72 13.96 104.42 64.19 54.64 60.26 235.48 
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Table 7b. Effect of P amendment levels and inoculation with the AM fungus Funneliformis mosseae on total shoot tissue 
uptake of macro- and micronutrients for three Striga-resistant Sorghum bicolor genotypes. 
      mg/plant !g/plant 

Genotype  
P 
level AMF P K Ca Mg C N Mn Cu B Zn Fe 

SRN39 Low NM 0.34 9.56 3.02 1.81 252.26 8.58 26.79 14.67 32.71 10.88 73.69 
   M 2.69 35.00 7.03 7.53 971.04 17.20 104.61 33.61 67.12 59.22 174.23 
  Med NM 0.96 20.16 5.10 3.21 536.38 14.21 50.60 27.69 55.72 22.57 118.51 
   M 3.71 38.24 7.83 8.05 988.62 17.93 111.58 34.92 63.49 54.50 182.28 
  High NM 1.40 31.34 6.95 4.44 818.96 16.51 72.45 37.15 72.61 25.55 170.89 
    M 4.85 42.82 7.47 7.87 1084.72 18.07 124.08 34.75 71.59 51.22 204.77 
P9401 Low NM 0.17 3.94 1.96 0.99 135.59 5.08 16.55 5.56 20.73 5.63 40.18 
   M 3.27 38.46 7.13 8.01 1041.61 21.05 114.39 38.31 78.00 64.55 167.92 
  Med NM 0.44 10.43 3.57 1.91 316.17 9.66 31.09 13.84 33.47 10.60 61.28 
   M 4.60 42.88 8.58 9.21 1181.13 21.74 132.15 43.02 78.93 67.26 174.50 
  High NM 1.40 27.24 7.01 3.83 721.10 16.76 68.56 33.43 64.04 23.46 154.29 
    M 5.59 45.83 9.96 10.29 1258.10 22.16 139.69 44.75 94.19 58.27 163.60 
P9403 Low NM 0.25 6.29 1.80 1.07 181.91 6.62 19.80 4.62 19.80 6.55 77.75 
   M 2.59 27.91 6.37 6.77 844.65 16.41 90.84 30.21 62.57 52.47 118.01 
  Med NM 0.45 10.82 2.84 1.76 296.86 8.99 29.31 8.23 32.93 9.56 96.57 
   M 3.27 30.48 6.35 7.47 855.05 16.63 96.86 32.25 62.53 49.89 170.11 
  High NM 0.98 19.29 4.11 2.64 494.31 13.64 48.11 13.19 41.38 12.38 95.94 
    M 4.22 26.24 6.24 7.39 820.00 17.14 89.88 31.24 66.31 46.60 168.41 
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Table 8a. Effect of P amendment levels and inoculation with the AM fungus Funneliformis mosseae on percent shoot tissue 
uptake of macro- and micronutrients for four Sorghum bicolor genotypes. IS4225 & P954063 are Striga-susceptible genotypes, 
while P47-121 & PQ434 show Striga-resistance in laboratory studies, but have yet to be field-tested. 
      g/kg shoot tissue mg/kg shoot tissue 

Genotype  
P 
level AMF P K Ca Mg C N Mn Cu B Zn Fe 

IS4225 Low NM 0.64 15.39 4.45 2.40 424.10 16.11 28.24 16.06 58.21 19.67 90.68 
   M 1.05 15.40 3.93 3.17 421.50 6.33 36.78 11.89 31.26 24.21 66.14 
  Med NM 0.77 17.47 4.89 2.66 419.00 11.73 34.33 14.40 40.09 16.57 90.79 
   M 1.39 14.83 4.07 3.24 420.90 6.14 38.61 12.56 31.43 21.25 64.33 
  High NM 0.72 16.59 4.68 2.38 420.70 8.10 31.57 13.17 33.78 11.90 66.23 
    M 1.66 14.71 4.29 3.38 421.00 5.88 40.69 11.50 37.62 19.87 64.17 
P954063 Low NM 0.62 12.91 5.79 2.99 413.90 17.06 49.85 19.22 55.24 22.19 132.20 
   M 1.18 14.77 3.77 3.20 415.90 8.41 53.91 31.66 38.09 30.01 120.20 
  Med NM 0.95 16.50 6.18 3.45 411.70 16.66 59.10 15.44 61.94 23.48 249.70 
   M 1.59 15.94 3.77 3.61 415.60 8.86 54.40 23.05 35.55 24.35 136.80 
  High NM 0.87 17.25 5.59 3.18 415.30 13.29 50.58 15.70 47.09 21.18 88.86 
    M 1.93 14.93 3.87 3.96 416.20 8.56 56.08 19.22 33.80 20.70 103.10 
P47-121 Low NM 0.67 15.28 6.18 4.01 418.60 22.20 58.02 26.87 68.61 36.61 130.20 
   M 1.16 14.79 3.84 3.71 420.50 7.45 56.29 17.13 33.04 30.48 76.13 
  Med NM 0.77 18.63 6.16 3.08 414.10 14.77 67.37 19.36 62.04 30.53 118.60 
   M 1.56 15.41 3.84 3.81 420.60 7.04 61.90 15.33 31.20 30.37 77.59 
  High NM 0.88 16.85 5.62 3.09 414.60 9.86 66.52 15.83 40.10 25.88 88.87 
    M 1.85 14.92 4.60 4.05 417.30 6.25 64.34 19.29 39.90 28.26 97.96 
PQ434 Low NM 0.80 17.07 5.99 3.24 415.00 19.69 57.53 28.38 54.16 28.62 182.70 
   M 1.49 14.43 6.14 5.37 415.60 10.29 63.64 34.25 39.42 43.36 155.30 
  Med NM 0.64 17.89 5.87 3.02 415.20 18.42 54.17 25.31 49.89 23.68 125.60 
   M 2.03 16.80 6.02 5.27 414.50 9.29 67.70 35.61 33.82 43.17 119.10 
  High NM 0.83 17.10 5.92 3.27 415.20 12.32 49.74 28.91 40.50 21.82 100.10 
    M 2.70 13.88 6.19 5.62 413.20 9.42 70.42 43.29 36.85 40.64 158.80 
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Table 8b. Effect of P amendment levels and inoculation with the AM fungus Funneliformis mosseae on percent shoot tissue 
uptake of macro- and micronutrients for three Striga-resistant Sorghum bicolor genotypes. 
      g/kg shoot tissue mg/kg shoot tissue 

Genotype  
P 
level AMF P K Ca Mg C N Mn Cu B Zn Fe 

SRN39 Low NM 0.54 15.45 4.89 2.93 407.70 13.86 43.30 23.71 52.87 17.58 119.10 
   M 1.16 15.07 3.03 3.24 418.10 7.41 45.04 14.47 28.90 25.50 75.02 
  Med NM 0.74 15.51 3.92 2.47 412.60 10.93 38.92 21.30 42.86 17.36 91.16 
   M 1.56 16.12 3.30 3.39 416.70 7.56 47.03 14.72 26.76 22.97 76.83 
  High NM 0.71 15.86 3.52 2.25 414.40 8.35 36.66 18.80 36.74 12.93 86.47 
    M 1.86 16.46 2.87 3.03 417.00 6.95 47.70 13.36 27.52 19.69 78.72 
P9401 Low NM 0.51 12.02 5.98 3.04 414.00 15.51 50.53 16.98 63.29 17.19 122.70 
   M 1.31 15.42 2.86 3.21 417.60 8.44 45.86 15.36 31.27 25.88 67.32 
  Med NM 0.58 13.64 4.66 2.50 413.30 12.63 40.64 18.09 43.75 13.85 80.10 
   M 1.63 15.18 3.04 3.26 418.10 7.70 46.78 15.23 27.94 23.81 61.77 
  High NM 0.79 15.50 3.99 2.18 410.30 9.54 39.01 19.02 36.44 13.35 87.79 
    M 1.86 15.22 3.31 3.42 417.80 7.36 46.39 14.86 31.28 19.35 54.33 
P9403 Low NM 0.58 14.33 4.09 2.44 414.60 15.09 45.12 10.54 45.12 14.94 177.20 
   M 1.29 13.87 3.17 3.37 419.70 8.16 45.14 15.01 31.09 26.07 58.64 
  Med NM 0.62 15.15 3.98 2.47 415.60 12.58 41.04 11.52 46.10 13.38 135.20 
   M 1.60 14.95 3.12 3.66 419.40 8.16 47.51 15.82 30.67 24.47 83.44 
  High NM 0.82 16.26 3.46 2.23 416.70 11.50 40.56 11.12 34.88 10.44 80.88 
    M 2.15 13.38 3.18 3.77 418.10 8.74 45.83 15.93 33.81 23.76 85.87 
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Calculation of mycorrhizal responsiveness according to the area under the curve method 

allowed comparison of genotype response to mycorrhizae over the full range of P 

amendments, despite inherent differences in genotype growth potential.  $%%!&'()*+,!

)-.'/01-&!)('2.!2-(-!3'+.4!/'!5-!(-&1'.&67-!/'!,08'((*69:-!;<:5%-!=!>!?@A!BCDE?F!

:!!"#$%&G(-&6&/:./!)-.'/01-F!2:&!/*-!%-:&/!(-&1'.&67-!;HA=E@!;I6)A!H@!:.4!!"#$%&G

&+&8-1/65%-!)-.'/01-!J?K"LHE!2:&!/*-!,'&/!(-&1'.&67-!;##AHL@!;I6)A!M@A! 

 

 
Table 9. Responsiveness to the AM fungus (Funneliformis mosseae) using 
area under the curve measurements 
Phenotype Genotype AUMCa AUNMCb Responsivenessc 
Susceptible IS4225 18.05 7.84 10.21 
  P954063 18.96 7.36 11.60 
Resistant P47-121 17.63 7.32 10.30 
 PQ434 18.87 9.00 9.87 
 SRN39 17.78 10.95 6.83 
 P9401 17.59 7.01 10.58 
  P9403 18.82 8.30 10.52 
aArea under mycorrhizal curve   
bArea under non-mycorrhizal curve 
cResponsiveness = AUMC - AUNMC   

 
Table 9. Responsiveness to the AM fungus (Funneliformis mosseae) using area under the 
curve measurements, ranked in order of most to least responsive.  The levels of Striga 
seed germination stimulant and haustorial initiation factors are indicated if known. 

Phenotype Genotype Responsiveness 
Germination 

Stimulant Level 
Haustorial 

Initiation Factor 
Susceptible P954063 11.60 High Unknown 
Resistant P9401 10.58 Low High 
Resistant P9403 10.52 High Unknown 
Resistant P47-121 10.30 High High 
Susceptible IS4225 10.21 High High 
Resistant PQ434 9.87 Low Low 
Resistant SRN39 6.83 Low Low 
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Figure 6. Photograph of sorghum genotype SRN39 grown at three P amendment levels 
with and without the AM fungus F. mosseae. Treatments are organized by rows (from 
left to right) non-mycorrhizal (low, med, high P amendment levels) and mycorrhizal 
(low, med, high P amendment levels). 
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Figure 7. Photograph of sorghum genotype P954063 grown at three P amendment levels 
with and without the AM fungus F. mosseae. Treatments are organized by rows (from 
left to right) non-mycorrhizal (low, med, high P amendment levels) and mycorrhizal 
(low, med, high P amendment levels). 
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Discussion 

 

The results from this study demonstrate that contrary to my initial hypothesis, there is no 

significant difference in mycorrhizal responsiveness between Striga-susceptible and 

Striga-resistant genotypes among the genotypes tested. Although the most responsive 

genotype to the AM fungus in our study was Striga-susceptible, the other susceptible 

genotype was ranked fifth most responsive. O*6%-!/*-!.+,5-(!'3!)-.'/01-&!

6.7-&/6):/-4!2:&!(-%:/67-%0!&,:%%F!/*-(-!4'-&!.'/!:11-:(!/'!5-!:!8%-:(!(-%:/6'.&*61!

5-/2--.!&+&8-1/656%6/0!/'!!"#$%&!:.4!J!(-&1'.&67-.-&&F!.'(!6&!/*-(-!:.!'576'+&!

(-%:/6'.&*61!5-/2--.!)-.'/01-!&'+(8-!;'%4-(!7&A!,'(-!,'4-(.!%6.-&@!:.4!J!

(-&1'.&67-.-&&A!!

 

Phosphorus responsiveness of sorghum genotypes!

Several unforeseen experimental issues were encountered that may have affected the 

results. First, there was a poor germination rate of several of the genotypes, which 

resulted in some treatment combinations having only two out of six planted pots with 

emerged seedlings. In addition, many seedlings were damaged or killed by greenhouse 

fungus gnats. To avoid introducing new variables into the study, the fungus gnats were 

managed throughout the remaining growing period by allowing the surface soil in the 

sorghum pots to dry between watering, and by distancing other plants in the greenhouse 
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away from the experiment as much as possible. Yellow sticky fly cards were used to 

monitor fungus gnat populations.  Parasitic nematodes were added to several of the other 

plants in the greenhouse and the greenhouse floor to decrease the fungus gnat population 

prior to our second experiment. Areas of high infestation were identified using raw potato 

soil traps, and individual plants with high infestation were removed. The combination of 

these methods reduced the population enough so that they did not damage seedlings in 

the second experiment.  

 

Several weeks into the first experiment, the cloudy weather triggered concerns about the 

adequacy of light in the greenhouse. Four weeks after planting, two additional plant lights 

(2800 watts total) were hung above the growing bench to help mitigate this possible 

problem. On a cloudy day light intensity measured on top of pots ranged between 220 

and 535 µmol m-2 s-1 depending on bench location. This supplemental lighting was 

continued through the second experiment.  

 

Despite problems that arose during this experiment, it was useful in selecting genotypes 

for the second experiment. Genotypes were selected on the basis of three main criteria: 

retaining at least two Striga-susceptible genotypes, one that was responsive to soil P, 

while the second was non-responsive to soil P. Striga-resistant genotypes were also 

chosen to represent a range of responsiveness to soil P. Lastly, the production of Striga 

stimulants, if known (Butler et al. 1996; Rich et al. 2004; Patrick Rich, personal 

communication), was also considered.  
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Mycorrhizal responsiveness of sorghum genotypes 

All seven genotypes included in the second experiment were found to be significantly 

responsive to soil P when grown without the AM fungus. This is contrary to the findings 

of the preliminary P response experiment, which had a much wider range of P 

responsiveness across these particular genotypes. Possible explanations for this may be a 

result of the changes in greenhouse conditions that were implemented between 

experiments, such as the fungus gnat control and the addition of extra plant lights. For  

the second experiment, a fresh batch of seeds from more recent seed production trials at 

Purdue University were used. They germinated at a higher rate, and post-germination 

seedling death was not observed. This second experiment also had eight replicates per 

treatment x genotype combination in contrast to the preliminary experiment, which had 

only five replications. The ranges of P amendment applied varied slightly between 

experiments, with the initial experiment ranging from 15 – 120 lbs P2O5 acre-1 (3.27 – 

26.19 mg P kg-1 soil), with four amendment levels, while the second ranged from 12.5 – 

100 lbs P2O5 acre-1 (2.73 – 21.83 mg P kg-1 soil), with three amendment levels.  

 

All seven genotypes were not only found to be significantly responsive to P amendment, 

but their responsiveness was much greater in the second experiment as compared to the 

first experiment, as evidenced by their  linear coefficients. The most surprising findings 

were the genotypes that switched from being non-responsive to conclusively responsive, 

namely P954063, SRN39, and P9403. In the second experiment, which was statistically 
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more robust, the hypothesis that modern breeding may be affecting plant responses to soil 

P was rejected, as all genotypes were found to respond quite strongly (p<0.001) to soil P. 

 

All genotypes grown in soil inoculated with the AM fungus Funneliformis mosseae were 

less responsive to P treatments than were noninoculated plants. Three of the genotypes 

(P954063, PQ434, and P9403) when grown with AMF did not respond to increases in P, 

while the other four had a lower, yet still significant, response to added P. When plants 

form mycorrhizae, they often demonstrate a decrease of function of the direct P uptake 

pathway via roots, and begin utilizing fungi for most or all of their P uptake (Smith et al. 

2003). The differences in host responsiveness to P if colonized by AM fungi seen here 

suggest possible genotypic differences in down regulation of P uptake pathways. It would 

be interesting to look further into genotypic differences in response to AM fungi, and 

determine whether the ability to maintain direct root uptake of P is an inheritable trait that 

can be enhanced through breeding. 

 

Each genotype has its own growth potential as shown by the biomass of genotypes 

without AM fungi. At low P levels these vary from 0.42 g (P47-121) to 1.04 g (SRN 39) 

total plant biomass, whereas growth at the highest P level ranges between 1.65 g 

(P954063) to 3.12 g (IS4225) total plant biomass. Once AM fungi are included in the soil 

mixture, all genotypes showed a large increase in growth potential, especially at the 

lowest P level. With AM fungi, the range of growth potential at the low P level is 2.56 g 

(PQ434) to 3.96 g (IS4225) total plant biomass, exceeding the range of growth at the 
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highest P level without AM fungi. The range exhibited by plants inoculated with AM 

fungi, at the highest P level, is 2.62 g (PQ434) to 4.47 g (IS4225) total plant biomass. It is 

interesting to note that once associated with AM fungi, growth potentials of the various 

genotypes become very consistent (i.e. PQ434 is the smallest genotype at all P levels, 

while IS4225 is the largest). Since the benefits of mycorrhizal symbiosis vary depending 

on genotype and fungal isolates (Ryan and Graham 2002; Smith and Read 2008), these 

growth potentials may indicate the strength of the specific relationship formed between 

each genotype and Funneliformis mosseae. A previous researcher investigating the 

benefits of AM fungi on sorghum growth (specifically in semi-arid soil conditions) found 

that the Glomus mosseae (=F. mosseae) was the fungal species most efficient at 

increasing several plant growth parameters (grain yield, seed weight, number of seeds in 

spike, leaf width, leaf length and stem diameter) (Mehraban et al. 2009). Gworgwor and 

Weber (2003) also found that among five Glomus species, associations with G. mosseae 

resulted in the largest increase in sorghum biomass, and also had the highest rate of root 

colonization. Thus it is possible that our finding of such large growth differences may not 

be typical of results with other fungal species. The benefits of these relationships can also 

vary drastically based on the environmental conditions (Sylvia et al. 1993) and soil type, 

limiting extrapolation from our greenhouse study to experiments conducted under other 

conditions, including field conditions with plants grown to maturity.  

 

Through ANOVA it is clear that there are several factors influencing the biomass 

accumulation of these sorghum genotypes including P treatment, genotype, and 
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mycorrhizae. When observing the relationship of Striga-resistance to biomass, it is 

important to remember that significant differences may be strongly influenced by 

genotypic differences in growth rather than actual effects of resistance/susceptibility. 

This is a result of our experiment only including two genotypes that were susceptible to 

Striga, which weights this small sample size much more heavily. In order to determine 

the true effects of Striga resistance on biomass, a larger sample size of resistant and 

susceptible genotypes, each spanning a range of growth potentials, would be necessary. 

 

AM fungi have been widely studied for their ability to increase P uptake in their plant 

hosts, but studies have demonstrated that they can also increase uptake of and/or transport 

of K, Ca, Cu, Zn, NH4
+, and SO4

2- (Marschner and Dell 1994). My research demonstrates 

that sorghum associated with the AM fungus F. mosseae can exhibit significant increases 

in P uptake. The linear increase in growth across P amendments for non-mycorrhizal 

plants can be seen as a direct effect of P addition. This demonstrates that in the non-

mycorrhizal treatment, P was limiting and thus hindering plant growth. All AMF 

inoculated plants show a significant increase in plant biomass and total P uptake at each P 

amendment level as compared to the non-mycorrhizal plants. This demonstrates the large 

potential for increases in sorghum biomass through associations with AMF. To compare 

the effects of mycorrhizal infection on uptake of other nutrients, it is important to have 

plants of similar size.  Observed increases in total uptake may be an artifact of the 

increased plant sizes achieved once P limitations were negated through mycorrhizal 
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associations. Also, decreased nutrient uptake levels presented as tissue content (ppm) 

could disguise actual increases in total nutrient uptake due to a dilution effect. 

 

Using a novel method for measuring responsiveness to mycorrhizae, the seven sorghum 

genotypes were ranked to observe which genotypes demonstrated the most significant 

response to inoculation by F. mosseae across the three P levels. If the hypothesis that 

breeding for resistance to Striga would lead to a decrease in mycorrhizal responsiveness, 

then there would have been a clear distinction in the ranking between the Striga-

susceptible and Striga-resistant genotypes. However, that was not the case. As mentioned 

previously, the first and fifth most responsive genotypes to mycorrhizae are classified as 

susceptible to Striga, whereas the second, third, fourth, sixth and seventh most responsive 

genotypes are resistant to Striga.  

 

Another question is whether there is a relationship between Striga germination stimulant 

production and responsiveness to AM fungi. These results suggest that there may be 

some correlation, but more research is needed to conclusively determine this. Of the five 

most responsive genotypes, four of them are classified as high germination stimulant 

producers (P954063, P9403, P47-121, and IS4225). The two least responsive genotypes 

(PQ434 and SRN 39) are both classified as producing low germination stimulants and 

low haustorial initiation factors. The most intriguing result is the second most responsive 

genotype to the AM fungus (P9401), which produces low levels of germination 

stimulants, but has been classified as a high producer of haustorial initiation factors. It is 
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possible that these correlations are simply coincidental, but it does bring forth an 

intriguing concept. Striga resistance may not be directly related to mycorrhizal 

responsiveness, as there are several different mechanisms of resistance that can lead to 

reduced parasitism by Striga. My results highlight the importance of further research into 

the correlation between resistance through decreased strigolactone production and a 

decrease in mycorrhizal responsiveness. 

 

A more direct way of investigating this would be to conduct an experiment in which 

measurements of root infectivity by AM fungi were taken through time to see if there is a 

difference in colonization rates between the low and high strigolactone producing 

sorghum genotypes. This would more directly answer the question regarding the effects 

of strigolactone production on mycorrhizal relationships, because research has shown that 

higher responsiveness to AM fungi does not necessarily correlate to increased infectivity 

and vice versa (Kaeppler et al. 2000). Investigation of the specific strigolactone 

molecules exuded by Striga-resistant sorghum genotypes, and their effects on AM fungi, 

is also warranted. 

 

Since strigolactones are exuded through the roots, their immediate influence is upon 

rhizosphere communications and interactions. Therefore, future research studying the 

influence of strigolactone production levels on mycorrhizal associations should focus on 

rhizosphere interactions rather than total plant biomass. It is possible that in this 

experiment rates of colonization with AM fungi were more heavily influenced by the 
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experimental design (small pots, dense inoculum load, etc) than by the germination 

stimulant production levels or haustorial initiation factors of individual genotypes. There 

is also the possibility that some genotype – fungus symbioses were extremely efficient at 

transporting nutrients and increasing biomass, at very low levels of root colonization.  

 

The relationship between Striga seed germination, strigolactone production levels, and 

mycorrhizal colonization is certainly more complex than simple exudate production rates. 

Lendzemo et al (2011) demonstrate that there is not a direct correlation between the 

ability of a plant to form mycorrhizal associations, and to exude root exudates that 

stimulate Striga seed germination. Their research documents several plant species that 

readily form mycorrhizal associations but do not trigger any Striga seed germination, 

although they did not find any plants that stimulate Striga that cannot form mycorrhizae. 

This suggests that the root chemical signals for both Striga seed germination and 

mycorrhizal colonization are complex, diverse, and perhaps highly specific. Profiling of 

specific strigolactone molecules produced by a range of plant species and genotypes may 

further the understanding of these systems. 

 

Previous researchers have suggested that modern crop breeding techniques may be 

leading to the development of cultivars that are less dependent on mycorrhizae for 

nutrient acquisition and growth, or have decreased ability to associate with AM fungi 

(Hetrick et al. 1992; Kaeppler et al. 2000). When crops are selected under high P soil 

conditions, there are no selective pressures to maintain the ability to associate with AM 
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fungi. Hetrick et al (1992) proposed that modern breeding programs may have developed 

wheat cultivars that are non-responsive to AM colonization, but instead are dependent on 

fertilizer supply. Smith et al (1992) demonstrates a high level of variability in AM 

colonization rates between a wide range of crops, and encourages breeding efforts to 

capitalize on these differences. Some breeding programs do exist which take AM fungi 

into consideration. For example, Kaeppler et al (2000) measured mycorrhizal 

responsiveness across several genotypes of maize and used their findings to identify 

quantitative trait loci that influenced both growth potential at low P and also mycorrhizal 

responsiveness. However, other breeding programs that focus on traits such as resistance 

to fungal pathogens may be leading to a decrease in AM fungal colonization for those 

crops, as demonstrated for maize by Toth et al (1990). Although there has been some 

debate regarding the methods used for interpreting these results (Sawers et al. 2009), it is 

important to acknowledge that mycorrhizal fungi have been considered in some breeding 

projects and this possibility should be further investigated.  

 

When developing crops for Striga infested regions, breeding for early, rapid colonization 

by AM fungi could be highly important when developing Striga resistant crops. 

Lendzemo et al (2007) demonstrated that once AM fungi colonize sorghum, there is a 

decrease in the germination and attachment rate of Striga seedlings. They hypothesize 

that this is due to a decrease in strigolactone production, but did not directly measure this. 

It is important to note though, that this decrease in germination once plants are colonized 

by AM fungi is not found only in Striga host plants. Lendzemo et al (2009) also report a 
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decrease in Striga seed germination rate of root exudates produced by false hosts, or trap 

crops, once associated with AM fungi. This demonstrates that mycorrhizal associations 

can greatly decrease the effectiveness of false hosts or trap crops in stimulating suicidal 

germination of Striga seeds.  

 

Although the sorghum genotypes we investigated were not specifically bred with 

mycorrhizal responsiveness in mind, the method by which they are screened may actually 

have selected for this trait. Many crop breeding programs  perform their screening trials 

in highly fertile nursery settings, or in well fertilized field trials. The Ejeta lab at Purdue 

University (from whom we have received these genotypes) include a field trial screening 

in low fertility African soils before their final selections are made (Gebisa Ejeta, personal 

communication). It is possible that during these field trials, they were inadvertently 

selecting genotypes that demonstrated high growth potential due, in part, to associations 

with indigenous soil AM fungi. Of course, roots were not investigated during their 

breeding trials to determine whether mycorrhizal colonization occurred. 

 

One of the major limitations of this research project is that it did not incorporate Striga 

into any of the experiments due to quarantine restrictions on this highly regulated 

parasitic weed. In studies in which sorghum has been grown with both AM fungi and 

Striga, it has been demonstrated that AM fungi (specifically F. mosseae) can increase 

plant growth of sorghum while simultaneously decreasing the number of emerged Striga 

plants (Gworgwor and Weber 2003). Lendzemo and Kuyper (2001) compared two 
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cultivars of sorghum (one tolerant and one sensitive to Striga), grown in a factorial 

experiment with AM fungi (mixture of Gigaspora margarita and Glomus clarum) and 

Striga hermonthica. They found that in the absence of S. hermonthica, AM fungi 

increased biomass of both sorghum cultivars, but the responsiveness was greater for the 

sensitive cultivar. In the absence of AM fungi, Striga reduced the biomass of both 

sorghum cultivars but the reduction was more significant in the sensitive cultivar. When 

all three factors were incorporated simultaneously, the presence of AM fungi 

compensated for the damage by S. hermonthica in the tolerant but not in the sensitive 

cultivar. One of the next important steps in this research is to include Striga in the 

experiments.  

 

Under the specific growing conditions of my experiments, the sorghum genotypes tested 

are highly responsive to inoculation with Funneliformis mosseae. These findings would 

be strengthened if a larger number and greater diversity of sorghum genotypes were 

included, as well as a wider range of AM fungal species. Since AM fungi are most 

commonly found occurring in soils as communities, with host plants potentially being 

colonized by multiple species concurrently, it is also important to look at how these 

genotypes respond to AM fungal combinations. Another major limitation was the use of 

only one soil type, because no single soil is representative of all sorghum growing soils 

found in Africa where Striga is a problem. Regardless of these experimental limitations, 

these results indicate, in the absence of Striga, the potential importance of managing soil 
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populations of AM fungi for achieving optimal plant growth, especially under low P 

conditions.  

 

Though there is limited research available on the effects of traditional management 

practices on soil fungal populations in sub-Saharan Africa, possible strategies could 

include cover cropping, crop rotation, and intercropping with non-Striga susceptible 

crops to maintain and increase AM fungal inoculum in the field. The establishment of 

alley-cropping or agroforestry to introduce perennial roots into the soil can provide 

structures to maintain AM fungi hyphal networks year-round (Salami and Osonubi 2002). 

Bagayoko et al (2000) found that cereal/legume rotations increased the level of early root 

colonization by AM fungi in field experiments located in Sudano-Sahelian West Africa, 

as compared to continuous cropping with cereals. Crop rotations also increased total plant 

biomass, which they attribute to early AM fungal colonization and improved nutrient 

uptake during the seedling stage. As Striga is such a critically important problem for 

subsistence farmers of Africa, some other strategies for improving mycorrhizal 

populations (such as decreasing the use of heavy machinery for tillage) may not be 

applicable. In fact, Lekberg et al (2008) found that unlike most temperate agricultural 

systems, P fertilization, fallowing, and tillage did not significantly decrease AM fungal 

abundance in low fertility soils in south-western Zimbabwe. They did identify a positive 

correlation between above ground dry weight biomass and an increase in AM fungal 

abundance the following year, suggesting large root systems may help maintain fungal 

populations through fallow periods.  
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Another possibility to consider is the feasibility of field scale inoculation of AM fungi. 

Lendzemo et al (2005) demonstrated that adding AM fungal inoculum to sorghum 

planting holes in the field led to a decrease in Striga emergence, but had no effect on crop 

yields. Interestingly, inoculation also had no effect on colonization rates of sorghum. This 

suggests that the decrease in Striga emergence was a result of earlier colonization by AM 

fungi due to the addition of inoculum into planting holes, rather than colonization by 

resident AM fungi. Lendzemo concludes that in light of the lack of increase in sorghum 

yield, field inoculation may not be feasible for farmers, although other researchers 

disagree with this conclusion. In farm-based trials in Nigeria, Salami and Osonubi (2002) 

found significant crop gains through the adoption of a multi-faceted management system 

which included agroforestry techniques (using leguminous shrubs or trees), mulching, 

and inoculation with AM fungi. They conclude that with proper education, farmers 

demonstrated an ability to blend new biotechnology with traditional land use systems. 

Their proposal suggests that government or non-governmental organizations should be 

involved in the mass production of mycorrhizal inoculation for farmers’ use. If field 

inoculation of AM fungi was considered a viable option, it would be important to 

consider the socio-economic conditions of the areas most affected by Striga where this 

may be useful. Rather than a centralized distribution system, inoculum production could 

be established as a local, farmer-based industry that could simultaneously stimulate the 

local economy.  

 



!

K=!

Due to the current difficulty in finding information characterizing the resident AM fungi 

found in these areas of sub-Saharan Africa, future research needs to focus on field 

conditions in the areas affected most heavily by Striga. Further investigation into the 

influence of soil management practices on AM fungal populations in these regions could 

significantly contribute to Striga management plans. Possible management practices to 

investigate could include the use of cover crops for food or forage that are not hosts to 

Striga and their effects on AM fungal populations, as well as the relationship between 

AM fungi to culturally relevant practices of fallow, tillage, organic amendments, and 

crop rotations.  

 

There is no single solution to the Striga epidemic, and solutions to the problem will 

require a multi-faceted approach. AM fungi can be an important part of the solution that 

should not be ignored when developing strategies to improve farming conditions in these 

areas. It is essential that Striga management plans include a focus on the importance of 

soil stewardship to maximize long-term benefits of soil-plant-microbe interactions for the 

improvement of agricultural systems. Understanding the complex interactions that 

influence these systems will require a great amount of work. Farmer education must play 

a central role in any Striga management system, and integration of traditional farming 

techniques and biotechnology should increase the likelihood of positive outcomes. The 

development of systems to combat the plague of Striga will require the use of every tool 

known to us, applied in unique combinations based on site-specific parameters. 
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Conclusion 

 

This research project examined several genotypes of sorghum, representing various 

backgrounds (landraces, wildtypes, and cultivars) and ranging in susceptibility to the 

parasitic weed Striga. These sorghum genotypes were grown in a greenhouse 

environment to determine their responsiveness (in biomass accumulation) to soil 

phosphorus amendments as well as their responsiveness to the AM fungus Funneliformis 

mosseae. This is the first study to examine a wide range of sorghum genotypes and to 

determine whether resistance to Striga decreases the responsiveness of sorghum to an 

AM fungus.  

 

One objective of my study was to determine if breeding for Striga resistance has 

influenced the ability of sorghum genotypes to benefit from mycorrhizal associations. To 

determine this I grew seven genotypes (varying in Striga resistance) with and without the 

AM fungus Funneliformis mosseae at three phosphorus amendment levels. Of the 

sorghum genotypes studied, it does not appear as though breeding for Striga resistance 

has led to a decrease in responsiveness to the AM fungus Funneliformis mosseae. All 

genotypes tested were responsive to F. mosseae, exhibiting a significant increase in 

biomass, especially at the lowest phosphorus level. Genotype responsiveness to the 

mycorrhizal fungus does not appear to be directly related to Striga  susceptibility or to its 

background (landrace, wildtype, or cultivar).  
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My initial results indicated variability in phosphorus responsiveness within Striga 

resistant and susceptible genotypes, however further experiments with a more limited 

number of genotypes found that all genotypes were strongly responsive to phosphorus 

amendment, even for some that had been determined non-responsive in the first 

experiment. This shift may have occurred because of increased greenhouse lighting, 

fresher batches of seed (leading to an increase in germination rate), and measures taken to 

control a greenhouse fungus gnat infestation. The experimental design for the second trial 

was also more robust, with a larger number of replicates and fewer treatments. In 

retrospect, for regression analysis of the relationship between P level and growth, it 

would have been better to reduce the number of replicates, and increase the range of P 

levels tested. All seven genotypes grown in the second experiment were strongly 

responsive to phosphorus amendment when grown without the AM fungus and showed a 

decrease in responsiveness to phosphorus when inoculated with F. mosseae. Trends for 

all genotypes indicate a greater uptake of phosphorus, zinc, and magnesium by 

mycorrhizal plants as compared to nonmycorrhizal plants.  

 

Although genotypes were found to be responsive to both phosphorus amendment and 

inoculation with an AM fungus, the increase in biomass as well as the increased shoot 

tissue nutrient concentrations of mycorrhizal plants were significantly higher than 

increases made through phosphorus amendment alone. In fact, no genotype without 

mycorrhizae was able to achieve the biomass accumulation of the mycorrhizal plants, 
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even at the highest phosphorus amendment level. This emphasizes the important role 

mycorrhizal fungi can play in sorghum growth, especially at low phosphorus soil 

conditions. Considering the fact that Striga is a parasite primarily found in degraded soils 

with low phosphorus availability, breeding projects aimed at Striga resistance should 

acknowledge the potential benefits to crops through mycorrhizal colonization. This can 

be accomplished by conducting field trials in low phosphorus soil conditions, or by 

actively breeding for lines with high mycorrhizal responsiveness or identifying 

quantitative trait loci involved in mycorrhizal formation. 

 

To determine whether these findings are specific to Funneliformis mosseae, further 

research should expand the number of fungal isolates tested, and sorghum could also be 

grown with a mixture of fungal isolates to better represent field conditions. Expanding 

the number of sorghum genotypes investigated, as well as the range of phosphorus 

amendment levels, will also deepen our understanding of the interactions between 

sorghum, soil phosphorus, and mycorrhizal fungi. Most importantly, investigating how 

the addition of Striga would alter the results of this experiment could answer further 

questions regarding the interactions between sorghum, Striga, and soil AM fungi. Future 

research should also analyze the effects of specific strigolactones produced, and test 

overall strigolactone production levels on mycorrhizal colonization rates.  

 

By analyzing the growth response of several sorghum genotypes, we have shown that the 

benefits of mycorrhizae to sorghum are substantial, and deserve attention by both 
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breeders and sorghum producers. In Striga prone regions, farmers will likely benefit by 

growing Striga resistant sorghum varieties, while also taking soil management steps that 

encourage a healthy soil fungal community.  
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proc mixed data=total; 

class rep ptrt genotype resis fungi; 

model drywt=fungi resis genotype(resis) ptrt ptrt*genotype(resis)  

       fungi*genotype(resis) fungi*ptrt/ddfm=kr htype=3; 

random rep rep*genotype(resis); 

lsmeans fungi genotype(resis) resis ptrt fungi*genotype(resis) fungi*ptrt/diff 

adjust=tukey; 

run; 
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