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ABSTRACT 

 

 

A 3-factorial experiment involving two cowpea densities (83,000 and 167,000 plants.ha-1), two cropping 

systems (i.e. monoculture and mixed culture) and five cowpea genotypes (i.e. three farmer-selected 

cultivars, Bensogla, Sanzie and Omondaw and two improved varieties, ITH98-46 and TVu1509) was 

conducted in the field for two consecutive years in 2005 and 2006. The aim was to assess the effect of 

plant density, cropping system and cowpea genotypes on: (i) chlorophyll and gas-exchange, (ii) 

rhizosphere mineral concentration and tissue uptake of nutrients, (iii) acid and alkaline phosphatase 

activities in the rhizosphere, (iv) plant growth and symbiotic performance, and (v) concentration of 

flavonoids and anthocyanins in seed extracts and plant organs and their effect on pest infestation and 

diseases. 

 

The results showed that high plant density (167,000 plants.ha-1) and mixed culture significantly decreased 

gas-exchange parameters, leaf chlorophyll content, δ13C and %C in both cowpea and sorghum plants 

compared with low plant density (83,000 plants.ha-1) and monoculture. The data also showed significantly 

higher δ13C and lower %C in ITH98-46 and TVu1509 compared with Bensogla, Omondaw and Sanzie 

genotypes with a significant correlation between δ13C and water-use efficiency. At harvest, grain yield of 

cowpea and sorghum was significantly decreased by high plant density and mixed culture compared with 

low plant density and monoculture. Sanzie genotype was generally superior in grain yield (2,550 kg.ha-1) 

followed by cvs. Omondaw and Bensogla (2,250 and 2,150 kg.ha-1, respectively) compared with the 

improved cultivars. Sorghum plants in mixture with cv. TVu1509 or cv. ITH98-46 performed better 

(1,570 and 1,550 kg.ha-1, respectively) compared with those in mixture with other cultivars. The results 

also showed greater land equivalent ratio (LER = 1.42 to 1.52), suggesting that mixed culture produced 

greater total yields per unit land area compared with monoculture.  

 

High plant density and mixed culture lowered rhizosphere pH, as well as the concentrations of C, P, K, 

Ca, Mg, Na, S, Fe, Cu, Zn, Mn and B in both cowpea and sorghum plants. The results also showed 

decreased N, P, Ca and Cu in the rhizosphere of the different cowpea genotypes. Relative to low plant 

density and monoculture, high plant density and mixed culture significantly raised the acid and alkaline 

phosphatase activity in the rhizosphere of cowpea and sorghum plants. The increased acid phosphatase 

activity in fresh roots of cowpea plants due to high plant density and mixed culture, resulted in 

significantly improved P nutrition, greater plant growth, and higher grain yield in cowpea, especially the 

cv. Sanzie.  
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Plant growth and symbiotic performance (%N, δ15N values, %Ndfa, and N-fixed) were also significantly 

altered by both high plant density and mixed culture, with %Ndfa values showing a decrease where δ15N 

values were low. Whether under low or high plant density, Sanzie genotype was found to accumulate 

significantly greater biomass, total N per plant, and actual amount of N-fixed, followed by Bensogla and 

Omondaw, and least, ITH98-46 and TVu1509.  

 

Analysis of flavonoids and anthocyanins in seed extracts and tissue rinse revealed marked differences 

between genotypes, with higher levels being observed in Sanzie, Omondaw, and Bensogla relative to 

ITH98-46 and TVu1509. These high phenolic levels correlated with lower infestation by thrips and pod-

sucking bugs. Correlation and regression analyses confirmed a direct relationship between 

flavonoids/anthocyanins in seed extracts which showed an inverse relationship between concentration of 

these phenolics and plant attack by aphids and alcidodes. 
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 2 

1.1 Introduction 

 

The recent global increases in food and fuel prices have added pressure on the agricultural production 

systems and have caught the attention of many scientists. Previous reports on the state of global food 

insecurity have shown that about 800 million people in developing countries have insufficient food (FAO, 

2000). In sub-Saharan Africa, food crises are chronic even though high proportions (i.e. 70 - 85%) of 

Africans are active in agriculture (Borlaug, 1991). For example, Africa produced only 5.3% of the world’s 

total cereal crop yield and many reports show that food imports into Africa have increased in the past 

decade (World Bank, 1989; von Braun and Paulino, 1990; FAO, 2000). Recently, a World Bank report 

estimated that the rate of cereal yield increase in Africa over the years was as low as 0.7% compared with 

growth rates of 1.2 - 2.3% in other developing regions of the world (AGRA, 2007). Reasons for the 

aforementioned trends however, have been among other factors due to low soil fertility, low grain yield 

and N2 fixing cultivars, cultural practices as well as pests and disease infestations (Boserup, 1981; Cooper 

et al., 1996; Sanchez et al., 1997). To reverse these trends and increase production of these crops however, 

will require concerted efforts by various key players so as to improve soil fertility; identify potential high 

yielding and N2 fixing genotypes of crops such as cowpea which are predominantly common in Africa, 

develop cultural practices which may confer insect pest resistance, and enhance yield stability by varying 

plant densities and cropping systems.  

 

Cowpea (Vigna unguiculata L. Walp.) is among the indigenous African grain legumes grown extensively 

throughout Africa. It is the most important food legume, fodder and cover crop (Padulosi and Ng, 1990; 

Jackai and Adalla, 1997). In addition, it mature early, has wide adaptation, drought tolerant, and has broad 

range of local genetic diversity. Nutritionally, cowpea grain is rich in protein (20.5 - 31.7%), 

carbohydrates (56.0 - 65.7%); fat (1.1 - 3.0%), fiber (1.7 - 4.5%) and moisture (6.2 - 8.9%) (Onwuliri and 

Obu, 2002). The green leaves and young pods of cowpea contain up to 35% protein and are eaten as 

vegetables. Cowpea also contains other essential nutrients, such as Ca, Fe, nicotinic acid and thiamine 

(Platt, 1962).  

 

Similar to other grain legumes, cowpea has been shown to contain several other important phytochemicals 

rich in health-related properties (Anderson et al., 1999). Some of the known health promoting 

phytochemicals in cowpea includes phytosterols, saponins, isoflavone, phenolic compounds and 

antioxidants (Narasinga, 1995; Warrington et al., 2002). Likewise, it has been reported that compounds 

such as flavonoids, anthroquinones, anthocyanidins and xanthones commonly present in these legumes, 

possess remarkable antioxidant activity (Siddhuraju et al., 2002). Diets rich in polyphenolic compounds 

have been suggested to be associated with longer life expectancy due to their richness in health-related 
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properties such as anticancer, antiviral, anti-inflammatory activities, effects on capillary fragility, and 

ability to inhibit human platelet aggregation (Stampfer et al., 1993; Deshpande et al., 1996; Hertog and 

Hollman, 1996). In this regard, increased dietary intake of natural flavonoids and anthocyanins through 

these legumes may correlate very well with increased health benefits mentioned above. 

 

Cowpea has a potential for high grain yields of up to 3,000 kg.ha-1 (Rusoke and Rubaihago, 1994). 

However, cowpea grain yields varies widely, and, are in the average of 200 - 300 kg.ha-1 in 

Nigeria (Alghali, 1992); 200 - 400 kg.ha-1 in Uganda (Sabiti et al., 1994); 50 - 300 kg.ha-1 in 

Niger (Sivakumar et al., 1996); 400 – 1,000 kg.ha-1 in Cameroon (Langyintuo et al., 2003); and 

from 1100 – 1400 kg.ha-1 in Ghana (Adjei-Nsiah et al., 2008). This implies that farm yields of 

cowpea ranges between 1.7% and 46.7% of its potential. This low yields is due to several constraints 

including various biological and environmental factors, such as drought and salinity, low level of 

symbiotic N2 fixation, high genotypic variation and cultural practices (Onwuliri and Obu, 2002). So, to 

increase production of cowpea more work is needed on, among other factors, selection of high yielding 

genotypes and assessing them under different plant densities and cropping systems.  

 

Due to lack of information about genotypes that are high yielding and high N2 fixation, a project under the 

support of McKnight Foundation was launched in June 2003 in three African countries i.e. Ghana, South 

Africa and Tanzania aimed at improving cowpea yield potential by enhancing N2 fixation. The main 

activities included development of inbred high yielding cowpea populations and screening selected 

cowpea genotypes under field conditions for increased N2 fixation and seed grain yield. Hundred and 

twenty six (126) cowpea cultivars obtained from farmers, village markets, national programmes, gene 

banks, and International centres in Ghana, South Africa and Tanzania were selected from preliminary 

observation trials of the germplasm as parental lines to be used in breeding programmes, were initiated in 

Ghana, South Africa and Tanzania. After data collection on various parameters such as plant growth, N2 

fixation, flavonoids concentration, pest resistance, seed yield, nutritional value of cowpea leaves and 

farmer preference, the test genotypes were ranked. Of the 126 cowpea landraces, 27 were selected for 

further field evaluation. These parental lines include 11 from Ghana, 7 from South Africa and 9 from 

Tanzania. It is from these selections that the five cowpea genotypes were picked and further tested against 

agronomical practices such as varying plant density and cropping system on a number of attributes 

including improvement of N2 fixation, insect pest resistance and grain yield when grown with sorghum as 

cereal to mimic farmer’s practices.  

 

Growing cowpea and cereals such as sorghum and maize as intercrops for food production is popular 

among subsistence farmers in the tropics and sub-tropics, semi arid regions, humid tropics, Mediterranean 
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regions and temperate climates (Francis, 1986). For example it was estimated that 99% of cowpea and 

75% of maize (Zea mays L.) in Nigeria are grown as mixed culture (Okigbo and Greenland, 1976). In 

Ethiopia, most of the beans production is from mixed culture systems (Seyoum, 1990). Likewise, in Latin 

America 60% of maize and 80 - 90% of beans (Phaseolus vulgaris L.) are produced by small scale 

farmers from mixed culture system (Francis et al., 1976). In Spain, 40% of the cultivated land is used for 

intercropping (MAPA, 1999). Most of these farmers have adopted this system because they want to 

maximise space and plant growth resources (Lie et al., 2003b); crop quality and quantity (Mpairwe et al., 

2002). However, grain yields and N2 fixation resulting from farmers practices in Africa has until recently 

been disappointing and mainly attributed to poor agronomic practices and low yielding cowpea genotypes 

used by farmers.  

 

Sorghum (Sorghum bicolor L. Moench.) is the fifth most important small grain cereal crop after wheat, 

rice, maize and barley (FAO, 2005) produced in drier areas of the tropics, often grown in mixture with 

cowpea in low input cropping systems. In Africa, well managed sorghum crop yield ranged from 1,700 - 

4,800 kg.ha-1 but current yields are reported to be less than 600 kg.ha-1 (Rohrbach et al., 2005). Growing 

sorghum in mixture or in succession with cowpea is one way of improving grain yield. For example 

sorghum grain yield has been reported to reach 1,620 kg.ha-1 following legume crop compared with 420 

kg.ha-1 following sorghum (Ncube et al., 2007). Similarly, growing sorghum in mixture with peanuts 

(Arachis hypogea L.) has been shown to be more productive than monoculture crops combined (Azam-Ali 

et al., 1990). There is limited information on how different cowpea plant densities and cropping systems 

affects sorghum when grown with cowpea genotypes.  

 

Plant density defines the number of plants per unit area, which in turn, determines the size of the area 

available to the individual plant (Wiley, 1979). Plant population is among the major cultural practices that 

impact on light regimes of the canopy as well as interplant competition, consequently, affecting canopy 

structure and light conversion efficiency (Akunda, 2001). Greater pressure on growth resources has been 

reported from higher plant densities compared with lower plant densities (Wiley and Osiru, 1972). For 

instance, in soybean (Glycine max. L.), high plant density may influence the extent of the fibrous root 

system which contributes to enhanced drought tolerance (Pantalone et al., 1999). Likewise, high plant 

density may influence foliage arrangement and increased light interception (Fisher and Wilson, 1976). In 

soybean-sorghum mixed culture, Akunda (2001) reported that varying plant density may be a viable 

alternative of manipulating the productivity of crops through their changes in physiological processes. 

This review seeks to assess the influence of plant density and mixed culture on photosynthesis and 

chlorophyll content, rhizosphere nutrients, phosphatase activities, yield, N2 fixation and flavonoids and 

anthocyanins concentration in cowpea genotypes grown with sorghum. 
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1.2 Possible influence of varying plant densities, cropping systems and different legume 

genotypes on photosynthetic activities, leaf chlorophyll contents, δ
13

C and water-use 

efficiency. 

 

Photosynthetic rates and the associated parameters (i.e. stomata conductance, intercellular CO2 

concentration, and transpiration rate), chlorophyll contents, δ13C and water-use efficiency (WUE) are 

affected by several agronomical practices. It is postulated that changes in plant population in the field, 

plant arrangements and type of plant species and genotypes involved in such cropping systems would 

affect photosynthetic parameters (Lima Filho, 2000; Li et al., 2008). Since high plant densities are 

associated with both lower grain and dry matter yields due to decreased photosynthesis, it is evident that 

low plant density will possibly increase such rates (San-oh et al., 2004). For example, increasing plant 

density has been shown to increase shading in the field, leading to limitation in light intensity, thus, 

lowering the photosynthetic rate and the associated parameters (Feigenbaum and Mengel, 1979; Hirose et 

al., 1988; Schieving et al., 1992a). Similarly, the decline in leaf area ratio was related to increased plant 

density as a result of competition for light (Pons et al., 1989). Several studies have reported photosynthetic 

rate variability amongst several crops such as wheat (Triticum aestivum L.) (Evans and Dunstone, 1970; 

Austin et al., 1982), maize (Heichel and Musgrave, 1969), faba bean (Vicia faba L.), pea (Pisum sativum 

L.) (Schulze et al., 1999) and soybean (Buttery et al., 1981). This suggests that the type of crops involved 

in cropping systems have an important effect on the gas exchange parameters. For example, variation in C 

allocated to nodulated legumes and the amount of C respired has been reported to vary with species 

(Herridge and Pate, 1977; Atkins et al., 1978). Similarly, adaptation to higher C costs during N2-fixation 

varies with species (i.e. faba bean, common bean, cowpea and pea). For example, faba bean has greater 

photosynthetic capacity compared with pea (Schulze et al., 1999). 

 

Competitions for plant growth factors such as mineral elements under higher plant density and mixed 

culture have led to stress, differences in photosynthetic rates and chlorophyll contents (Akunda, 2001; 

Ghosh et al., 2006). For example, N deficiency due to stress caused by dense population of plants 

significantly decreased leaf chlorophyll concentration resulting in increased leaf reflectance (Daughty et 

al., 2000; Zhao et al., 2003; Zhao et al., 2005), thus, affecting leaf photosynthetic rate (Muchow and 

Sinclair, 1994; Zhao et al., 2005). Similarly, K deficiency has been reported to negatively affect cotton 

(Gossypium hirsutum L.) plants photosynthesis (Bednarz et al., 1998; Zhao et al., 2001). Enhancement of 

plant growth has been closely related to high leaf photosynthesis due to elevated CO2 concentration which 

mostly depends on field plant arrangement and composition such as mixtures (Miller, 1988; Nicolodi et 

al., 1988). This is because higher CO2 concentration can suppress RuBP oxygenase activity; decrease 

photorespiration and increase carbon assimilates for plant growth and development (Lawlor and Mitchell, 
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2000). Although chlorophyll concentration is an important physiological parameter for indicating plant 

photosynthesis status (Carter and Knapp, 2001), it has been reported that stress related factors may result 

in increased leaf reflectance due to reduced amount of chlorophyll content hence affecting its function, 

thus, becoming an indicator for photosynthesis status in plants (Carter and Knapp, 2001).  

 

Plant growth (measured as biomass) is influenced by many factors, including water availability, C 

accumulation via photosynthesis, and the supply of mineral nutrients (Chiroma et al., 2006a, b). 

Photosynthetic CO2 reduction by Rubisco in C3 plants such as cowpea and other legumes as well as in C4 

plants such as sorghum (i.e. after PEPC have delivered CO2 to Rubisco) is therefore the key process 

driving growth and agronomic yields in such crop species (Chiroma et al., 2006a, b). Theoretically 

speaking, high 13C discrimination (i.e. more negative δ13C value) tends to indicate low water-use 

efficiency, while low 13C discrimination (i.e. less negative δ13C value) suggests high water-use efficiency 

(Farquhar and Richards, 1984). As a result, the δ13C values of crop plant species have been found to 

correlate with photosynthetic water-use efficiency estimated from gas-exchange studies (Farquhar and 

Richards, 1984). However, very negative δ13C values in young legume leaves can also arise from the 

supply of 13C-depleted C to shoots and other organs such as nodules, roots and developing pods by the 

Rubisco-operated C3 pathway (Yoneyama and Ohtani, 1983). But because these organs also fix CO2 via 

phosphoenolpyruvate carboxylase (PEPC) through C4 pathway (Lawrie and Wheller, 1975; Coker and 

Schubert, 1981), this can shift the very negative δ13C value of organs to a less negative δ13C value. So, it is 

important to manage agronomic practices by manipulating the cropping systems, plant densities and 

varieties such that constraints leading to lower photosynthetic rate and related parameters are minimised 

so as to improve both biological and economical yields of different crop component in mixtures.  

 

1.3 Some rhizosphere chemical reactions and mineral elements concentration as affected by 

plant densities, mixed culture practices and different legume genotypes. 

 

Several studies have indicated that the rhizosphere pH is greatly influenced by the relative proportions of 

cations and anions absorbed by the plant root (Marschner, 1986; Haynes, 1990); the corresponding 

differences in net excretion of H+ and HCO3
- (or OH-); excretion of organic and amino acids (Marschner et 

al., 1987) and release of CO2 from the roots (Laurent and Eric, 1994). Legumes such as cowpea growing 

in mixed culture with cereals have the ability to modify soil pH in their rhizosphere (Muofhe and Dakora, 

2000; Rao et al., 2002; Li et al., 2004b) through different mechanisms such as response to stress related to 

plant growth in different cropping systems. These mechanisms include net positive excess cations over 

anions entering the roots of N2-fixing legumes with characteristic release of protons (Romheld, 1986; 
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Gahoonia et al., 1992). Other mechanisms includes changes in redox potential induced by plant roots in 

the rhizosphere resulting into the release of proton (Ahmad and Nye, 1990); enhanced release of H+ as a 

response to P-deficiency localised behind the root tip as those reported in maize and rape (Brassica 

napus L.) intercrops (Gregory and Hinsinger, 1999) and root excretion of carboxylic acids which are 

capable of mobilising P by ligand exchange or dissolution and occupation of P-sorption sites (Fox and 

Comerford, 1990; Gerke, 1995). Results from a study by Rao et al. (2002) concluded that rhizosphere 

acidification was light induced and is regulated by photosynthetic activity rather than excess cations 

uptake in the rhizosphere. These researchers arrived at this conclusion after a NO3-fed non-symbiotic 

cowpea plants was put under illumination and significantly raised protons concentration in their 

rhizosphere similar to the aforementioned mechanisms. As a result of these mechanisms, mineral elements 

which are otherwise unavailable such as P, K, Ca, and Mg become available for plant nutrition 

(Vandermeer, 1989; Hauggaard-Nielsen and Jensen, 2005). To date, few studies have reported on the 

chemistry of rhizosphere soil, involving complex plant densities, cropping systems and genotypes. More 

understanding of such interactions is therefore important.  

 

1.4 Acid and alkaline phosphatase activities in plant roots and soils as influenced by plant 

densities, cropping systems and legume genotypes 

 

Phosphatase enzyme activities have been traditionally classified as being acid or alkaline (Vincent et al., 

1992). Acid phosphatase (AcPA) enzymes are the principal component of root exudates and occur widely 

in plant organs (Duff et al., 1994). On the other hand, alkaline phosphatase (AlkPA) activity is fungus and 

bacteria borne mostly found in the soil (Nakas et al., 1987; Tarafdar and Claassen, 1988). 

Accordingly, these enzymes are involved in the mobilisation of P within the rhizosphere of many cropping 

systems (Marschner, 1995; Strom, 1997).  For example, release of acid phosphatase from roots as root 

exudates has been implicated as a mechanism to enhance the availability of sparingly soluble mineral 

elements such as P, Zn, Fe, and Cu (Marschner, 1995; Jones et al., 1996a). There is evidence that acid 

phosphatase play major roles in remobilising internal P from the plant organs (Duff et al., 1991; de Pozo 

et al., 1999; Baldwin et al., 2001); facilitate release of P from organic P-esters by exudation of these 

enzymes into the rhizosphere (Lefebvre et al., 1990; Miller et al., 2001) and synthesises glycolate from P-

glycolate (Christella and Tolbert, 1978) as well as glycerate from 3-PGA during photorespiration (Randall 

et al., 1971). The P released is then available for plant nutrition. Such actions could be complex and 

benefit the mixed culture systems 

 

Phosphatase activity is greatly affected by soil bio-physical-chemical properties, management practices 

and cropping systems (Alvarez and Guerrero, 2000; Criquet et al., 2000). Several studies have shown that 
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in different agronomical settings, plants compete with each other strongly for resources (Tilman, 1988; 

Vandermeer, 1989). In mixed culture systems for instance, optimum intercrop yield advantage is achieved 

by maximising complementarity while minimising competition between component crops (Willey, 1979; 

Vandermeer, 1989). The reduction in competition has been suggested to be a primary reason for improved 

total yields in mixed culture system (Vandermeer, 1990). Apart from complementary resource use, 

facilitation has been suggested as a mechanism of obtaining greater total yields in intercrops as opposed to 

monoculture. Such beneficial interaction could be the result of increased resource availability through root 

induced changes in the rhizosphere including phosphatases activities (Ae et al., 1990; Vandermeer, 1990). 

There is evidence that crops that are very good at accessing sparingly available P can have a favourable 

effect on plants with which they are in mixture with (Horst and Waschkies, 1987; Li et al., 2003). Plant 

species and cultivars, however, possess diverse root morphological and physiological mechanisms for 

adapting to low P supply, with varying P mobilising processes (Gahoonia et al., 1997; Neumann et al., 

1999). Although there is vast literature on acid and alkaline phosphatase activities, effect of different plant 

densities and cropping systems on these activities when cowpea genotypes are grown in mixture with 

sorghum are still lacking. Availability of such information will enable more understanding on the 

dynamics of acid and alkaline phosphatase activities in mixed cultures and establish their effect on the 

availability of plant nutrients in such agronomic systems. 

 

1.5 Enhanced productivity and grain yield from components in mixed culture systems 

 

Mixed culture advantage (or intercropping productivity) is commonly assessed by land equivalent ratio 

(LER) (Magino et al., 2004; Dariush et al., 2006). It is defined as the relative land under monoculture that 

is required to produce the yields achieved under mixed culture (Gocio, 2001). Total land equivalent ratio 

(LERt) is obtained by the summation of LER for each crop (i.e. partial LER) in the mixture. When the 

LERt > 1, then, mixed culture is advantageous because environmental resources are used more efficiently 

for plants growth. On the contrary, when the LERt < 1, there is disadvantage because environmental 

resources are used less efficiently. However, when the LERt = 1; it is considered as there is no effect by 

growing such crops either as monocrops or intercrops. As shown by Vandermeer (1989), competition and 

facilitation for growth factors takes place in mixed culture systems. As such, it is possible to obtain the net 

positive result whereby the LERt > 1, thus indicating that in such mixed cultures, facilitation is 

contributing more than the competition. In their work on cowpea/sorghum mixed culture with varying 

number of cowpea rows, Hussain et al. (2000) showed that the LERt > 1 was fairly high in all mixed 

culture treatments but the highest value of 1.89 was recorded from the sorghum-cowpea 3-rows mixed 

culture. This indicated that 89% yield advantage was gained due to mixed culture practice attributed to 

higher facilitation. Likewise, in a wheat (Triticum aestivum L.)/chickpea (Cicer arientinum L.) mixed 
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culture; the LERt was highest in 4:2 rows, indicating low competition or greater complementary 

facilitation between the component crops (Zhang and Li, 2003; Li et al., 2004a; Banik et al., 2006). 

Collectively, the observed mixed culture advantage in these studies were attributed to beneficial 

complementarity of component crops with regard to mineral elements, light and moisture (Babu et al., 

1988). So, mixing legumes with cereals could lead to better land use efficiency making it an important 

component in small scale farming in Africa and other parts of the world.  

 

1.6 Possible influence (s) of different plant densities and cropping systems on N2 fixation and 

availability to crops in mixtures  

 

Biological nitrogen fixation (BNF) plays an important role in the nitrogen budget of cereal/legume mixed 

culture. For example the BNF accounted for total N accumulation of between 61 – 77% in cowpea and 58 

- 78% in soybean (Glycine max. L.) respectively (Ofori et al., 1987; Adjei-Nsiah et al., 2008). 

Additionally, of the total N accumulated in the component crop such as sorghum, between 11 and 58% 

was directly transferred through the BNF (Fujita and Ofosu-Budu, 1996; Salvagiotti et al., 2008; Peoples 

et al., 2009). Legume/cereal mixed culture has been reported as potentially advantageous with increased 

total crop productivity compared with monoculture system. This has been ascribed to the effective use of 

water, mineral elements and light in such complex systems (Wiley, 1979; Midmore, 1993; Jensen, 1996). 

Intercropping system involves simultaneous growing of two or more crops on the same piece of land. 

Such cultural practices have led to increased size and stability of total grain yield compared with 

monoculture especially under small scale and low input farming systems (Ofori and Stern, 1987; 

Vandermeer, 1989). Amongst others, reasons for mixed culture practices involving legumes and cereal 

lies on the ability of the legume to fix N2 which also benefits the associated cereal crop (Heichel, 1987; 

Dakora and Keya, 1997; Adjei-Nsiah et al., 2008). As a result, total grain yields, land use efficiency and 

efficient utilisation of the limited land resources are increased (Trenbath, 1974; Paperndick, et. al., 1976; 

Fukai and Trenbath, 1993). A significant direct transfer of fixed N to the associated cereal crop for 

example, has been observed in controlled studies (Stern, 1993; Elgersma et al., 2000; Chu et al., 2004). 

Likewise, apart from the compelling evidence of increased N availability to the associated crops as a result 

of mineralisation from the decomposing legume roots (Schroth et al., 1995; Evans et al., 2001), increased 

total grain yield was also ascribed to less competition and greater complementarity of growth factors 

between the intercrops (Snaydon and Satorre, 1989; Hauggaard-Nielsen et al., 2001). Legume/cereal 

mixed culture has been shown to use the available growth resources efficiently compared with their 

corresponding monoculture (Vandemeer, 1990). The efficient use of growth factors in mixed culture 

system however, depends on factors such as plant species, plant morphology, density of component crops, 
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type of management, and competitive ability of the component crops (Ofori and Stern, 1987). Improved 

understanding of how growth factors are used efficiently by component crops in such systems will enable 

proper management of soil fertility programs, thus, improved yield. 

 

1.7 Flavonoids and anthocyanins concentrations as affected by plant densities and cropping 

systems 

 

Flavonoids and anthocyanins are the major secondary metabolites which occur widely in most plants with 

characteristic wide range of colours (Linda, 1999; Dieter, 2006). Physiologically, they are beneficial to the 

plant itself by acting as effective antioxidants in photosynthetic tissues and screening harmful incident 

radiation (Hashimoto and Tajima, 1980; Balakumar et al., 1993; Rice-Evans et al., 1997). They also act as 

protectants of plants from insect pest infestations, diseases and oxidative cell injury (Hedin et al., 1983; 

Harborne, 1988). On the other hand, the accumulation of these compounds may act as a signal of nutrient 

limitation in a low plant/soil nutrient environment. For example, flavonoids and anthocyanins 

accumulation have been related to common symptom of nutrient (P, N, K, S, Mn and B) deficiency in a 

plant (Murali and Teramura, 1985; Close et al., 2000). These nutritional stresses have been reported to 

increase flavonoids concentration by regulating availability of substrates expression of enzymes 

responsible in their synthesis (Yamakawa et al., 1983; Plaxton and Carswell, 1999). However, some 

flavonoids induce spore germination and hyphae growth in the establishment of vesicular arbuscular 

mycorrhizal symbiosis, which is important in P acquisition, uptake and improved soil plant water 

relationship. Similarly, some studies have shown that flavonoids also act as chemo-attraction in the 

legume-rhizobium symbiosis at the onset of N2 fixation process (Caetano et al., 1988; Khan and Bauer, 

1988). For example, there is sufficient research evidence which established that some plant flavonoids 

such as genistein, daidzein and coumestrol function as signals to N-fixing microbes leading to interaction 

with NodD protein of the (Brady) rhizobium cells, thus, inducing expression of nodulation (nod) genes, 

consequently nodule formation and N2 fixation (Long, 1989; Recourt et al., 1992; Dakora et al., 1993a; 

Dakora and Phillips, 1996; Hungria and Stacey, 1997; Philips, 2000). Furthermore, a group of flavonoids 

have also been identified as haustoria inducers that promote suicidal germination of Striga, a notorious 

parasitic crop weed in cereals and legumes (Steffens et al., 1982; Ndakidemi and Dakora, 2003).  

 

Sorghum has been reported to contain flavonoids such as flavonols, flavonones, flavons and anthocyanins 

(Haslam, 1998; Audilakshmi et al., 1999; Awika et al., 2003; Awika and Rooney, 2004; Awika et al., 

2004b; Dicko et al., 2005). The most abundant anthocyanins in sorghum grain are 3-deoxyanthocyanidins 

e.g. apigeninidin and luteolinidin (Awika et al., 2004b) which are particularly abundant in red and black 
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sorghum grain (Dicko et al., 2005) but rare or absent in other plants (Awika et al., 2004b). In black 

sorghum for example, apigeninidin and luteolinidin accounted for 50% of the anthocyanins contents 

(Awika et al., 2004a). Apigeninidin and luteolinidin (3-deoxyanthocyanidins) are of interest because they 

are more stable in organic solvents as well as in acidic solutions than anthocyanidins found in other 

cereals. Sorghum has been suggested to have a potential advantage as a viable commercial source of 

anthocyanins which is reported to have good antioxidant activity (Awika and Rooney, 2004a). It was 

recently reported that proanthocyanidins such as those found in plants may inhibit the growth of several 

viruses including human immunodeficiency virus 1 (HIV-1), influenza virus, and herpes simplex virus by 

blocking their entry in the host cells (Hamauzu et al., 2005). Since both cowpea and sorghum are staple 

food in many of the African countries, growing them in mixed culture may be the main source of natural 

antioxidants. 

 

Flavonoids have also been shown to inhibit seed germination in a variety of legumes, cereal grains and 

toxic to seedlings of several species including weeds (Patterson, 1987; Rao, 1990). For example, the 

flavonoids vitexin and isovitexin which are present in the seed coat of mungbeans (Vigna radiata L. 

Wilczek) are powerful inhibitors of seed germination and seedling growth of other plant species around 

them (Tang and Zhang, 1986; Khalid et al., 2002). Similarly, tricin and some related flavonoids are 

considered to be responsible for phytotoxicity exhibited by quack grass (Elytrigia repens) residue (Rao, 

1990). Therefore, it is suggested that flavonoids do not only lead to soil allelopathic effects and therefore 

growth problems of many crop species; but also adversely affects root growth and cause shoot bleaching, 

root swelling, inhibition of root hair formation and influences uptake of mineral elements such phosphate 

and chloride (Stenlid, 1963; Chang et al., 1969; Rao, 1990).  

 

The release and accumulation of these phenylpropanoid compounds however, is dependent on such factors 

as plant density, cropping systems and genotypes or plant species involved in the cropping systems. It has 

been reported that flavonoids concentrations vary with cultural practices and varieties (Dykes et al., 2005). 

For instance, at high plant density many plants occupy the same area; relying on the same resources and 

may be stressed. Likewise, in mixed culture system more than one crop species grow in a unit area and 

rely on the same growth factors (Wiley, 1979). So, high density and mixed culture systems will definitely 

create competition for the growth factors leading to stress. Similarly, if one of the component crops is 

competitively stronger for the plant growth factors, then, stress for such growth factors will occur (Jensen, 

1996). Some studies (Ampong-Nyarko et al., 1994; Hassan, 2009) have also reported that high plant 

density and intercropping practices reduced insect pest infestation in cowpea. Although several studies 

have shown that stress affects the release of these compounds, it is however not clear if stress resulting 

from high plant density and mixed culture will lead to the release of more flavonoids and anthocyanins 
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compounds which could then play important ecological functions such as those involving the protection of 

plants against insects. 

 

A pre-requisite for a successful cowpea/sorghum intercrops is to obtain adequate plant population density 

(Ismail and Ali, 1996), appropriate cropping system and highly potential cowpea genotypes. For example, 

in areas where crop growth is constrained by limited moisture, optimising plant density is critical as high 

plant density may deplete the available moisture before crop matures, while low density may leave 

moisture unutilised in moist environment. Plant density strongly affects light interception and canopy 

photosynthesis (Gan, et al., 2002). The efficiency of production therefore depends on several factors, 

including the population density of component crops, soil mineral elements status and genotype. Although 

some information is available, effect of plant densities and cropping systems have not been adequately 

studied. This study assesses the effect of plant density, cropping system and genotypes on plant growth, 

N2 fixation, grain yield and plant and rhizosphere nutrition of cowpea/sorghum mixed culture. 

 

1.8 Aims and hypothesis  

 

The overall objective of the study was to identify cowpea genotype and agronomical practices that can 

maximise N
2 
fixation and eventually grain yield of cowpea grown in mixture with sorghum.  

 

1.8.1 The hypotheses  

 

Different cowpea genotypes have varied yielding and N2-fixing potential and may perform differently 

under different cropping systems. 

 

Plant densities and cropping systems affects grain yield, N2 fixation, and plant and rhizosphere nutrition in 

cowpea genotypes grown with/without sorghum. 

 

Phosphatase activities in the rhizosphere soil and roots of cowpea genotypes is influenced by plant density 

and cropping systems. 

 

Complex mixed culture systems may affect the synthesis of flavonoids and anthocyanins compounds from 

seed and plant organs of symbiotic cowpea genotypes.  
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1.8.2 The specific objectives were to: 

 

• Define agronomic practices that improve photosynthesis, chlorophyll concentration, water-use 

efficiency and δ13c of five cowpea genotypes grown in mixed culture and at different densities 

with sorghum. 

• Explore agronomic practices that affect mineral element concentrations in soils, plant root uptake 

and growth of five cowpea genotypes grown in mixed culture and at different plant densities with 

sorghum. 

• Assess agronomic practices that affects levels of acid and alkaline phosphatase activity in 

roots and rhizosphere soil of cowpea in genotypes grown in mixed culture and at different 

densities with sorghum  

• Determine agronomic practices that will improve yield components of nodulated cowpea 

genotypes and sorghum grown in mixed culture. 

• Examine agronomic practices that will improve symbiotic N2 fixation in five cowpea genotypes. 

• Asses flavonoids and anthocyanins concentrations in nodulated cowpea genotypes; identify 

genotypes with high insect pest resistance, as well as genotypes with higher levels of phenolics 

under different plant densities and cropping systems.  
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PHOTOSYNTHESIS, WATER-USE EFFICIENCY AND δ
13

C OF FIVE COWPEA 

(VIGNA UNGUICULATA L. WALP.) GENOTYPES GROWN IN MIXED CULTURE 

AND AT DIFFERENT DENSITIES WITH SORGHUM (SORGHUM BICOLOR L.)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 15 

2.1 Introduction 

 

Carbon nutrition in plants via photosynthesis is the second most important physiological process after N 

nutrition (Drake et al., 1997), as at least 90% of plant dry matter is derived from photosynthetic CO2 

reduction (Zelitch, 1982). Efficient translocation of photosynthate from source to sink organs is the key 

factor driving plant growth and increased crop yields (Tollenaar and Daynard, 1982; Goldberg et al., 

1983; Dong et al., 1991). One of the major macromolecules important for photosynthetic functioning is 

chlorophyll; it is responsible for harvesting light energy for conversion to chemical energy via 

photoassimilation (Tanaka et al., 1998). Several factors affect photosynthetic C yield; these include 

temperature, light, CO2 concentration, mineral nutrition and water needed for photolysis during 

photosynthesis (Usada et al., 1985; Drake et al., 1997; Cakmak and Engels, 1999; Balakrishnan et al., 

2000). Photosynthesis is also reported to be affected by sink strength as increased photosynthate supply is 

required to meet increasing demand for photoassimilates during early vegetative growth and seed 

development (Richards, 2000). Agronomic practices such as intercropping (or mixed culture) and planting 

density also affect photosynthesis and plant growth, measured as biomass (Srinivasan et al., 1985; 

Hooper, 1998; Horton, 2000; Akunda, 2001; Andersen et al., 2005; San-oh et al., 2006). Photosynthesis is 

generally decreased by intercropping (mixed culture) as a result of reduced light penetration from shading. 

Net photosynthesis, stomatal conductance and transpiration are also reported to be reduced in Atriplex 

prostrate plants growing at high density relative to low density (Wang et al., 2005).  

 

Carbon isotope discrimination during photosynthesis, measured as 13C natural abundance (δ13C) is 

apparently a good indicator of WUE in C3 plants (Farquhar et al., 1989). The combined use of data from 

gas-exchange and isotopic measurements of 13C permits the selection of crop genotypes with enhanced 

photosynthetic activity and greater water-use efficiency for increased yields. An increase in our 

understanding of the photosynthetic process should also permit the manipulation of source capacity in 

crop species for increased photoassimilate supply to sink organs in cropping systems for greater crop 

yields.  

 

In Africa, cowpea is the most important food grain legume, and the crop is adapted to a wide range of soil 

ecologies. However, its yield is constrained by a number of factors, including drought, insect pests and 

diseases. African farmers depend largely on natural rainfall for crop yields, but the rainfall has become 

erratic often leading to poor crop yields. To increase cowpea production would require the selection of 

cowpea genotypes that tolerate drought and have improved water use. Because cowpea is usually 

cultivated as an intercrop with millet or sorghum and at high plant density, the best way to select drought-

tolerant genotypes for small-scale farmers in South Africa would therefore be to assess their water use 
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against a background of intercropping and high plant density (the most common agronomic practices used 

by rural African farmers). 

 

In this study five cowpea genotypes were evaluated for plant growth and water-use efficiency using mixed 

culture and high plant density as background treatments. Plant growth was measured instantaneously as 

photosynthesis, and as shoot C accumulated at early podding, while water-use efficiency was measured as 

δ
13C, and as photosynthate produced per unit water molecule transpired.  

 

2.2 Materials and methods 

 

2.2.1 Site description  

 

The study was conducted at the Agricultural Research Council (ARC) Nietvoorbij station in Stellenbosch, 

South Africa, during the 2005 and 2006 summer seasons. In this chapter, the 2005 and 2006 data were 

pooled together since they were similar. The site is located at 33º54′S and 18º14′E at an elevation of 146 m 

above mean sea level. The mean annual rainfall was 713.4 mm, and the potential evapotranspiration (ETO) 

as measured by Penman Monteith (Monteith, 1965) was 1573 mm. The mean annual day and night 

temperatures were 22.6ºC and 11.6ºC respectively and the mean monthly radiation 544 MJm-2 m-1. The 

experimental sites had a previous history of table grape cultivation with a moderate application of P 

fertilizer (80 kg.ha-1 maxfos, 20% P). According to the Soil Classification Working Group, the field soil 

used for this study is a sandy loam (SL) classified as Glenrosa, Hutton form (SCWG, 1991) equivalent to 

skeletic leptosol in the FAO soil classification system (FAO, 2001). Prior to planting in each year, 4 soil 

samples (0 – 20 cm soil depth) were collected from each experimental plot, pooled, and the resulting sub-

samples from a total of 88 experimental plots used for chemical analysis. Before planting, the soil 

characteristics of the field plots are shown in Table 2.1. 

 

2.2.2 Experimental design  

 

The experimental treatments included five cowpea genotypes (namely, Bensogla, Sanzie, Omondaw, 

ITH98-46 and TVu1509), two cowpea densities (i.e. 83,000 vs. 167,000 plants.ha-1), and two cropping 

systems (i.e. monoculture vs. mixed culture). Intercropping and monoculture are the two most commonly 

used cropping systems in Africa, with intercropping depicting high plant density, and monoculture, low 

density. A completely randomised block design was used with a 3-factorial arrangement. Four replicates 

were used for each treatment with a plot size of 3.6 m x 3.2 m. Cowpea plants in monoculture were sown 

with a row-to-row spacing of 60 cm, and plant-to-plant spacing of 40 cm to reflect low plant density 

whereas a row-to-row spacing of 60 cm, and plant-to-plant spacing of 20 cm were used for high plant 
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density in monoculture. Sorghum plants in plots with row-to-row spacing of 90 cm and plant-to-plant 

spacing of 40 cm, was maintained at a density of 55,555 plants.ha-1.  In mixed culture, cowpea was sown 

at a row-to-row spacing of 90 cm and plant-to-plant spacing of 26.6 cm to give low plant density. 

Similarly, row-to-row spacing of 90 cm, with plant-to-plant spacing of 13.3 cm was used to obtain high 

plant density in mixed culture. Cowpea seeds were inoculated with Bradyrhizobium strain CB756 and 

planted together with sorghum. The seedlings were later thinned to two per stand.  Weeding was done 

manually with a hoe. The plants were irrigated every three days up to flowering stage (50 DAP) and the 

frequency reduced to once every seven days until harvest. Moisture supply through irrigation was 

necessary as the study was done during summer season when temperature and evaporative demands are 

both high.  

 

2.2.3 Chlorophyll determination in plant leaves  

 

Chlorophyll content was extracted from each of four trifoliate leaves per plot using dimethyl sulphoxide 

(DMSO), as described by Hiscox and Israelstam (1979). At 67 days after planting (DAP), at 50 % 

flowering, each third young fully open trifoliate leaf from the tip (flag leaf) was sampled from the field for 

chlorophyll analysis. The trifoliate leaf was cut into small pieces, and 100 mg of leaf tissue weighed into a 

15-mL vial containing 7 mL DMSO, and incubated at 4°C for 72 h. Following incubation, the extract was 

diluted to 10 mL with DMSO, and 3 mL of extract used to read the absorbance at 645 nm and 663 nm on a 

spectrophotometer (UV/Visible Spectrophotometer, Pharmacia LKB. Ultrospec II E) against a DMSO 

blank. Chlorophyll levels were calculated using equations by Arnon (1949) with unit of mg L-1:  

 

Chlorophyll a   Chla = 12.7D663 - 2.69D645 

Chlorophyll b   Chlb = 22.9D645 - 4.68D663 

      Chlorophyll total     Chlt = 20.2D645 + 8.02D663 

 

2.2.4 Photosynthetic measurements in plant leaves  

 

At 67 DAP, photosynthetic rates, stomatal conductance, intercellular CO2 concentration and transpiration 

rates were measured in four young leaves (flag leaves) per plot for each species using a portable infra-red 

gas chromatograph (LCpro+ 1.0 ADC, Bioscientific Ltd., 12 Spurling Works, Pinder Road, Hoddesdon, 

Hertfordshire, EN11 ODB, UK). Because most enzymes controlling biological processes follow a diurnal 

rhythm, measurements were made in the morning between 8 and 11 a.m., and between 2 and 4 p.m. for 

each replicate plot per day. Without troubleshooting, each measurement took about 2 min. Light was 

maintained at 1100 µmol quanta m-2 s-1. Water-use efficiency was calculated as (Hamid et al., 1990): 
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E

A
WUE =  

 

where A = photosynthesis rate (µmol CO2 m
-2 s-1), E = transpiration rate (mmol H2O m-2 s-1) and WUE = 

water-use efficiency (µmol CO2 mmol-1 H2O) 

 

2.2.5 Plant harvest and processing for isotope analysis  

 

During early pod development at 67 DAP, the shoots of 16 cowpea plants and 8 sorghum plants were 

harvested from the middle rows of each plot, pooled, oven-dried at 60°C for 48 h, weighed, and ground to 

fine powder (0.85 mm sieve) for analysis of 13C.  

 

2.2.6 Measurement of 
13

C and %C in plant shoots   

 

Plant shoot samples weighing 2 mg (cowpea) or 2.5 mg (sorghum) were transferred into tin capsules and 

injected into a Thermo Flash Elemental Analyser 1112 via a Thermo Conflo III devise coupled to a 

Thermo Finnigan Delta Plus XP Stable Light Isotope Mass Spectrometer. The 13C natural abundance or 

δ
13C (‰) was calculated as (Farquhar et al., 1989):  
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where ( )
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CC
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 is the isotopic ratio of the sample, and ( )
dards

CC
tan

1213
 is the isotopic ratio of 

PDB, a universally accepted standard from belemnite Pee Dee limestone formation (Craig, 1957).  

 

Shoot C content per plant (g.plant-1) was calculated as:  %C x Shoot dry matter per plant 

 

2.2.7 Statistical analysis  

 

Data collected were analysed statistically using a 3-factorial ANOVA. The analysis was performed using 

STATISTICA 2007 (StatSoft Inc., Tulsa, OK, USA). One-Way ANOVA was also used to compare 

chlorophyll, gas exchange parameters, δ13C and %C in cowpea and sorghum species. Correlation and 

regression analysis between δ13C and photosynthetic water-use efficiency was estimated for cowpea and 
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sorghum. Fisher’s least significant difference (LSD) was used to compare treatment means at P≤0.05 

(Steel and Torrie, 1980). 

 

2.3 Results  

 

2.3.1 Effect of plant density and cropping system on chlorophyll levels  

 

Analysis of data using 3-way ANOVA revealed significant differences in chlorophyll concentration of 

cowpea and sorghum leaves (Table 2.2). The levels of Chla, Chlb and total chlorophyll were markedly 

higher in plants at low density relative to high density irrespective of the plant species. Similarly, the 

leaves of plants under monoculture showed much greater levels of Chla, Chlb and total chlorophyll when 

compared with their counterparts in mixed culture (Table 2.2). The concentrations of Chla, Chlb and total 

chlorophyll were similar in all five cowpea genotypes.   

 

2.3.2 Effect of plant density and cropping system on photosynthesis, stomatal conductance and 

transpiration  

 

Photosynthetic rates, stomatal conductance and transpiration were all significantly higher in the leaves of 

plants at low density relative to those at high density, irrespective of the plant species (Table 2.3). 

Similarly, the same gas-exchange parameters were markedly greater under monoculture relative to mixed 

culture (Table 2.3). However, no differences were found in leaf photosynthesis, stomatal conductance and 

transpiration of the five cowpea genotypes (Table 2.3).   

 

2.3.3 Effect of plant density and cropping system on δ
13

C and water-use efficiency:  

 

Water-use efficiency (calculated as photosynthate produced per unit water molecule transpired) was 

significantly higher in photosynthetic leaves of plants at low density relative to those of plants at high 

density, irrespective of the plant species (Table 2.3). Plants under monoculture also showed much higher 

water-use efficiency relative to those in mixed culture. There were however no marked differences in 

water-use efficiency between and among the five cowpea genotypes (Table 2.3).  

 

The δ13C of C3 plants is reported to be a good measure of water-use efficiency. Data from isotopic 

analysis revealed significant differences in δ13C values of sorghum and cowpea plants under different 

experimental treatments. For example, the δ13C values of plants were significantly higher (i.e. less 

negative) at low plant density relative to high plant density, irrespective of plant species (Table 2.4). 

Similarly, the δ13C values were much higher in plants under monoculture when compared with those in 
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mixed culture (Table 2.4). The five cowpea genotypes also showed significant differences in δ13C, with 

Sanzie showing the most negative value and ITH98-46 the least negative value (Table 2.4). 

 

As found with photosynthate, the concentration of C in leaves of plants at low density and under 

monoculture was significantly much higher, irrespective of the plant species (Table 2.4). The five cowpea 

genotypes also showed significant differences between and among themselves with regards to leaf C 

concentration. For example, Sanzie exhibited the highest C concentration in shoots, followed by Bensogla 

and Omondaw, while ITH98-46 and TVu1509 had the lowest concentration of C in shoots (Table 2.4). As 

a result, shoot C content was also significantly much higher in Sanzie, followed Bensogla and Omondaw, 

and lowest in cvs. ITH98-46 and TVu1509 (Table 2.4). 

 

2.3.4 Effect of plant species on chlorophyll, photosynthesis, water-use efficiency and δ
13

C  

 

The levels of chlorophyll a (Chla) and chlorophyll b (Chlb), as well as total chlorophyll were significantly 

higher in cowpea relative to sorghum. Although photosynthesis rates (A) were similar, transpiration (E), 

stomatal conductance (Gs) and internal CO2 concentration (Ci) were all significantly higher in cowpea 

when compared with sorghum (Table 2.5). However, sorghum showed much higher water-use efficiency, 

δ
13C and %C relative to cowpea (Table 2.5).  

 

2.3.5 Correlation and regression analysis of water-use efficiency and δ
13

C in cowpea and sorghum 

 

Performing regression as well as correlation analysis of δ13C vs. photosynthetic water-use efficiency (Fig 

2.1) showed a statistically significant relationship between the two parameters for both cowpea (r = 

0.66***) and sorghum (r = 0.96***).  

 

2.4 Discussion 

 

In this study, the concentrations of Chla and Chlb, as well as total chlorophyll were increased in plants at 

low density and under monoculture possibly due to the greater N levels in photosynthetic shoots when 

compared with plants at high density or in mixed culture (Table 2.2). However, the higher chlorophyll 

concentrations in plants at low density and in monoculture could also be attributed to the observed greater 

shoot content of Mg (Chapter 3), a mineral element important for chlorophyll biosynthesis and a co-factor 

needed for the formation of enzymes involved in CO2 fixation and energy transfer via ATP (Beale, 1999; 

Kaftan et al., 2002; Igamberdiev and Kleczkowski, 2003). Because of the role chlorophyll plays in CO2 

reduction,  photosynthetic rates closely mirrored leaf chlorophyll levels in this study, with plants at low 
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density and in monoculture exhibiting higher photosynthetic rates relative to those at high density or in 

mixed culture (Table 2.3). At high plant density (or mixed culture) mineral nutrients probably became 

limiting from plant-to-plant competition as the concentrations of P, K, Ca, Mg, S, Fe, Cu, Zn, Mn and B 

were lower in the rhizosphere of plants at high density and in mixed culture relative to those at low density 

and in monoculture (Chapter 3). Such reductions in nutrient supply to plants were likely to lead to reduced 

photosynthetic functioning as found for common bean (Cornic et al., 1992; Lal et al., 1996; Wang et al., 

2005). Analysis of cowpea shoots also revealed low concentrations of P, K, Ca, Mg, Fe, Cu, Zn, Mn and B 

in plants from high density and mixed culture relative to low density and monoculture (Chapter 3). These 

changes in mineral nutrition could have had subtle effects on plant processes in both cowpea and sorghum, 

as low levels of Fe, Cu and Zn were found to negatively affect the photosynthetic electron transport chain 

in cauliflower, which led to reduced photosynthesis and chlorophyll biosynthesis (Cakmak and Engels, 

1999; Alloway, 2001; Hacisasiloglu et al., 2003). Additionally, Fe and Zn limitation (observed in this 

study, Chapter 3) was also found to decrease the levels of Chla, just as low Mg concentration (as found for 

plants at high density and in mixed culture in this study) also significantly reduced Chlb levels 

(Balakrishnan et al., 2000; Tang et al., 2006).  

 

Tissue chlorophyll concentrations were however not different in the five cowpea genotypes. As a result, 

leaf photosynthetic rates were also not significantly different between and among the five cowpea 

genotypes tested (Table 2.3). That not withstanding, C accumulation from photosynthesis differed 

markedly between and among genotypes (Table 2.4). Shoot C concentration was much higher in Sanzie, 

followed by Omondaw and Bensogla, relative to ITH98-46 and TVu1509 (Table 2.4). As a result, the 

amount of C in cowpea shoots was also significantly much greater in Sanzie compared with the other four 

cowpea genotypes (Table 2.4). This inconsistency between photosynthetic rates and shoot C accumulated 

can be explained by the fact that the former is an instantaneous measure of Rubisco enzyme activity 

(which is affected daily by environmental factors), while the latter is a measure of the cumulative product 

of the enzyme’s daily activity. Clearly, these are some of the dangers involved in using only instantaneous 

enzyme activities to measure long-term growth. Whatever the case, in this study, Sanzie emerged as the 

cowpea genotype with better plant growth because of its greater C accumulation against the background of 

high plant density and mixed culture. 

 

The water relations of crop plants are easily affected by both mixed culture and high plant density because 

of plant-to-plant competition for soil water and mineral nutrients. As with photosynthetic rates, cowpea 

and sorghum plants at low density or in monoculture exhibited greater water-use efficiency (photosynthate 

produced per unit water transpired) relative to their counterparts at high density or in mixed culture (Table 

2.3). Although there were no differences in photosynthetic water-use efficiency between and among the 

five cowpea genotypes (Table 2.3), their δ13C values were markedly different (Table 2.4). The δ13C of C3 
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plants is known to be an integrator of water-use efficiency (Farquhar et al., 1989), with the more negative 

δ
13C values indicating low water-use efficiency, and the less negative δ13C values, high water-use 

efficiency. From that perspective, Sanzie exhibited high 13C discrimination during photosynthesis (i.e. a 

more negative δ13C value) and therefore showed the lowest water-use efficiency, followed by Omondaw 

and Bensogla, while ITH98-46 and TVu1509 had low 13C discrimination (i.e. a less negative δ13C value) 

which suggested high water-use efficiency (Table 2.4). Some earlier studies also found that low 13C 

discrimination (or less negative δ13C value) in wheat were related to high water-use efficiency (Farquhar 

and Richards, 1984; Ehdaie and Waines, 1993). The cowpea and sorghum plants from low density 

treatment or monoculture also showed greater water-use efficiency relative to those at high plant density 

or in mixed culture (Table 2.4). High 13C discrimination during photosynthesis is generally associated with 

wider stomatal opening, greater CO2 reduction and, to some extent, adequate availability of soil moisture. 

Thus, the increased photosynthetic C accumulation in the shoots of Sanzie is consistent with the notion of 

high 13C discrimination. Whether measured isotopically or from gas-exchange studies (Table 2.5), 

sorghum (a C4 species) was found to exhibit a significantly higher water-use efficiency compared with 

cowpea (a C3 species), thus confirming the positive relationship between the two parameters (Figure 2.1) 

while also indicating the superior water-use use efficiency of C4 relative to C3 species (Farquhar and 

Richards, 1984; Ehdaie and Waines, 1993). 

 

In conclusion, the decrease in chlorophyll concentration, photosynthetic rates, and C concentration/content 

of cowpea and sorghum shoots with intercropping or high plant density, as well as the reduction in the 

amounts of P, K, Ca, Mg, Fe, Cu, Zn, Mn, and B in shoots of the two species, could account for the lower 

crop yields under these practices in farmers’ fields in Africa. This argument is re-enforced by the 

observation that, Sanzie, which showed a marked increase in shoot accumulation of P, K, Ca, Mg, Fe, Cu, 

Zn, Mn, and B, recorded the highest plant growth (Table 2.4) and grain yield. However, the farmer-

selected varieties (Sanzie, Omondaw and Bensogla) showed lower water-use efficiency relative to the 

improved cultivars (ITH98-46 and TVu1509), just as sorghum (a C4 species) also showed a much higher 

water-use efficiency relative to cowpea (a C3 species).  
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Table 2.1: Selected soil chemical properties before planting.  

 

 pH  C  P K Ca Mg S Na Fe Cu Zn Mn B 

 CaCl2  g.kg-1       mg.kg-1      

Year                

2005 6.2±0.03   18.1±0.4  18.8±1.8 137.8±4.8 70.5±1.8 16.6±0.5 4.2±0.2 90.5±2.3 253.4±9.6 3.7±0.1 3.4±0.2 8.8±0.3 0.5±0.0 

                

2006 6.2±0.03  23.0±0.4  18.6±1.8 136.6±4.8 68.7±1.8 15.5±0.5 4.0±0.2 90.4±2.3 255.9±9.7 3.6±0.1 3.2±0.2 8.6±0.3 0.3±0.0 

Each value (Mean ± SE, n = 4) is the mean of pooled soil samples from the 88 experimental plots during 2005 and 2006. Soil carbon was high in 2006 

relative to 2005 possibly due to plenty of natural grasses resulting from long time fallow on the 2006 experimental plot relative to the one used in 2005. 
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Table 2.2: Effect of plant density and cropping system on chlorophyll level (mg.L-1) in leaves of cowpea (Vigna unguiculata L. Walp) and sorghum 

(Sorghum bicolor L. Moench).  

 

Treatment Chla Chlb Chla+b 

A: COWPEA    

Density (plants.ha-1)    
83,000 10.9±0.4a 2.5±0.1a 13.4±0.5a 
167,000 7.9±0.5b 1.7±0.1b 9.6±0.6b 

Cropping System    
Monoculture 10.9±0.4a 2.4±0.1a 13.3±0.6a 
Mixed culture 7.9±0.4b 1.8±0.1b 9.7±0.5b 
3 - Way ANOVA (F-Statistic)    
Density 28.3*** 28.1*** 28.8*** 
Cropping system 26.8*** 21.0*** 26.1*** 

 

B: SORGHUM 
   

Density (plants.ha-1)    
Sorghum in 83,000 8.77±0.42a 1.58±0.08a 10.35±0.49a 
Sorghum in 167,000 8.00±0.50b 1.40±0.10b 9.40±0.59b 

Cropping System    
Monoculture sorghum 10.85±0.00a 1.94±0.00a 12.79±0.00a 
Mixed culture (Sorghum + cowpea) 5.91±0.34b 1.05±0.07b 6.96±0.41b 
3 - Way ANOVA (F-Statistic)    
Density 6.3* 7.2** 6.7* 
Cropping system 261.3*** 172.9*** 251.1*** 

Values (Mean ± SE, n = 4) followed by dissimilar letters in a column are significantly different at *P≤0.05; **: P≤0.01; ***: P≤0.001. Results of 

different cowpea genotypes are not shown because they were not significant. Plant density figures have been rounded up from 83,333 to 83,000 plants.ha-

1 and from 166,666 to 167,000 plants.ha-1. Chla = Chlorophyll a; Chlb = Chlorophyll b. 
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Table 2.3: Effect of plant density and cropping system on photosynthesis and gas-exchange parameters of leaves of cowpea (Vigna unguiculata L. Walp) 

and sorghum (Sorghum bicolor L. Moench).  

Treatment A E Ci Gs WUE 

 µmol CO2.m
-2.s-1 mmol H2O.m-2.s-1 

mmol CO2.mol -1 
air 

mmol.m-2.s-1 
mmol CO2.mol-1 H2O 

A: COWPEA      
Density (plants.ha-1)      

83,000  20.4±0.7a 4.0±0.1a 234.8±5.1a 0.4±0.0a 5.1±0.1a 
167,000 15.6±0.7b 3.4±0.1b 209.1±4.5b 0.3±0.0b 4.5±0.1b 

Cropping system      
Monoculture 20.6±0.6a 4.0±0.1a 238.9±5.2a 0.40±0.0a 5.2±0.1a 
Mixed culture 15.5±0.7b 3.4±0.1b 205.0±3.5b 0.31±0.0b 4.5±0.1b 

Genotypes      
Bensogla 18.2±1.1a 3.6±0.1a 221.1±6.7a 0.3±0.0a 5.0±0.2a 
ITH98-46 17.9±1.4a 3.6±0.2a 207.4±6.8a 0.3±0.0a 4.9±0.2a 
Sanzie 17.5±1.3a 3.9±0.1a 232.6±8.4a 0.4±0.0a 4.4±0.2a 
TVu1509 17.9±1.3a 3.7±0.1a 228.0±11.5a 0.4±0.0a 4.8±0.3a 
Omondaw 18.6±1.1a 3.8±0.1a 220.7±5.8a 0.4±0.0a 4.9±0.2a 
3 - Way ANOVA (F-Statistic)      
Density 36.1*** 32.5*** 21.0*** 23.4*** 16.4*** 
Cropping system 40.2*** 37.4*** 36.5*** 16.8*** 18.9*** 
Genotypes 0.2 1.9 2.3 1.4 1.8 

B: SORGHUM      
Density (plants.ha-1)      

Sorghum in 83,000 19.9±0.4a 2.76±0.1a 142.45±6.8a 0.3±0.0a 8.7±0.2a 
Sorghum in 167,000 17.7±0.7b 2.4±0.1b 117.7±5.6b 0.2±0.0b 7.7±0.4b 

Cropping system      
Monoculture sorghum 21.5±0.0a 2.7±0.0a 148.3±0.0a 0.3±0.0a 9.5±0.0a 
Mixed culture  16.2±0.5b 2.3±0.1b 111.7±8.2b 0.2±0.0b 6.9±0.3b 
3 - Way ANOVA (F-Statistic)      
Density 31.5*** 15.0*** 11.0** 5.1* 22.2*** 
Cropping system 183.1*** 26.4*** 24.3*** 21.0*** 148.4*** 

Values (Mean ± SE, n = 4) followed by dissimilar letters in a column are significantly different at *P≤0.05; **: P≤0.01; ***: P≤0. 001. Plant density 
figures have been rounded up from 83,333 to 83,000 plants.ha-1 and from 166,666 to 167,000 plants.ha-1.
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Table 2.4: Effect of plant density and cropping system on shoot dry mass, 13C natural abundance, 

%C, and C content in shoots of cowpea (Vigna unguiculata L. Walp.) and sorghum (Sorghum 

bicolor L. Moench).  

 

Treatment Shoot dry mass δ
13C Shoot C Shoot C content 

 g.plant-1 ‰ % g.plant-1 

A: COWPEA     
Density (plants.ha-1)     

83,000  23.0±1.2a -28.2±0.1a 41.5±0.1a 9.5±0.5a 
167,000 18.8±1.0b -28.4±0.1b 40.8±0.2b 7.8±0.4b 

Cropping system     
Monoculture 23.9±1.1a -28.2±0.1a 41.7±0.1a 9.5±0.5a 
Mixed culture 17.8±1.1b -28.5±0.1b 40.5±0.2b 7.7±0.5b 

Genotypes     
Bensogla 20.2±1.9ab -28.4±0.1b 41.4±0.2b 8.4±0.8b 
ITH98-46 18.2±1.6b -28.0±0.1a 40.6±0.3c 7.4±0.7b 
Sanzie 25.4±2.1a -28.7±0.1c 41.8±0.2a 10.6±0.9a 
TVu1509 19.5±2.1ab -28.1±0.1a 40.6±0.3c 8.0±0.9b 
Omondaw 21.1±1.1ab -28.5±0.1b 41.3±0.2b 8.7±0.5b 
3 - Way ANOVA (F-Statistic) 
Density 9.5** 11.6** 22.5*** 10.3** 
Cropping system 20.5*** 26.1*** 68.7*** 9.6** 
Genotypes 3.3* 16.3*** 11.5*** 3.6* 

B: SORGHUM     
Density (plants.ha-1)     

Sorghum in 83,000  33.5±1.2a -12.1±0.0a 43.0±0.4a 14.5±0.6a 
Sorghum in 167,000 24.1±0.7b -12.3±0.1b 41.84±0.5b 10.2±0.4b 

Cropping system     
Monoculture 33.4±1.1a -11.91±0.0a 44.6±0.0a 14.9±0.5a 
Mixed culture  24.3±0.9b -12.54±0.1b 40.3±0.4b 9.8±0.4b 
3 - Way ANOVA (F-Statistic) 
Density 95.9*** 26.0*** 12.2*** 109.1*** 
Cropping system 89.2*** 239.0*** 168.0*** 149.1*** 

Values (Mean ± SE, n = 4) followed by dissimilar letters in a column are significantly different at 

*P≤0.05; **: P≤0.01; ***: P≤0.001. Interactive effects are not shown for they were not 

significantly different. Plant density figures have been rounded up from 83,333 to 83,000 

plants.ha-1 and from 166,666 to 167,000 plants.ha-1. 
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Table 2.5: Comparison of chlorophyll levels, photosynthetic rates and gas-exchange parameters in cowpea (Vigna unguiculata L. Walp) and sorghum 

(Sorghum bicolor L. Moench).  

Values (Mean ± SE, n = 4) followed by dissimilar letters in a column are significantly different at *P≤0.05; **: P≤0.01; ***: P≤0.001. 
 
 

 

 
 

 

 

 

 
 

 

 

 

 

 

Treatment A E Ci Gs WUE Chl a Chl b Total Chl δ
13C Shoot C 

 µmol CO2 

m-2 s-1 

mmol m-2 s-1 
mmol CO2 mol -1 

air 

mmol m-2 s-1 
mmol CO2 

mol-1 H2O 

mg.L-1 
‰ % 

           

Cowpea 18.0±0.5a 3.7±0.1a 221.9±3.7a 0.4±0.0a 4.8±0.1b 9.4±0.4a 2.1±0.1a 11.5±0.4a -28.3±0.1b 41.1±0.1b 

           

Sorghum 18.8±0.4a 2.5±0.1b 130.0±4.6b 0.2±0.0b 8.2±0.2a 8.4±0.3b 1.5±0.1b 9.9±0.4b -12.2±0.1a 42.4±0.3a 

One - Way ANOVA (F-Statistic) 

           

 1.5 225.4*** 246.8*** 45.0*** 238.8** 4.4* 32.0*** 7.6** 63961.1** 15.9*** 
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Fig.2.1: Correlation and regression analysis between δ13C and WUE in A) Cowpea and B) Sorghum.
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CHAPTER 3 

 

 

 

 

 

 

 

 

 

CHANGES IN RHIZOSPHERE MINERAL CONCENTRATION CAUSED BY 

DIFFERENCES IN ROOT UPTAKE AND PLANT GROWTH OF FIVE COWPEA 

(VIGNA UNGUICULATA L. WALP.) GENOTYPES GROWN IN MIXED CULTURE 

AND AT DIFFERENT DENSITIES WITH SORGHUM (SORGHUM BICOLOR L. 

MOENCH.)  
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3.1 Introduction 

 

Root and soil interactions during plant growth induce changes that make rhizosphere soil to differ from 

bulk soil (Xiaoping and Darlene, 1998). These changes are caused by root uptake of nutrients, microbial 

activity, and/or components of root exudates (Marschner, 1995; Hinsinger, 2001; Dakora and Phillips, 

2002). Plant species differ in their uptake of soil nutrients. Legumes and cereals, for example, take up 

significantly different amounts of nutrients from the rhizosphere; and in so doing, legumes acidify the 

rhizosphere (Beleke et al., 1983; Hinsinger et al., 1993; Hinsinger and Gilkes, 1995; Dakora and Phillips 

2002) through excess uptake of cations during N2 fixation. Additionally, rhizosphere concentration of 

nutrients can be altered by agronomic practices such as cropping systems and planting patterns (Bais et 

al., 2001). Stress is also known to lead to root exudation of minerals and organic compounds as a result of 

stress can further modify the rhizosphere (Marschner, 1995; Dakora and Phillips, 2002). 

 

Recent studies have shown that changes in the mineral concentration of the rhizosphere can also be caused 

by species differences. For example, legumes are known to secrete more acid phosphatases in the 

rhizosphere than cereals, often leading to greater enzyme activity and increased P availability (Chapter 4). 

Thus, when legumes are grown in mixtures with cereals, especially where roots are in close proximity, 

they can potentially enhance P supply to the associated cereal plants. In fact, the white lupin (Lupinus 

albus L.) is reported to increase P uptake by wheat (Triticum aestivum L.) when grown together; and 

pigeon pea (Cajanus cajan L.) also similarly improved P nutrition of sorghum in a mixed culture situation 

(Ae et al., 1990; Shane and Lambers, 2005). Because of its ability to secrete Fe-solubilising 

phytosiderophores (Römheld, 1991), maize enhanced Fe nutrition in peanut when grown in mixed culture 

with this legume (Zhang et al., 2004). Peanut and pigeon pea have also been suggested to increase P 

availability through contact reactions at the cell wall interface (Ae et al., 1996; Ae and Shen, 2002). 

However, this mechanism still remains to be properly understood. 

 

Although we have recently gained considerable insights into nutrient dynamics in the rhizosphere, little is 

known about the mineral concentrations of plant rhizosphere, especially when grown in different cropping 

systems and/or plant densities. This study measures and compares the mineral concentrations in the 

rhizosphere of five nodulated cowpea genotypes and sorghum, grown in mixed culture and at different 

densities. The study further relates the changes in rhizosphere mineral concentrations with uptake in 

shoots and whole plants, as well as with plant growth. 
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3.2 Materials and methods 

 

3.2.1 Site description and Experimental design 

 

Site description and experimental design are as reported in section 2.2.1 and 2.2.2 respectively.  

 

3.2.2 Collection and preparation of rhizosphere soil 

 

At 67 d after planting (DAP), rhizosphere soil was collected from around the roots of both cowpea and 

sorghum plants for enzyme and nutrient analysis. The soil around single plants was excavated to about 30 

cm or more, and the intact soil on the roots removed for up to 16 cowpea plants per plot or 8 sorghum 

plants per plot. The soil adhering tightly to the roots (about 30 – 50 g) was shaken off into a pre-labelled 

plastic bag. The rhizosphere soil samples were then taken to the laboratory, air dried, and sieved (2 mm 

mesh) for chemical analysis. 

 

3.2.3 Plant harvest and sample preparation 

 

At 67 DAP, during early pod development, sixteen and eight plants of cowpea and sorghum were 

respectively harvested from the middle rows of each plot. The plants were carefully dug out with intact 

root system, washed, and separated into nodules, roots, shoots and pods in the case of cowpea, while 

sorghum plants were separated into only roots and shoots. The plant organs were oven-dried at 60°C for 

48 hrs and ground into fine powder (2 mm sieve) and stored, prior to analysis for mineral elements 

concentration in the plant organs. 

 

3.2.4 Measurement of soil pH  

 

The pH levels of both bulk and rhizosphere soils were measured in 0.01M CaCl2 solution (1:2.5 soils: 

CaCl2).  
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3.2.5 Determination of plant-available minerals in rhizosphere soils 

 

Extractable P, K, Ca, Mg and Na were determined by the citric acid method as developed by Dyer (1894) 

and modified by the Division of Chemical Services (DCS, 1956) and Du Plessis and Burger (1964). A 20 

g air-dried soil sample was extracted in 200 mL of 1% (w/v) citric acid, heated to 80°C, shaken for 2 min 

at 10-min intervals over 1 h period and filtered. A 50 mL aliquot was heated to dryness on a water bath, 

digested with 5 mL of concentrated HCl and HNO3, evaporated to dryness on a water bath, and 5 mL of 

concentrated HNO3 and 20 mL of de-ionized water added. The mixture was then heated to dissolve the dry 

residue, and the sample filtered. Measurement of P, K, Ca, Mg and Na were then done directly by 

aspiration on a calibrated simultaneous inductively coupled plasma (ICP) mass spectrophotometer 

(IRIS/AP HR DUO Thermo Electron Corporation, Franklin, Massachusetts USA).  

 

The determination of S and B in the soil was done by adding 20 g of soil in 0.01M Ca(H2PO4)2.H2O 

extracting solution (FSSA, 1974), followed by filtering. Sulphur was determined by direct aspiration on a 

calibrated simultaneous inductively coupled plasma (ICP) spectrophotometer (IRIS/AP HR DUO Thermo 

Electron Corporation, Franklin, Massachusetts, USA). 

 

The trace elements Fe, Cu, Zn, Mn and Al were extracted from soil using di-ammonium 

ethylenediaminetetraacetic (EDTA) acid solution [Trierweiler and Lindsay (1969), modified by Beyers 

and Coetzer, (1971)]. The extractants were analysed for Fe, Cu, Zn, Mn and Al using ICP-MS 

spectrometry (IRIS/AP HR DUO Thermo Electron Corporation, Franklin, Massachusetts, USA). 

 

3.2.6 Measurement of mineral elements in plant tissue 

 

Measurements of macro elements (P, K, Ca, Mg, and Na) and micro elements (Fe, Cu, Zn, Mn, Al and B) 

were determined by ashing 1 g ground sample in a porcelain crucible at 500°C overnight. This was 

followed by dissolving the ash in 5 mL of 6 M HCl and placing it in an oven at 50°C for 30 min and 35 

mL of deionised water was added. The mixture was filtered through Whatman no. 1 filter paper. Mineral 

elements concentration in plant extracts were determined using the ICP (Giron, 1973). Sulphur was 

determined by wet digestion procedure using 65% nitric acid. In each case, 1 g of milled plant material 

was digested overnight with 20 mL of 65% nitric acid in a 250 mL glass beaker. The beaker containing 

the extract was then placed on a sand bath and gently boiled until approximately 1 mL of the extract was 

left. After that, 10 mL of 4 M nitric acid was added and boiled for 10 min. The beaker was removed from 

the sand bath, cooled, and the extract washed completely in a 100 mL volumetric flask and the extract 

filtered through Whatman no. 2 filter paper. The S in the sample was then determined (FSSA, 1974) by 
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direct aspiration on the calibrated simultaneous ICP-MS. Nutrient uptake (macroelements) was then 

calculated from the following relationship: 

 

( ) ( ) ( )11

.

1 ... −−− ×= plantgODMgmgONplantmgN massdryconcuptake  

 

and for microelements,  

 

( ) ( ) ( )11

.

1 ... −−− ×= plantgODMggONplantgN massdryconcuptake µµ  

 

Where: Nuptake = nutrient uptake, ONconc = organ nutrient concentration, Odry mass = organ dry mass, DM = 

dry mass. 

 

Whole-plant mineral uptake (mg.plant-1 or µg.plant-1) was calculated as the sum of the uptake of 

individual organs (i.e. nodules, roots, shoots and pods). 

 

3.2.7 Statistical analysis 

 

A 3-factorial (3-Way ANOVA) analysis involving cropping systems, plant density and cowpea genotypes 

was used to analyse the data. Also, one-way ANOVA was used to compare nutrient concentration in the 

rhizosphere and uptake of cowpea and sorghum plants. The analysis was performed using the 

STATISTICA software of 2007 version (StatSoft Inc., Tulsa, OK, USA). Fisher’s least significant 

difference (LSD) was used to compare treatment means at P≤0.05 level of significance (Steel and Torrie, 

1980).  
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3.3 Results 

 

3.3.1 A comparison of mineral concentrations in bulk and rhizosphere soils of cowpea and 

sorghum 

 

The concentrations of P, K, S, Na and Zn were lower in rhizosphere of cowpea relative to bulk soil (Table 

3.1). The level of Cu was however similar, while the levels of Ca and Mg were greater in the rhizosphere 

compared with bulk soil (Table 3.1). With sorghum, only K, S, and Na were decreased in the rhizosphere, 

in contrast to P, Ca, Mg, Cu, and Zn, which showed an increase in the rhizosphere (Table 3.1). Organic 

matter levels were surprisingly lower in cowpea and sorghum rhizosphere soils relative to bulk soil (Fig. 

3.1A). The rhizosphere pH of cowpea was also significantly lower than those of sorghum and bulk soil 

(Fig. 3.1B). 

 

3.3.2 Effect of cowpea genotypes on rhizosphere mineral concentration, plant growth and 

elemental content  

 

Analysis of mineral concentrations in the rhizosphere soil of five cowpea genotypes revealed significant 

differences among them. Cowpea genotype Sanzie consistently showed significantly much lower levels of 

the macronutrients P and Ca (Table 3.2), and decreased concentration of the trace element Cu (Table 3.3). 

Even where the rhizosphere levels of K, Mg, Na, S, Fe, Zn and Mn were not statistically different, they 

were nevertheless lower in magnitude compared with the other cowpea genotypes (Tables 3.2 and 3.3). 

 

The lower concentration of minerals in the rhizosphere of the cowpea cv. Sanzie (whether significant, or 

only lower in magnitude), was caused by higher root uptake of these elements. As shown in Table 3.2, 

Sanzie showed significantly much greater amounts of P, K, Ca, Mg, Na, and S per plant compared with 

the other four cowpea genotypes. Even with the trace elements, the cultivar Sanzie again exhibited greater 

accumulation of Fe, Cu, Zn, Mn and B in tissues compared with the genotypes Bensogla, Omondaw, 

TVu1509 and ITH98-46 (Table 3.3). The manifestation of the greater accumulation of minerals by Sanzie 

was a significantly increased plant growth, measured as shoot or whole-plant biomass (Table 3.2). In 

contrast to Sanzie,  ITH98-46, which had a much higher concentration of minerals such as P, Ca and Cu in 

its rhizosphere, also showed lower accumulation of these minerals in whole plants, and hence a relatively 

lower level of plant growth (Table 3.2). 
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3.3.3 Effect of plant density and cropping system on rhizosphere pH  

 

Increasing cowpea density from 83,000 to 167,000 plants.ha-1 significantly decreased (P≤0.05) the 

rhizosphere pH of cowpea plants (Fig. 3.1C). Relative to monoculture, mixed culture also significantly 

decreased the rhizosphere pH of cowpea (Fig. 3.1D).  

 

3.3.4 Effect of plant density on the mineral concentration in the rhizosphere of cowpea genotypes 

 

Increasing cowpea plant density from 83,000 to 167,000 plants.ha-1 significantly decreased (P≤0.05) the 

concentrations of P, K, Ca, Mg, Na, S, Fe, Cu, Zn, Mn and B in the rhizosphere of cowpea plants (Fig. 

3.2A, B), leading to reduced levels of these minerals in  cowpea plants (Fig. 3.3).  

 

3.3.5 Effect of cropping system on the mineral concentration in the rhizosphere of cowpea 

genotypes  

 

Growing cowpea in mixed culture with sorghum significantly (P≤0.05) decreased the concentrations of P, 

K, Ca, Mg, Na, S, Fe, Cu, Zn, Mn and B in the rhizosphere of cowpea plants (Fig. 3.2C, D), leading to 

markedly decreased content in tissues (Fig. 3.4).  

 

3.4 Discussion 

 

In Africa, most farmers grow two or more crops (usually legumes in mixture with cereals) simultaneously 

on the same field in an effort to improve food security and their livelihoods using the available meagre 

resources. Such agronomic practices involving different crop components in the region, is often 

accompanied with the depletion of different mineral elements in their rhizosphere, thus, portraying 

variation in mineral elements concentration in rhizosphere and plant tissue. Understanding the status of 

mineral elements concentration in the rhizosphere of legumes and cereal plants (i.e. cowpea and sorghum) 

growing as crop components in sole or mixed culture as done in this study, is one way of improvising 

better soil fertility management strategies in such cropping systems. However, the range and rate of 

depletion of these mineral elements from the rhizosphere and ultimate uptake to plant tissues for greater 

grain yields will depend on plant density, cropping systems and legume cultivars or plants species 

involved. Although a limited number of studies have been documented on the composition and 

distribution pattern of a few macro-elements in the rhizosphere and plant tissues, none have addressed 
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legume plant density, cropping systems and cowpea cultivars as factors influencing the mineral elements 

concentration in the rhizosphere and the amount in plant tissues. As a result, information on the effect of 

these factors remains poorly understood in Africa. In the current study, rhizosphere and bulk soil and 

tissue mineral elements concentration was characterised and or determined, using two cowpea plant 

densities, two cropping systems and five cowpea genotypes grown either as sole crop or in mixture with 

sorghum.  

 

Results showed that mineral elements concentration in the rhizosphere of cowpea genotypes and sorghum 

were significantly different from that of the bulk soil (Table 3.1) suggesting greater root uptake rates that 

would have exceeded their replacement through the soil solution either by mass flow and diffusion 

processes as shown by Yanai et al. (2003). Likewise, the use of different genotypes in cropping systems in 

this study created variation in mineral elements demand from their rhizosphere. As a result, the 

surrounding rhizosphere was strategically modified through root exudation and uptake and/or deposition 

of mineral elements. For example, due to dependency on N2 fixation, legumes (N2 fixing plants) such as 

cowpea is known to take up higher amounts of mineral elements from their rhizosphere as they are 

required for plant growth and N2 fixation compared with sorghum which is a non-fixing plant (Ae et al., 

1990; Marschner, 1995). Consequently, their rhizosphere was acidified which was not only enhanced by 

the release of H+ but also by the change in cation/anion ratio (Tang et al., 1997, 2001), a process which 

could lead to variation in mineral element concentration in the rhizosphere compared with the bulk soil 

(Xiaoping and Darlene, 1998; Wang et al., 2001; Dakora and Phillips, 2002; Cornu et al., 2007). 

 

In contrast, the data also showed increased Ca2+ and Mg2+ in the rhizosphere of cowpea and sorghum 

plants ascribed to several mechanisms including reduced pH (Fig. 3.1). Increased rhizosphere pH is 

probably a result of increased plant density and mixed culture leading to both increased root exudation and 

net release/uptake of H+ by roots in response to NH4/NO3 uptake (Marschner, 1995) or altered 

cation/anion ratio in response to nutrient stress, as reported by Haynes (1990) and Xiaoping and Darlene 

(1998). Increased H+ in the rhizosphere soil observed in this study suggests not only the presence of high 

concentration of competing polyvalent cations in the rhizosphere soil, or a steep H+ slope across the 

plasma membrane which may act as a driving force for anion transport, but also decreased charge density 

of the root cell walls, conditions necessary for reduced Ca2+ and Mg2+ loading of the apoplast of roots. As 

a result, the uptake rate of these mineral elements is impaired or inhibited, consequently, leading to their 

accumulation in the rhizosphere soil (Youssef and Chino, 1987). Greater competing effect of Mn2+ in 

soybean species for example, is known to reduce the uptake of Mg2+ (Heenan and Campbell, 1981), thus, 

accumulating in the rhizosphere soil. Similarly, Ca2+ and Mg2+ have been reported to be higher in the 

rhizoplane of millet compared with bulk soil (Bagayoko et al., 2000). On the other hand, Inal and Gunes 

(2008) reported decreased shoot Na+ concentration in peanut (Arachis hypogea L) indicating that this 
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mineral element could have been accumulated in the rhizosphere of such legume. Besides increased H+, 

the data also suggest other mechanisms including mass flow driven by root water uptake and transpiration 

at a rate exceeding plant uptake (Barber et. al., 1962; Marschner, 1998); higher ability of H+ to easily 

replace Ca2+ and Mg2+ in the apoplast of root cortex due to lower exchange power (Horst, 1987; 

Marschner, 1989) and restriction of Ca2+ membrane transport in order to maintain a certain range of free 

Ca2+ concentration in the cytosol compared with K+ (Gilroy et al., 1989). Overall, the result will be 

reduced uptake rate of these mineral elements, consequently, accumulating into the rhizosphere soil of 

these species as reflected in the low uptake in such plants (Table 3.1).  

 

Results of One-Way ANOVA showed that mineral elements concentration in the rhizosphere of both 

cowpea and sorghum were altered by changing plant density or cropping systems (Table 3.1). However, 

these mineral elements were reduced more in cowpea cultivars compared with sorghum species. The 

higher demand of mineral elements from the rhizosphere by cowpea cultivars for plant growth and N2 

fixation and the species-to-species competition for growth factors suggest reduced mineral elements 

concentration in the rhizosphere of cowpea compared with sorghum species (Table 3.1) as reported in 

some studies (Delhaize et al., 1993; Dakora and Phillips, 2002, Hinsinger et al., 2003).  

 

The data also revealed that, different cowpea genotypes significantly altered the mineral element 

concentration in their rhizosphere (Table 3.2) suggesting variation in mineral elements requirements for 

growth, N2 fixation and grain yield formation. For example, in contrast to cv. ITH98-46, Sanzie genotype 

had lower mineral elements concentration in the rhizosphere soil signalling greater growth, higher uptake 

of mineral elements (Table 3.2), higher N-fixed (Chapter 6) and grain yield (Chapter 5).  Similar to the 

data in this study, different depletion rates from the rhizosphere resulting from different species or 

cultivars have also been reported (Marion and Ursula, 1999; Fan et al., 2001).  

 

In conclusion, assessment of mineral elements concentration in the rhizosphere of cowpea and sorghum 

showed that high plant density and mixed culture altered mineral elements concentration in the 

rhizosphere soil compared with the bulk soil. In addition, results also showed that concentrations of these 

mineral elements were significantly decreased in the rhizosphere of cowpea compared with sorghum 

plants. Furthermore, the data also showed that cv. ITH98-46 was superior in the accumulation of P, Ca 

and Cu in their rhizosphere (lower nutrient uptake) compared with cv. Sanzie (higher nutrient uptake). In 

all, this result suggest that different genotypes under different agronomic practices may lead to significant 

variation in the concentration of mineral element in the rhizosphere and plant nutrient uptake, thus, 

enabling proper choice of crop components in cropping systems as well proper soil fertility management 

strategies for greater grain yield in Africa. 
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Table 3.1: Comparison between bulk soil and rhizosphere soils of cowpea and sorghum species.  

 

Treatment  P K  Ca  Mg  S  Na  Fe  Cu  Zn  Mn  B  

       mg.kg-1      

             

Bulk soil  18.8±1.8b 137.8±4.8a 70.5±1.8c 16.6±0.5c 4.2±0.2a 90.5±2.3a 253.4±9.6a 3.8±0.1b 3.4±0.2a 8.8±0.3a 0.5±0.0a 

Rhizosphere soil 

Cowpea    14.4±0.9c 112.5±2.5b 729.2±22.2b 186.8±4.7b 3.5±0.3b 61.7±1.9c 249.2±7.7a 4.0±0.1ab 3.0±0.1b 8.4±0.3a 0.5±0.0a 
 
Sorghum  

 
29.3±1.2a 122.5±2.8b 771.7±21.4b 210.4±7.4a 2.8±0.1c 77.8±2.3b 245.5±6.0a 4.2±0.1a 5.2±0.3a 8.6±0.2a 0.5±0.0a 

 
One - Way ANOVA (F-Statistic) 

  28.8*** 12.8*** 534.1** 475.7** 11.5*** 45.2** 0.2 6.7** 28.8*** 0.7 3.2 

Values (Mean ± SE, n = 4) followed by dissimilar letters in a column are significantly different at **: P≤0.01; ***: P≤0.001. 
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Table 3.2: Concentration of macro-elements in the rhizosphere soil, plant mineral content and plant growth of five cowpea genotypes planted under 

different plant densities and cropping systems.  

 

Treatment  P K Ca Mg Na S  Plant growth 

          

 

Rhizosphere mineral concentration  

     mg.kg-1
    xg.whole plant-1 

Genotypes          

Bengsogla  13.4±1.7ab 111.1±5.4a 686.3±44.0ab 184.9±10.1a 59.8±3.5a 3.3±0.5a  25.6±2.3ab 
ITH98-46  19.6±3.2a 119.9±6.9a 826.4±57.3a 203.7±11.8a 68.9±5.7a 4.3±0.8a  20.8±2.0b 
Sanzie  11.6±1.0b 105.3±4.2a 640.1±36.0b 174.7±8.7a 57.4±2.9a 3.1±0.4a  28.2±2.6a 
TVu1509  14.2±1.2ab 116.3±5.0a 792.6±51.2ab 191.5±9.4a 62.3±3.7a 3.7±0.5a  22.1±2.3b 
Omondaw  13.3±1.6b 109.8±6.3a 700.5±47.0ab 179.4±11.6a 60.3±4.4a 3.3±0.6a  26.4±2.2ab 
One - Way ANOVA (F-Statistic) 
Genotypes  3.8** 1.3 3.7** 2.3 1.2 1.6  4.3** 

 

Whole-plant mineral content 

     mg.plant-1
    

yg.plant shoot-1 

Genotypes          

Bengsogla  95.6±12.0ab 784.0±157.2ab 483.0±69.9abc 137.2±16.3ab 21.6±3.0ab 14.2±2.2abc  18.7±1.7ab 
ITH98-46  67.3±9.1b 505.2±58.3b 331.5±41.8c 107.0±14.2b 15.6±2.0b 9.3±1.5c  15.9±1.3b 
Sanzie  102.6±14.6a 821.1±132.3a 566.4±85.0a 163.1±18.7a 25.4±3.7a 16.3±2.8ab  21.4±1.7a 
TVu1509  73.8±10.7ab 592.3±86.9ab 392.1±65.2bc 116.5±17.0b 17.4±2.9b 10.0±2.0bc  17.3±1.7ab 
Omondaw  104.0±14.4a 722.4±80.7ab 509.3±60.6ab 141.7±14.7ab 22.1±2.7ab 18.6±3.6a  17.9±0.9ab 
One - Way ANOVA (F-Statistic) 
Genotypes  5.0** 2.9* 6.1*** 4.8** 5.0** 5.3**  3.6* 
x: Data for whole plant dry mass, y: Data for shoot dry mass. Values (Mean ± SE, n = 4) followed by dissimilar letters in a column are significantly 

different at *: P≤0.05; **: P≤0.01; ***: P≤0.001. 
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Table 3.3: Concentration of micro-elements in the rhizosphere soil and plant mineral content of five cowpea genotypes planted under different plant 

densities and cropping systems.  

 
Treatment  Fe Cu Zn Mn B 

Rhizosphere mineral concentration 
    mg.kg-1   

Genotypes       
Bengsogla  239.9±13.9a 3.8±0.2ab 3.0±0.3a 8.2±0.6a 0.47±0.02a 
ITH98-46  273.4±20.5a 4.3±0.2a 3.6±0.5a 9.1±0.7a 0.52±0.03a 
Sanzie  232.4±15.0a 3.7±0.1b 2.8±0.2a 7.7±0.5a 0.48±0.02a 
TVu1509  262.8±14.2a 4.1±0.2ab 2.9±0.2a 8.6±0.4a 0.50±0.02a 
Omondaw  237.2±20.9a 3.9±0.2ab 2.8±0.2a 8.2±0.7a 0.47±0.03a 
One - Way ANOVA (F-Statistic) 
Genotypes  2.1 4.2** 1.9 1.2 1.1 

Whole-plant mineral content 
    µg.plant-1

   

Genotypes       

Bengsogla  46182.6±15623.7a 664.0±173.6b 2089.7±274.1ab 838.2±136.3ab 1258.1±150.9ab 
ITH98-46  20542.1±3354.5a 461.7±99.0c 1526.7±189.3b 602.0±88.4b 947.9±110.4b 
Sanzie  40108.2±7806.5a 1070.5±295.6a 2552.7±347.3a 992.6±166.6a 1427.5±167.9a 
TVu1509  25041.0±6254.3a 798.2±341.6b 1811.1±309.4b 696.2±138.3ab 1052.7±153.4b 
Omondaw  47363.6±12189.2a 662.7±126.9b 2090.2±222.2ab 837.3±101.0ab 1299.8±136.5ab 
One - Way ANOVA (F-Statistic) 
Genotypes  2.7 1.5* 4.9** 3.6* 4.7** 

Values (Mean ± SE, n = 4) followed by dissimilar letters in a column are significantly different at *: P≤0.05; **: P≤0.01.  
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Fig. 3.1: Effect of: (A) plant density on rhizosphere pH of cowpea; (B) cropping systems on rhizosphere pH of cowpea and 

comparison of: (C) pH and (D) Organic carbon in the rhizosphere soils of cowpea and sorghum with bulk soil.
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Fig. 3.2: Effect of plant density on cowpea rhizosphere concentration of mineral elements: (A) P, K, Ca, Mg, Na and Fe; (B) S, Cu, 

Zn, Mn and B; and cropping systems: (C)  P, K, Ca, Mg, Na and Fe; (D) S, Cu, Zn, Mn and B. 
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Fig. 3.3: Effect of plant density on cowpea mineral content: (A) P, K, Ca and Mg; (B) Na and S; (C) Fe; (D) Cu, Zn, Mn and B 
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Fig. 3.4: Effect of cropping systems on cowpea  mineral content: (A) P, K, Ca and Mg; (B) Na and S; (C) Fe; (D) Cu, Zn, Mn and B
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ELEVATED LEVELS OF ACID AND ALKALINE PHOSPHATASE 

ACTIVITY IN ROOTS AND RHIZOSPHERE SOIL OF COWPEA (VIGNA 

UNGUICULATA L. WALP.) REVEAL ENHANCED P NUTRITION, 

IMPROVED PLANT GROWTH AND INCREASED GRAIN YIELD IN 

GENOTYPES GROWN IN MIXED CULTURE AND AT DIFFERENT 

DENSITIES WITH SORGHUM (SORGHUM BICOLOR L. MOENCH)  
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4.1 Introduction 

 

Plants roots secrete a variety of organic compounds, enzymes, and root border cells into the rhizosphere 

(Dakora and Phillips, 2002). Acid and alkaline phosphatases are some of the enzymes commonly 

encountered in the rhizosphere of plants (Vincent et al., 1992). The acid phosphatases are found in root 

exudates and plant organs, as well as in the rhizosphere soil of plants (Duff et al., 1994), while alkaline 

phosphatases are produced mainly by soil microbes (Tabatabai, 1994). Both acid and alkaline 

phosphatases are important in P availability in soils and its regulation in plant organs (Bieleski, 1973; Duff 

et al., 1994). Acid and alkaline phosphatases are therefore closely associated with organic phosphate 

mineralisation, liberation of inorganic P by dephosphorylation of organic P in soils, and internal utilisation 

of Pi reserves and other Pi-containing compounds in plant vacuoles (Dick et al., 2000; Richardson et al., 

2005). The availability and uptake of inorganic P is essential for plant growth and development (Taylor et 

al., 1989), and P supply by acid and alkaline phosphatase activity depends on cultural practices as well as 

the plant species or genotype. Agronomic practices such as plant density and cropping system are 

therefore reported to affect soil phosphatase activity (Gregorich et al., 1997; Eivazi et al., 2003) leading to 

a correlation of enzyme activity and P stress imposed by such practices (Li et al., 1997; Hayes et al., 

1999). Enhanced organic-P utilization by cereals is apparently a major factor behind increased cereal 

yields in mixed legume/cereal cultures (El Dessougi et al., 2003; Liu et al., 2004).  

 

The level of secretion of acid phosphatases can vary with crop type and species (Yan et al., 2001; 

Nuruzzaman et al., 2006) as some genotypes possess a remarkable ability to mobilize sparingly soluble 

soil P (Braum and Helmke, 1995) in excess of that needed to meet metabolic requirements (Gahoonia et 

al., 1997; Neumann et al., 1999). There are thus differential inter-specific genetic variations in root 

secretion of enzymes and acid phosphatase activity (Tadano et al., 1993), which increases with P 

deficiency, and decrease with exogenous P supply (Gunes and Inal, 2008). Differences in acid 

phosphatase activity have therefore been found in sorghum, common bean (Phaseolus vulgaris L.), pigeon 

pea (Cajanus cajan L.), white lupin (Lupinus albus L.) and Arabidopsis (Arabidopsis thaliana L.) (Tadano 

et al., 1993; Subbarao et al., 1997; Wasaki et al., 1999;  Haran et al., 2000; Nuruzzaman et al., 2006, 

Wasaki et al., 2008). 

 

In Africa, cowpea is the major indigenous food legume cultivated by resource-poor farmers, usually in 

soils that are very poor in plant-available P. Screening cowpea genotypes for their ability to naturally 

promote increased P availability and uptake via the activity of acid and alkaline phosphatases in root 

exudates would be one way to increase cowpea yields in farmers’ fields. Unfortunately, no such data 

currently exist for cowpea in Africa. This study assesses five cowpea genotypes grown in mixed culture 



 47 

and at different densities with sorghum for their acid and alkaline phosphatase activities both in the 

rhizosphere and in fresh roots in order to identify cowpea genotypes with high P uptake efficiency. 

 

4.2 Materials and methods 

 

4.2.1 Site location, description and experimental design  

 

Site description, location and experimental design are as reported in section 2.2.1 and 2.2.2 respectively 

 

4.2.2 Collection and preparation of rhizosphere soil 

 

Collection and preparation of rhizosphere soil is as described in section 3.2.2 

 

4.2.3 Bioassay of acid and alkaline phosphatase activity in rhizosphere soil 

 

The activity of acid and alkaline phosphatases in the rhizosphere were assayed following the method of 

Eivazi and Tabatabai (1977), modified by Hedley et al. (1982). The p-nitrophenyl phosphate tetrahydrate 

was used in the colorimetric assay of acid and alkaline phosphatases. One mL p-nitrophenyl phosphate 

tetrahydrate was dissolved in acetate buffer previously adjusted to pH 6.5 with 0.1 M HCl and to pH 11.0 

with 0.1 M NaOH for acid and alkaline phosphatase, respectively. For each enzyme activity, 1.0 g of fresh 

rhizosphere soil in duplicates was transferred to a 50 mL Erlenmeyer flask and each treated separately 

with 0.2 mL of toluene and 4 mL of modified universal buffer (MUB) at pH 6.5 or 11 for acid or alkaline 

phosphatases respectively. For each soil sample, controls were included where p-nitrophenyl phosphate 

tetrahydrate was added after halting the reaction by adding 1 mL of 0.5 M NaOH and 4 mL of 0.5 M 

CaCl2 immediately before filtration. Samples were mixed thoroughly and incubated at 37ºC for 1h. 

Following incubation, enzyme activity was halted by addition of 1 mL of 0.5 M NaOH and 4 mL of 0.5 M 

CaCl2. The contents were mixed and filtered through Whatman No. 2 filter paper. The supernatant was 

transferred to vials and the absorbance of the supernatant read at 420 nm using a spectrophotometer 

(UV/Visible Spectrophotometer, Pharmacia LKB. Ultrospec II E). In order to account for non-enzymatic 

substrate hydrolysis, values for controls were subtracted from sample replicates. After correction for soil 

moisture content, the enzyme activity was expressed on soil dry wt basis as µg p-nitrophenol.g-1 soil dry 

weight.h-1. One unit of acid phosphatases activity was defined as the activity per gram soil which 

produced 1 µmol p-nitrophenol per hour 
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4.2.4 Bioassay of acid phosphatase activity in root tissue 

 

Acid phosphatase activity of fresh root tissues from cowpea and sorghum plants was determined as 

described by Liu et al. (2004). In this method 0.5 g of fresh root tissue was taken, frozen immediately in 

liquid nitrogen, ground in a cold mortar with acetate buffer (0.2 mM, pH 5.2) and a little quartz sand. The 

total volume of acetate buffer used to grind and transfer into the Eppendorf tube was 8 mL. The root 

extract was centrifuged at 10,000 x g for 20 min at 4°C. 0.2 mL supernatant was added to 8.8 mL acetate 

buffer (0.2 mM, pH 5.2) and 1 mL p-nitrophenyl phosphate tetrahydrate (150 mM). The reaction mix was 

incubated at 30°C for 30 min. After incubation, 5 mL 0.5 M NaOH was immediately added to terminate 

the reaction and to develop colour. The supernatant was transferred into vials and the absorbance of the 

supernatant read at 405 nm using a spectrophotometer (UV/Visible Spectrophotometer, Pharmacia LKB. 

Ultrospec II E). The enzyme activity in root tissue was expressed on a fresh weight (FW) basis as µg p-

nitrophenol g-1 FW.h-1. 

 

4.2.5 Determination of plant-available minerals in bulk and rhizosphere soils 

 

Determination of plant-available minerals in bulk and rhizosphere soils is as described in section 3.2.5 

 

4.2.6 Plant harvest and sample preparation 

 

At sixty seven days after planting, during early pod development, sixteen and eight plants of cowpea and 

sorghum were respectively harvested from the middle rows of each plot. The plants were carefully dug out 

with intact root system, washed, and separated into nodules, roots, shoots and pods in the case of cowpea, 

while sorghum plants were separated into only roots and shoots. The plant organs were oven-dried at 60°C 

for 48 h and ground into fine powder (0.85 mm sieve) and stored, prior to analysis for tissue P 

concentrations.  
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4.2.7 Measurement of P concentration in plant tissue 

 

Measurement of P concentration in plant organs is as explained in section 3.2.6 

 

4.2.8 Cowpea and sorghum grain yield 

 

At physiological maturity, cowpea pods and sorghum heads were harvested from the remaining inner rows 

of each plot, shelled, and grain yield assessed. 

 

4.2.9 Statistical analysis 

 

A 3-factorial design (3-Way ANOVA) involving density, cropping systems and cowpea genotypes was 

used to analyse rhizosphere acid and alkaline phosphatase activities, as well as acid phosphatase activities 

in roots of cowpea and sorghum plants, plant growth and grain yield. Analysis of data was performed 

using STATISTICA program 2007 (StatSoft Inc., Tulsa, OK, USA). Where the f-value was found to be 

significant, Fisher’s least significant difference (LSD) was used to compare treatment means at P≤0.05 

(Steel and Torrie, 1980).  

 

4.3 Results  

 

4.3.1 Effect of cowpea genotypes on acid and alkaline phosphatase activity in roots and 

rhizosphere soils 

 

Cowpea genotypes differed significantly (P≤0.05) in the acid phosphatase activity of their rhizosphere 

soils. As shown in Table 4.1, the rhizosphere soils of cowpea cultivars Sanzie, Bensogla and Omondaw 

showed significantly higher acid phosphatase activity relative to cv. ITH98-46 (which recorded the least 

enzyme activity). The alkaline phosphatase activity of rhizosphere soil was however similar for all the five 

cowpea genotypes (Tables 4.1 and 4.2). Enzyme assays using fresh roots of the five cowpea genotypes 

revealed significant differences in acid phosphatase activity, with cultivar Sanzie showing the highest 

activity when compared with the other four cowpea genotypes (Table 4.1).  
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4.3.2 Effect of plant density and cropping system on acid and alkaline phosphatase activity in 

roots and rhizosphere soils of cowpea and sorghum plants 

 

There were significant differences in acid and alkaline phosphatase activity associated with cowpea and 

sorghum plants with changes in cropping system and planting density (Fig. 4.1). For example, increasing 

cowpea plant population from 83,000 to 167,000 plants.ha-1 significantly (P≤0.05) raised both the acid and 

alkaline phosphatase activity in the rhizosphere soil of this legume (Fig. 4.1A), just as mixed culture (or 

intercropping) also increased the acid and alkaline phosphatase activity of cowpea rhizosphere soil (Fig. 

4.1B). 

 

Similar results were obtained when fresh root tissues were assayed for acid and alkaline phosphatase 

enzyme activity. High plant density increased the acid phosphatase activity in fresh cowpea roots, just as 

mixed culture (or intercropping) also increased acid phosphatase activity (Figs. 4.1A and 4.1B). 

 

As with cowpea, the acid and alkaline phosphatase activities of sorghum rhizosphere soil were 

significantly greater with increasing plant density (Fig. 4.1C). Mixed plant culture (or intercropping) also 

caused significantly increased levels of acid and alkaline phosphatase activity in the rhizosphere soil of 

sorghum plants (Fig. 4.1D). The acid phosphatase activity of fresh sorghum roots was increased at high 

plant density relative to low density (Fig. 4.1C) just as mixed culture (or intercropping) increased the acid 

phosphatase activity in fresh sorghum roots (Fig. 4.1D). 

 

4.3.3 Effect of plant species on acid and alkaline phosphatase activity of fresh roots and 

rhizosphere soil 

 

Acid and alkaline phosphatase activities of rhizosphere soils associated with cowpea plants were 

significantly higher than those of sorghum (Table 4.2). The acid phosphatase activity in fresh root tissues 

of cowpea was also significantly higher compared with that in sorghum roots (Table 4.2). 

 

4.3.4 Measurement of P concentrations in rhizosphere soils and different organs of cowpea plants 

 

The P level was lowest (and therefore highly depleted) in the rhizosphere soil of the cowpea cv. Sanzie 

relative to Omondaw and Bensogla, and highest in cv. ITH98-46 (Table 4.1). The tissue concentrations of 

P were similar in roots, but differed significantly in shoots, with cvs. Sanzie, Omondaw and Bensogla, 

which showed the highest P depletion in the rhizosphere, exhibiting the highest P accumulation in shoots. 

Total plant P concentrations were similar in pattern to shoots, as Sanzie, Omondaw and Bensogla again 

showed higher whole-plant P compared with the other two cowpea genotypes (Table 4.1). 
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4.3.5 Plant growth and grain yield as affected by cowpea genotype, plant density and cropping 

system 

 

There were marked differences in plant growth, with cowpea cv. Sanzie producing significantly more dry 

matter than cv. ITH98-46 and TVu1509 (Table 4.1). As a result, Sanzie also produced significantly more 

grain yield than cv. ITH98-46 (Table 4.1). Cowpea plants showed better growth at low planting density 

and increased growth in monoculture than in mixed culture (Table 4.1). 

 

4.3.6 Correlation analysis of acid and alkaline phosphatase activities with rhizosphere pH, 

rhizosphere soil P and organ P in cowpea plants 

 

When acid phosphatase and alkaline phosphatase activities from the field experiments were correlated 

with rhizosphere pH, rhizosphere soil P, and the levels of P in nodules, roots, shoots and pods of cowpea 

plants, the data showed highly significant (P≤0.05) relatedness (Table 4.3). For example, acid phosphatase 

activity was significantly correlated with rhizosphere pH (r = 0.76), rhizosphere soil P (r = 0.73), nodule P 

(r = 0.39), root P (r = 0.38), shoot P (r = 0.30) and pod P (r = 0.31). Alkaline phosphatase activity, on the 

other hand, was only significantly correlated with rhizosphere pH (r = 0.61), rhizosphere soil P (r = 0.51), 

root P (r = 0.21) and pod P (r = 0.19), but not to nodule P or shoot P (Table 4.4). 

 

4.3.7 Discussion 

 

In Africa, low N and P supply together with inadequate water constitute the major constraints to increased 

crop yields. Although application of chemical fertilizers could be an option for meeting crop nutrient 

requirements for increased yields, the high cost and inaccessibility of these chemical inputs make them 

unavailable to resource-poor farmers in Africa. The inclusion of N2-fixing legumes in cropping systems is 

one way to enhance N nutrition in farmers’ fields (Dakora and Keya, 1997; Dakora and Phillips, 2002, 

Naab et al., 2009). Thus, selecting symbiotic legumes with dual capacity for high N2 fixation and efficient 

P acquisition represents a novel approach for promoting N and P nutrition in crop plants for improved 

growth and increased yields. In this study, five cowpea genotypes were evaluated for high N2 fixation and 

enhanced P nutrition. We report here the results on improved P nutrition as the data on N2 fixation are 

detailed in chapter 6 of this thesis. Screening five cowpea genotypes (two inbred  cultivars and three 

farmer-selected varieties) for improved P nutrition under two contrasting plant densities and cropping 

systems over a two-year period revealed significant differences in the activity of enzymes associated with 

P supply. The farmer-selected local varieties (led by Sanzie) secreted more acid phosphatase than the 

inbred cultivars as the former consistently exhibited much higher acid phosphatase activity in rhizosphere 
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soils during the two years of field experimentation (Table 4.1). These greater enzyme activities in the 

rhizosphere of Sanzie, suggest greater release of P from organic sources for plant uptake. Assaying 

cowpea roots for acid phosphatase activity again identified Sanzie as the cultivar with the highest enzyme 

activity in root tissues (Table 4.1).  

 

When one combines the significantly high acid phosphatase activity in roots of cowpea cv. Sanzie with its 

high level of enzyme activity in the rhizosphere, a much greater P supply and significantly enhanced P 

nutrition would be expected in this genotype. Measuring P concentration in the rhizosphere indeed 

revealed a depletion of P by Sanzie roots (Table 4.1), an observation which was confirmed by tissue 

analysis that showed high P accumulation in shoots and whole plants of the cultivar Sanzie (Table 4.1). 

The effect of this improved P nutrition of the cultivar Sanzie (and also of Omondaw and Bensogla) was a 

greater production of plant biomass and greater grain yield by these three farmer-selected varieties (Table 

4.1). Furthermore, possibly because of the enhanced P nutrition from greater P supply via higher acid 

phosphatase activities in roots and the rhizosphere, Sanzie also fixed significantly more N2 in 2005 and 

2006 (75.3 ± 4.2 kg N.ha-1 and 86.5 ± 5.6 kg N.ha-1, respectively; see chapter 6 relative to the improved 

cultivars (ITH98-46 and TVu1509), which had much lower acid phosphatase activity in roots and 

rhizosphere, and therefore accumulated less P in shoots and whole plants (Table 4.1), resulting in 

relatively lower amounts of N-fixed (46.3 ± 5.0 kg N.ha-1 and 50.4 ± 5.6 kg N.ha-1 in 2005 vs. 51.4 ± 5.0 

kg N.ha-1 and 57.1 ± 7.0 kg N.ha-1 in 2006 for ITH98-46 and TVu1509, respectively; see chapter 6.  

 

In addition to the secretion of acid phosphatases by plant roots (as shown in this study) and also by 

specialized proteoid roots (Miller et al., 2001), plants can additionally use other mechanisms to enhance P 

acquisition in low-P soils. These include the production of organic acids (Dakora and Phillips, 2002) such 

as piscidic acid for solubilising Fe-P (Ae et al., 1990), the formation of specialized root cell walls (most 

likely “root border cells”, Hawes et al. (1998) for improved P nutrition (Ae and Shen, 2002), and the 

development of high-affinity phosphate transporters in roots (Mitsukawa et al., 1997; Smith, 2002) for 

enhancing P uptake in P-deficient soils. Of these, however, assaying for acid phosphatases in plant roots 

and rhizosphere soils (as done in this study) seems to be a simpler, quicker and easier technique for 

screening many crop genotypes for P uptake efficiency and P use efficiency. Although these acid 

phosphatases are also produced by other organs such as leaves, the leaf acid phosphatases probably 

promote internal P re-mobilization as they are reported to play no role in soil P supply to plants (Yan et 

al., 2001). 

 

It was interesting to note the significant species differences in plant secretion of acid phosphatases, with 

legume roots and legume rhizosphere soil showing greater enzyme activity relative to those of the cereal 

(Table 4.2). This finding is consistent with the observation that legume secretion of acid phosphatases can 
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be 72 % higher than that of cereals (Yadav and Tarafdar, 2001). Species variation in the secretion of acid 

phosphatases was similarly observed by Nuruzzaman et al. (2006). In this study, mixed culture induced 

greater acid phosphatase activity in cowpea than monoculture. This implies that, in a cowpea/sorghum 

intercropping system, the legume is likely to facilitate improved P acquisition by the cereal through 

former’s higher acid phosphatase activity in the rhizosphere. Li et al. (2004) has in fact showed that 

chickpea improved the P nutrition of its intercropped maize partner via higher acid phosphatase activity in 

the roots. In this study, higher plant density did not only stimulate greater root secretion of acid 

phosphatases, but also promoted microbial secretion of alkaline phosphatases (Fig. 4.1), with the acid 

phosphatase activity being generally higher than that of the alkaline phosphatases. Various studies (Ozawa 

et al., 1995; Miller et al., 2001; Nuruzzaman et al., 2006; Inal et al., 2007) have suggested that marked 

increases in acid phosphatase activity of plant roots is an adaptive mechanism to low P stress, and that 

competition for reduced P under high plant density (or mixed culture) is a major factor inducing acid 

phosphatase activity in the rhizosphere. 

 

To assess whether there is a relationship between root or rhizosphere phosphatase activity and P supply in 

the rhizosphere, correlation analyses were done between acid/alkaline phosphatase activities and the level 

of P in tissues and the rhizosphere, as well as pH (Table 4.3). The data clearly showed many significant 

correlations between acid/alkaline phosphatase activity and P in soil as well as P in plant organs. Different 

studies (Sharpley, 1985; Tarafdar and Jungk, 1987; Speir and Cowling, 1991) also found similar 

significant correlations between acid/alkaline phosphatase activity and P levels in plant organs and in the 

rhizosphere. Tarafdar and Jungk (1987) found increased acid phosphatase activity in the rhizosphere of 

white clover (Trifolium repens L.) and wheat (Triticum aestivum L.) roots, which significantly correlated 

(r = 0.97 and r = 0.99) with organic P depletion around the roots. More recently, significant correlations 

were reported between root acid phosphatase activity, rhizosphere acid phosphatase activity and 

rhizosphere P concentration in a peanut (Arachis hypogaea L.)/maize (Zea mays L.) and peanut (Arachis 

hypogaea L.)/barley (Hordeum vulgare L.) mixed culture (Inal and Gunes, 2007). Clearly, these data all 

suggest a direct relationship between acid/alkaline phosphatase activity and P supply in P-deficient soils. 

In conclusion, the results from this study indicate that the assay of acid phosphatase activity in roots and 

rhizosphere of cowpea can be used as a tool to select cowpea genotypes (and other legumes) for P uptake 

efficiency and P use efficiency for increased crop yield in Africa. 
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Table 4.1: Acid and alkaline phosphatase activity in the rhizosphere, roots, rhizosphere P concentration, P concentration in organs, plant growth and 

grain yield of five cowpea genotypes planted during 2005 and 2006.  

 
 Rhizosphere phosphatase 

activity 

 Root acid 

phosphatase 

 Rhizosphere P 

concentration 

 P concentration  Plant dry 

matter 

 Grain yield  

 
Acid Alkaline 

     Roots Shoots Whole 

plant 

    

Cowpea 

genotypes 

 
µg p-nitrophenol.g-1 soil 

dry wt.h-1
 

 (µg p-

nitrophenol.g-1 

FW.h-1
 

 

mg.kg-1 soil 

 

mg.g-1 DM 

 

g.plant-1
 

 

kg.ha-1
 

2005                

Bensogla  0.137±0.004a 0.05±0.002a  0.244±0.004b  13.38±1.74ab  1.99±0.09a 2.86±0.12a 3.43±0.15a  25.6±2.3ab  2063.4±225.7ab 

ITH98-46  0.129±0.004b 0.05±0.002a  0.242±0.004b  19.56±3.19a  1.92±0.11a 2.60±0.11b 3.14±0.16b  20.8±2.0b  1596.2±146.0b 

Sanzie  0.138±0.004a 0.05±0.003a  0.259±0.005a  11.63±1.05b  2.09±0.11a 2.95±0.13a 3.41±0.16a  28.2±2.6a  2415.0±133.2a 

TVu1509  0.133±0.004b 0.05±0.002a  0.241±0.003b  14.19±1.24ab  1.87±0.09a 2.76±0.12ab 3.17±0.13b  22.1±2.3b  2060.9±184.2ab 

Omondaw  0.140±0.005a 0.05±0.003a  0.247±0.005b  13.25±1.61b  1.95±0.05a 2.82±0.08a 3.43±0.13a  26.4±2.2ab  2180.7±135.6a 

One-way ANOVA (F-Statistic) 

  3.0* 0.6  4.3**  3.8**  2.2 3.3* 3.7*  4.3**  5.2** 

Values (Mean ± SE, n = 4) followed by dissimilar letters in a column are significantly different at *: P≤0.05; **: P≤0.01. The data for 2005 and 2006 

have been pooled together for they were similar. 
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Table 4.2: Comparisons of acid and alkaline phosphatase activity in the rhizosphere (µg p-nitrophenol.g-1 soil dry wt.h-1) and roots (µg p-nitrophenol.g-1 

FW.h-1) of cowpea and sorghum species. 

 

Treatment Rhizosphere soil  Root tissue 

 Acid phosphatase Alkaline phosphatase  Acid phosphatase 

Cowpea 0.14±0.002a 0.05±0.001a  0.25±0.002a 

     

Sorghum 0.12±0.002b 0.04±0.001b  0.22±0.001b 

One-way ANOVA (F-Statistic)     

 26.68*** 112.06**  113.32** 

Values (Mean ± SE, n = 4) followed by dissimilar letters in a column are significantly different at **: P≤0.01; ***:P≤0.001. The data for 2005 and 2006 
have been pooled together for they were similar 

 

 

Table 4.3: Correlation of acid and alkaline phosphatase activity with rhizosphere soil pH, rhizosphere P and organ P in cowpea genotypes grown under 

different plant densities and cropping systems. 

Treatments pH Rhizosphere P Nodule P Root P Shoot P Pod P 

 r t-statistic r t-statistic r t-statistic r t-statistic r t-statistic r t-statistic 

             

APA 0.76 t1,78 = 49.21*** 0.73 t1,78 = 12.41*** 0.40 t1,78 = 7.52*** 0.38 t1,78 = 9.97*** 0.30 t1,78 = 9.77** 0.31 t1,78 = 8.17** 

             

AlkPA 0.61 t1,78 = 57.53*** 0.51 t1,78 = 8.68*** 0.15 t1,78 = 6.94 0.21 t1,78 = 11.42* 0.17 t1,78 = 12.18 0.19 t1,78 = 9.74* 

Marked differences in bold are significantly correlated at *: P≤0.05; **: P≤0.01; ***: P≤0.001. APA = Acid phosphatase activity, AlkPA = Alkaline 
phosphatase activity. 
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Fig. 4.1: Effect of A) plant density and B) cropping system on acid and alkaline phosphatase in rhizosphere and  root tissues of 

cowpea; and C) plant density and D) cropping systems on acid and alkaline phosphatase in rhizosphere and  root tissues of 

sorghum. (APA: Acid phosphatases activity; AlkPA: Alkaline phosphatases activity)
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YIELD COMPONENTS OF NODULATED COWPEA (VIGNA 

UNGUICULATA L. WALP) GENOTYPES AND SORGHUM (SORGHUM 

BICOLOR L. MOENCH) GROWN UNDER DIFFERENT PLANT 

DENSITIES AND CROPPING SYSTEMS. 
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5.1 Introduction  

 

Cowpea is a valuable crop used by low input and small scale farmers in their traditional cropping systems 

in Africa (van Ek et al., 1997; Ayisi et al., 2000). Its tolerance to shading along with numerous other 

advantages ranging from food nutrition, soil fertility and conservation to weed control (Ayisi et al., 2000; 

Aliyu and Emechebe, 2006), makes it compatible as partner with a number of cereals (Blade et al., 1992) 

especially when there is no high competition for growth factors. Grain yields from cowpea and sorghum in 

the region have been reported to be dependent on plant stand, cropping systems and cultivars involved in 

such cropping systems (Haizel, 1972; Summerfield et. al., 1976; Chang and Shibles, 1985; Ofori and 

Stern, 1987; Hegstad et al., 1999). Due to these factors for example, cowpea seed yields have remained 

low, typically ranging between 100 - 400 kg.ha-1 in traditional systems relative to 3, 000 kg.ha-1 obtained 

from experimental stations (Ntare et al., 1993; Sivakumar et al., 1996). Poor planting pattern as practised 

in most farmers fields in Africa for instance, can lead to low plant growth due to reduced light, mineral 

elements, as well as other growth factors either as a result of insufficient plants or too many plants per unit 

area leading to plant-to-plant or species-to-species competition, thus, low seed yield (van Erk et al., 1997; 

Hauggaard et al., 2006). However, genotypes grown in mixture with cereals arranged in such a way that 

there is minimum competition and maximum complementarity between intercrops have been shown to 

increase grain yields over monoculture through greater land use efficiency (Agboola and Fayemi, 1972; 

Iragavarapu and Randall 1996; Hauggaard-Nielsen et al., 2001) indicating mixed culture advantage 

through the concept of land equivalent ratio (Willey, 1979; Clark and Myers, 1994; Silwana and Lucas, 

2002; Jahansooz et al., 2007). Comparing grain yields between rows in a cowpea - maize (Zea mays L.) 

mixed culture system for example, Asafu-Agyei et al. (1997) showed that in-field arrangement such that 

there is two rows of cowpea after two rows of maize gave greater grain yield of both crop components and 

greater land equivalent ratios than a one-to-one row. Although considerable knowledge has been 

accumulated on mixed culture system using different cereal partners (Connolly et al., 1990; Reddy et al., 

1992), data on the effect of plant density and cropping systems on yield components of different cowpea 

genotypes grown with or without sorghum as partner are inadequate, and thus, still needed in Africa. This 

study was, therefore, designed to assess the effect of plant density and cropping systems on yield 

components of five nodulated cowpea genotypes grown as mono crop or in mixture with sorghum.  
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5.2 Materials and methods 

 

5.2.1 Site location, description and experimental design 

 
The site location, description and experimental design are as described in chapter 2 sections 2.2.1 and 

2.2.2 respectively. 

 

5.2.2 Plant harvesting and analysis 

 

At physiological maturity, plants were counted and harvested for yield assessment. Yield assessment was 

carried from the middle rows of each plot excluding the border rows. From each plot, sixteen plants of 

cowpea were sampled from each plot to determine number of pods per plant, number pod bearing 

peduncles and number of seeds per pod.  From each plot of sorghum, eight plants were sampled for 

determination of weight of head per plant and weight of seed per plant. Both cowpea pods and sorghum 

heads were manually threshed and allowed to air dry up to moisture content of 13%. Grain yield of 

cowpea and sorghum plants was determined from each plot and 100-seed weight recorded. In order to get 

yield in tons per hectare, the seed weight per plant (expressed in tons) was multiplied by the number of 

plants per hectare. 

 

5.2.3 Estimation of biological efficiency and productivity of cowpea-sorghum mixed culture 

  

The biological efficiency and productivity of cowpea-sorghum mixed culture was evaluated by the land 

equivalent ratio (LER), defined as  the total land area required under monoculture to produce  the 

equivalent yields obtained under mixed culture as (Ofori and Stern, 1987): 
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Where: LERC and LERS = Partial land equivalent ratio for cowpea and sorghum respectively; YICc 

and YICs = Mass yields per unit area of cowpea and sorghum in mixed culture respectively; 

YMCc and YMCs = Mass yields per unit area of cowpea and sorghum in monoculture 

respectively; LERT = Total land equivalent ratio. 
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If LERT is greater than 1 (LERT > 1), mixed culture system has a yield advantage over monoculture.  

Similarly, if LERT is greater than 1 provides evidence of complementary resource use between crop 

components in mixed culture. However, when LERT is less than 1 (LERT < 1), then, there is a yield 

disadvantage from crops under mixed culture (Beets, 1982; Willey, 1985).  

 

5.2.4 Statistical Analysis 

 

Mean replicate values of yield components data collected were analysed statistically using a 3-factorial 

analysis of variance (ANOVA). The analysis was performed using the software of STATISTICA program 

2007 (StatSoft Inc., Tulsa, OK, USA). Fisher’s least significant difference (LSD) was used to compare 

treatment means at P≤0.05 (Steel and Torrie, 1980). 

 

5.3 Results 

 

5.3.1 Effect of density on yield components in cowpea and sorghum plants 

 

The number of pod bearing peduncles per plant (PBP), pods per plant, number of seeds per pod, weight of 

seeds plus pods per plant and 100-seed weight, were significantly (P≤0.05) reduced at high (167,000 

plants.ha-1) relative to low (83,000 plants.ha-1) plant density during 2005 and 2006 (Table 5.1). 

Consequently, seed yield in cowpea expressed on per plant basis was also significantly (P≤0.05) reduced. 

However, when expressed on per hectare basis seed yield in cowpea was increased due to greater number 

of plants per hectare (Table 5.1). High plant density similarly reduced (P≤0.05) the weight of heads per 

plant, 100-seed weight and seed yield per plant of sorghum during 2005 and 2006 seasons (Table 5.2).  

 

5.3.2 Effect of cropping systems on yield components in cowpea and sorghum  

 

During 2005 and 2006 cropping seasons, the number of pod bearing peduncles per plant, pods per plant, 

number of seeds per pod, weight of seeds plus pods per plant, 100-seed weight and seed yield per plant 

were all significantly (P≤0.05) decreased by changing the cropping system from mono to mixed culture 

(Table 5.1). Similar trend was observed in sorghum whereby weight of heads per plant, 100-seed weight 

and seed yield per plant were significantly (P≤0.05) reduced in mixed culture relative to monoculture 

(Table 5.2).  
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5.3.3 Effect of genotypes on yield components in cowpea and sorghum 

 

Cowpea genotypes performance varied (P≤0.05) with parameters. For example in 2005, shelling %, 100-

seed weight, weight of seeds plus pods and seed yield per plant was higher in farmer selected cultivars 

(cvs. Omondaw, Sanzie and/or Bensogla) relative to the improved variety (i.e. cv. ITH98-46, Table 5.1). 

However, number of pod bearing peduncles per plant and number of pods per plant were significantly 

higher in the improved varieties (cvs. TVu1509 and ITH98-46) relative to farmer selected cultivars (cvs. 

Omondaw, Sanzie and Bensogla). In 2006, weight of seeds plus pods, 100-seed weight, seed yield per 

plant in cv. Sanzie was generally higher followed by cvs. Omondaw and Bensogla compared with cv. 

ITH98-46 (Table 5.1). Just as observed in 2005 season, number of pod bearing peduncles per plant and 

number of pods per plant were higher in the improved varieties relative to the farmer selected cultivars 

(Table 5.1). Sorghum plants in mixture with TVu1509 genotype was significantly higher in weight of 

heads per plant and seed yield per plant compared with sorghum grown with Sanzie genotype during both 

2005 and 2006 cropping seasons (Table 5.2).  

 

5.3.4 Interactions 

 

Interaction of density x cropping system was significant (P≤0.05) on the number of seeds per pod in both 

2005 and 2006 seasons (Figs. 5.1A and B). However, in 2006 season, interaction of density x cropping 

system was significant only for the 100-seed weight (Fig. 5.1C). These parameters were reduced (P≤0.05) 

by greater plant density only under monoculture in contrast to when grown in mixed culture. Cropping 

system x cowpea genotypes interaction was significant (P≤0.05) on seed yield only in 2005 season (Fig. 

5.2). Whereas seed yield of Sanzie genotype was significantly higher relative to other cultivars under 

mixed culture, it was greater than only cv. ITH98-46 under monoculture (Fig. 5.2).  

 

5.3.5 Effect of density, cowpea genotypes on land equivalent ratio.  

 

A 2-way analysis of variance (ANOVA) involving density and cowpea genotypes showed that relative to 

low, high cowpea density reduced total land equivalent ratio (LERT). In general, total land equivalent ratio 

values observed in 2005 season were greater than those in the 2006 cropping season (Table 5.3). Whether 

low or high plant density, the result show that yields of cowpea and sorghum were increased by mixed 

culture as shown by the LERT values which were all greater than 1. The data also showed variation in 

LERT values in different cowpea genotypes, which were all greater than 1. However, the highest LERT 

value was observed in the Omondaw/sorghum mixed culture (Table 5.3). 
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5.4 Discussion 

 

Traditional cropping patterns, low yield from legume genotypes used as component crops, as well as poor 

agronomical practises by farmers in Africa, have until recently been the reason for low grain yield. 

Manipulation of planting densities, cropping systems as well as proper selection of potentially high yield 

legume genotypes is probably one means by which low input small scale farmers in Africa can realise 

higher grain yields and greater profit margins. In this study, low cowpea plant density was shown to have 

significantly increased pod bearing peduncles per plant, pods per plant, seeds per pod, 100-seed weight, 

weight of seeds plus pods and consequently higher grain yield (g.plant-1, Table 5.1). For example, the data 

showed that at low plant density, grain yield increased by 65.4% and 70.3% respectively in 2005 and 

2006. At high cowpea plant density however, grain yield (i.e. in kg.ha-1) was greater than at low plant 

density because of the larger number of plants that has to be multiplied by the grain yield. These data 

suggest that at low plant density, cowpea plants had a wider space which satisfied their light requirements 

for yield formation and relatively extensive soil volume to search for additional mineral elements and 

other resources for growth. This was because unlike high plant stand, in low plant density these resources 

are not limiting due to less pressure imposed on the growth factors between plant-to-plant and species-to-

species. Increased plant population density however, has been reported to decrease 100-seed weight and 

grain yield in soybean (Glycine max. L)/maize based cropping system and attributed to the effect of shade 

and possibly other inter-specific competitions (Willey, 1979; Yunusa, 1989).  

 

Similar to low cowpea plant density, growing cowpea in monoculture also significantly increased pods per 

plant, pod bearing peduncles per plant in cowpea relative to mixed culture during both 2005 and 2006 

(Table 5.1). As a result of increased cowpea yield components under monoculture, grain yield was also 

significantly increased in both 2005 and 2006 relative to mixed culture where yield components were 

reduced and therefore grain yield (Table 5.1). In this study, seed yield was in the average of 2.53 t.ha-1  in 

monoculture and 1.76 t.ha-1 in mixed culture (Table 5.1), clearly indicating that mixed culture reduced 

grain yield in cowpea during 2005 and 2006. The reduced grain yield under mixed culture in this study 

suggest that apart from species-to-species competition for mineral elements and water for plant growth, 

sorghum plants which were tall, may have deprived light by imposing shade on cowpea genotypes, thus, 

limiting light energy reaching cowpea plant leaves necessary for CO2 fixation and grain yield formation. 

In their studies involving cowpea-sorghum, black gram-sorghum and beans-maize mixed cultures, 

Nambier et al. (1983); Francis and Stern (1987); Santalla et al. (1999) and Gebeyehu et al. (2006) 

similarly reported lower yields in mixed culture relative to monoculture and ascribed them to shading 

imposed by sorghum or maize plants on the legume components. In other studies (Watiki et al., 1993; 

Dapaah et al., 2003), negative effects from cowpea-maize mixed culture was ascribed to competitive 
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advantage of maize over cowpea for light during growth and development (Ofori and Stern, 1987; Myaka, 

1995).  

 

Weight of head per plant (g), weight of seed per plant (g), 100-seed weight (g) and grain yield (kg.ha-1) of 

sorghum were significantly decreased at high cowpea plant density and mixed culture relative to low 

cowpea plant density (Table 5.1). The decreased yield components suggest interspecific competition due 

to cowpea genotypes and sorghum species exploring the same plant growth factors (Donald, 1958; 

Donald, 1963). As a result, seed yield in sorghum at high cowpea plant density was reduced by 12% in 

2005 and 19% in 2006 whereas in mixed culture the reduction was 28.6% in 2005 and 31.1% in 2006. In 

their studies Tilman (1988) and Vandermeer (1989) similarly showed that yield components of sorghum 

were lowered when density of soybean as component crop was increased. Efficiency of production could 

therefore be improved by minimising interspecific competition while maximising complementarity for 

growth resources between component crops. 

 

In this study, the cowpea genotypes were potentially different in terms of yield when subjected to altered 

plant density and cropping system. Of the five cowpea genotypes for example, cv. ITH98-46 was the 

lowest in grain yield (1.6 t.ha-1) than cvs. Sanzie (2.4 t.ha-1) and Omondaw (2.2 t.ha-1) during 2005, and 

lower only to cv. Sanzie (2.7 t.ha-1) in 2006 regardless of whether it was measured in g.plant-1 or t.ha-1 

(Table 5.1). These results clearly showed that these genotypes are potentially different from each other 

and can be adapted in farming practises involving mixed culture and varying plant densities. The 

differences observed between genotypes grown in mixed culture systems could be attributed to differences 

in the ability to access and compete efficiently for growth resources. Similar trend has also been reported 

in mixtures involving cowpea, Andean bean, pigeon pea, maize and wheat (Ae et al., 1990; Zhu et al., 

2001; Christiansen and Graham, 2002; Rengel, 2002 and Krasilnikoff et al., 2003; Pypers et al., 2006). 

 

Results from this study have also shown significant interaction of plant density x cropping system. 

Regardless of the cropping system used, number of seeds per pod (Fig. 5.1A and B) and 100-seed weight 

(Fig. 5.1C and D) were reduced by greater plant density compared with low plant density in contrast to 

mixed culture where these parameters were not significantly changed indicating that plant density controls 

these traits. Data also showed significant interaction of cropping system x genotypes.  For example, the 

seed yield of cv. Sanzie was greater (P≤0.05) than cvs. Bengsogla, ITH98-46 and TVu1509 under mixed 

culture, compared with monoculture where it was only higher than ITH98-46 (Fig. 5.2). The result 

suggests that selection targeting seed yield in cowpea genotypes should also be done in mixed culture 

rather than only under monoculture as similarly reported by Santalla et al. (1994); Tefera and Tana 

(2002); O’Leary and Smith (2004). Generally, the lowest grain yield in cv. ITH98-46 suggests that this 

genotype is a low yielding type regardless of cropping system. Additionally, data on the plant organ 
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mineral elements concentration (Chapter 3) showed that cv. ITH98-46 was the lowest, suggesting lower 

ability to compete and explore different resource pools for growth and consequently yield formation. This 

was also reflected in low amount of N-fixed in this genotype (Chapter 6). Yield components of sorghum 

grown with cvs. Sanzie and Bensogla showed significantly greater decrease in contrast to those grown 

with cv. TVu1509. The decreased yield components in sorghum plants could probably be associated to the 

intensified demand of growth factors by Sanzie and Bensogla genotypes which could have affected the 

growth of sorghum consequently poorly filled grains.  

 

In order to determine the effectiveness of mixed culture relative to growing crops as sole culture, land 

equivalent ratio (LER) was used as an index to compare the yields from the component crops. Results 

from this study have shown that LER under mixed culture at low plant density was higher relative to high 

plant density (Table 5.3). However, whether growing cowpea in mixture with sorghum at high or low 

plant density, total LER values were always greater than 1 (1.42 - 1.52) suggesting that seed yield 

produced in mixed culture at low or high plant density would have required 42 - 52% more land if planted 

as monoculture, indicating that land and growth factors were used more efficiently. The efficient use of 

resources leading to total LER values greater than 1 (LERT > 1) as reported in this study, are consistent 

with values reported from intercropping maize/soybean (Beets, 1994); mustard/pea (Pisum sativum L.; 

Waterer, 1994); soybean/wheat (Triticum aestivum L.; Li et al., 2001), maize/bean (Phaseolus vulgaris L.; 

Oljaca et al., 2000; Santalla et al., 2001) and maize/cowpea (Ndakidemi and Dakora, 2007) in mixed 

culture. 

 

Improved biological efficiency and productivity was also revealed in cowpea genotypes in mixed culture 

as indicated by different values of total land equivalent ratio (LERT). Total LER from the combinations of 

cowpea genotypes with sorghum range between 1.30 (Bensogla/sorghum) to 1.61 (Omondaw/sorghum) 

suggesting an overall total yield advantage from these intercrops in their mixed culture system relative to 

their counterparts in monoculture system. However, greatest yield advantage (61%) was obtained in 

Omondaw/sorghum and lowest (30%) in Bensogla/sorghum mixed culture. The greater total LER values 

observed in Omondaw/sorghum mixed culture could be ascribed to efficient use of both below and above 

ground plant growth resources in mixed culture relative to monoculture as similarly reported previously 

(Ofori and Stern, 1986; Fujita et al., 1990; Dapaah et al., 2003; Mazaheri et al., 2006, Ruginamhozi et al., 

2006).  

 

In conclusion, this study has shown that high cowpea plant density (167,000 plants.ha-1) and mixed culture 

reduced yield of both cowpea genotypes (g.plant-1) and sorghum species ascribed to inter- and intra-

specific competition for plant growth resources. Of the five cowpea genotypes, yield of cv. ITH98-46 

showed to be inferior relative to the other genotypes. Interaction results showed that yield of cv. Sanzie 



 65 

was superior to all, and together with cv. Omondaw (farmer selected cultivars) their yields were not 

affected by mixed culture. Furthermore, sorghum yield in mixture with cv.TVu1509 or cv. ITH98-46 

performed better compared to those in mixture with other cultivars. This study also showed greater total 

land equivalent ratio (LERT >1) indicating that reductions in the yield of cowpea and sorghum 

individually were not large enough to reduce the total grain yield per unit area in mixed culture compared 

with those of either crops in monoculture. In all, the data suggests that for higher grain yields in our 

cropping systems, genotypes such as cvs. Sanzie and Omondaw (farmer selected cultivars) with ability to 

compete for growth factors and produce high grain yield under robust agronomical practices such as high 

plant density and mixed culture systems should be adopted in Africa.
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Table 5.1: Effect of plant density and cropping systems on yield components of five cowpea (Vigna unguiculata L. Walp.) genotypes at harvesting 
stage planted in 2005 and 2006.  
Treatment No of PBP. 

plant-1 

No of Pods. 

plant-1 

No of 

Seed.pod-1 

Weight of seeds 

+ pods (g.plant-1) 

100-seed 

weight (g) 

Shelling (%) Seed yield 

(g.plant-1) 

Seed yield 

(t.ha-1) 

2005         

Density (plants.ha-1)         

83,000 12.5±0.6a 20.1±1.1a 11.3±0.5a 31.14±1.25a 10.0±0.3a 68.8±0.9a 21.4±0.9a 1.8±0.1b 

167,000 9.1±0.5b 16.8±1.1b 8.0±0.3b 21.12±1.11b 8.7±0.3b 66.2±1.0b 14.0±0.8b 2.3±0.1a 

Cropping system         
Monoculture 12.4±0.7a 20.0±1.4a 11.0±0.5a 29.72±1.35a 9.8±0.3a 68.7±0.9a 20.5±1.0a 2.4±0.1a 

Mixed culture 9.2±0.5b 16.9±0.7b 8.3±0.4b 22.54±1.25b 8.9±0.3b 66.4±1.0b 15.0±0.8b 1.7±0.1b 

Genotypes         

Bengsogla 8.9±0.8b 15.4±1.4b 10.4±0.9a 24.54±2.56b 10.1±0.2b 71.5±0.6a 17.7±2.0ab 2.1±0.2ab 

ITH98-46 11.1±1.4ab 18.4±2.1ab 8.5±1.0a 23.70±2.45b 8.6±0.3c 59.2±1.1c 14.2±1.6b 1.6±0.1b 

Sanzie 11.1±0.6ab 17.7±1.2b 10.4±0.5a 30.79±2.23a 10.2±0.3b 67.9±0.6b 20.9±1.5a 2.4±0.1a 
TVu1509 13.6±1.2a 24.6±2.1a 9.5±0.6a 26.30±2.24b 6.5±0.3d 66.4±1.3b 17.5±1.6ab 2.1±0.2ab 

Omondaw 9.2±0.5b 16.4±1.2b 9.5±0.7a 25.33±1.35b 11.4±0.2a 72.8±0.8a 18.4±1.0a 2.2±0.1a 

3 - Way ANOVA (F-Statistic) 

Density 24.4*** 5.6* 43.3*** 51.614*** 74.6*** 12.0** 70.1*** 22.3*** 

Cropping system 20.6*** 4.9* 28.4*** 26.455*** 30.4*** 9.1** 39.1*** 30.9*** 

Genotypes 5.7*** 5.4*** 2.1 3.167* 111.6* 40.0*** 5.9*** 5.2** 

2006         

Density (plants.ha-1)         

83,000 13.6±0.7a 20.9±1.2a 11.9±0.6a 31.14±1.39a 11.2±0.3a 71.0±0.9a 22.2±1.1a 1.9±0.1b 

167,000 10.0±0.6b 17.5±1.2b 8.3±0.4b 23.00±1.36b 9.9±0.3b 67.8±1.0b 15.6±0.9b 2.6±0.2a 

Cropping system         

Monoculture 13.5±0.7a 20.7±1.5a 11.5±0.6a 31.95±1.42a 11.0±0.3a 71.0±0.8a 22.7±1.0a 2.7±0.1a 
Mixed culture 10.1±0.5b 17.6±0.8b 8.6±0.4b 22.19±1.18b 10.1±0.3b 67.9±1.0b 15.1±0.8b 1.8±0.1b 

Genotypes         

Bengsogla 9.8±0.8b 15.8±1.5b 10.9±1.0a 25.47±2.72b 11.3±0.2a 73.0±0.6ab 18.8±2.1ab 2.2±0.3ab 

ITH98-46 12.4±1.4ab 19.2±2.2ab 8.8±1.1a 24.04±2.72b 9.8±0.3b 61.8±1.1d 15.0±1.8b 1.8±0.2b 

Sanzie 11.8±0.7b 18.3±1.2b 10.9±0.5a 31.39±2.24a 11.4±0.3a 71.3±0.5b 22.4±1.6a 2.7±0.2a 

TVu1509 15.4±1.1a 25.7±2.3a 9.9±0.7a 28.41±2.47ab 7.7±0.3c 65.9±1.2c 18.8±1.8ab 2.2±0.2ab 
Omondaw 9.7±0.4b 16.9±1.3b 9.9±0.8a 26.03±1.38b 12.6±0.2a 75.2±0.6a 19.6±1.1ab 2.3±0.1ab 

3 - Way ANOVA (F-Statistic) 

Density 27.8*** 5.3* 41.8*** 25.692*** 74.6*** 33.1*** 39.8*** 28.0*** 

Cropping system 24.2*** 4.6* 27.0*** 36.977*** 30.4*** 29.7*** 53.4*** 39.4*** 

Genotypes 9.5*** 5.6*** 2.0 2.581* 111.6*** 74.1*** 5.3** 4.0** 

Values (Mean ± SE, n = 4) followed by dissimilar letters in a column, are significantly different at *: P≤0.05; **: P ≤ 0.01; ***: P ≤0.001. There 
was significant interactive effect of density x cropping system in the number of seeds per pod and 100-seed weight in 2005 and 2006; genotypes x 
cropping systems and seed yield (in 2005) but are not shown in the table. (PBP= Pod bearing peduncles). Plant density figures have been rounded 
up from 83,333 to 83,000 plants.ha-1 and from 166,666 to 167,000 plants.ha-1. 
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Table 5.2: Effect of plant density and cropping systems on yield components of sorghum (Sorghum bicolor L. Moench.) at harvesting stage 
planted in 2005 and 2006.  
 

Treatment   2005     2006  

 Weight of 
head.plant-1 

Weight of seed 
(g.plant-1) 

Weight of 
100 seeds (g) 

Yield (t.ha-1)  Weight of 
head.plant-1 

Weight of seed 
(g.plant-1) 

Weight of 100 
seeds (g) 

Yield (t.ha-1) 

Density (plants.ha-1)          

Sorghum in 83,000 49.40±1.21a 28.37±0.66a 2.21±0.02a 1.58±0.04a  50.23±1.23a 28.63±0.66a 2.24±0.02a 1.59±0.04a 
Sorghum in 167,000 44.92±1.81b 24.95±1.13b 2.15±0.03b 1.39±0.06b  45.69±1.83b 25.11±1.14b 2.17±0.03b 1.40±0.06b 

Cropping system          
Monoculture sorghum 55.63±0.00a 31.56±0.00a 2.30±0.00a 1.75±0.00a  56.55±0.00a 31.81±0.00a 2.34±0.00a 1.77±0.00a 
Mixed culture 
(Sorghum : Cowpea) 

38.69±1.14b 21.75±0.79b 2.06±0.02b 1.21±0.04b 
 

39.38±1.16b 21.93±0.80b 2.08±0.02b 1.22±0.04b 

Genotypes          
Sorghum : Bengsogla 46.62±2.55ab 26.22±1.56ab 2.19±0.04a 1.46±0.09ab  47.41±2.59ab 26.42±1.57ab 2.22±0.04a 1.47±0.09ab 
Sorghum : ITH98-46 48.06±2.18ab 27.06±1.27ab 2.19±0.03a 1.50±0.07ab  48.87±2.21ab 27.26±1.28ab 2.22±0.04a 1.51±0.07ab 
Sorghum : Sanzie 44.86±2.91b 25.35±1.80b 2.16±0.04a 1.41±0.10b  45.62±2.95b 25.50±1.82b 2.19±0.05a 1.42±0.10b 
Sorghum : TVu1509 49.23±2.40a 27.94±1.60a 2.16±0.04a 1.56±0.09a  50.07±2.44a 28.26±1.59a 2.20±0.04a 1.57±0.09a 
Sorghum : Omondaw 47.04±2.48ab 26.73±1.43ab 2.19±0.04a 1.49±0.08ab  47.84±2.52ab 26.92±1.44ab 2.22±0.04a 1.50±0.08ab 
3 - Way ANOVA (F-Statistic) 
Density 33.6*** 47.0*** 10.3** 46.7***  32.7*** 53.5*** 17.0*** 53.4*** 
Cropping system 478.7*** 386.5*** 181.8*** 382.3***  468.3*** 422.1*** 241.1*** 422.9*** 
Genotypes 3.6* 3.0* 0.5 3.1*  3.5* 3.6* 0.7 3.6* 

Values (Mean ± SE, n = 4) followed by dissimilar letters in a column, are significantly different at *: P≤0.05; **: P≤ 0.01; ***: P≤0.001. Although 
there were significant interactions, they are not reported in this table since density and genotypes were not varied. Plant density figures have been 
rounded up from 83,333 to 83,000 plants.ha-1 and from 166,666 to 167,000 plants.ha-1.
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Table 5-3: Estimated yield advantage measured as total land equivalent ratio at different densities 
and cropping systems in 2005 and 2006 cropping seasons (n = 4).  
 

    

Treatment 2005  2006 

    

Density (plants.ha-1)    
83,000  1.52±0.05  1.45±0.04 
167,000 1.42±0.06  1.38±0.06 

Cropping system    
Bensogla : Sorghum 1.30±0.10  1.28±0.10 
ITH98-46 : Sorghum 1.54±0.09  1.40±0.07 
Sanzie : Sorghum 1.47±0.06  1.37±0.09 
TVu1509 : Sorghum 1.44±0.07  1.43±0.07 
Omondaw : Sorghum 1.61±0.06  1.60±0.05 

Plant density figures have been rounded up from 83,333 to 83,000 plants.ha-1 and from 166,666 to 
167,000 plants.ha-1. 
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Fig. 5.1: Interactive effects of density and cropping system on A) No of seeds per pod in 2005, B) 

No of seeds per pod in 2006, C) 100-seed weight of cowpea in 2005 and D) 100-seed weight of 

cowpea in 2006.
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Fig. 5.2: Interactive effects of cropping system and genotypes on yield of cowpea in 2005. Data 

for 2006 are not shown here for they were not significant.
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EFFECT OF LEGUME PLANT DENSITY AND MIXED CULTURE ON 

SYMBIOTIC N2 FIXATION IN FIVE COWPEA (VIGNA UNGUICULATA L. 

WALP.) GENOTYPES IN SOUTH AFRICA 
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6.1 INTRODUCTION 

 

Symbiotic legumes are an important component of the cropping systems in tropical agriculture because of 

their ability to contribute fixed-N to associated cereal and other non-legume crops (Peoples et al., 1995). 

The contribution of N2 fixation is particularly important in Africa, where N is one of the most limiting 

mineral nutrients for plant growth (Palm and Sanchez, 1991). Values of N contribution by various 

legumes, including cowpea (Vigna unguiculata L. Walp.) are quite high, ranging from 50 - 300 kg N.ha-1 

yr-1 (Peoples et al., 1995; Dakora and Keya, 1997). In Ghana, a local cowpea genotype has been estimated 

to fix as much as 201 kg N.ha-1 season-1, and provided about 42 kg N to a following maize (Zea mays L.) 

crop (Dakora et al., 1987).  

 

The levels of N2 fixation have however been suggested to be dependent on a number of factors, ranging 

from plant density, legume species, crop management to cultural systems (Kumar Rao et al., 1996). As a 

result, the amount of N-fixed has been found to vary with different cropping systems (Fujita et al., 1992; 

Jensen, 1996; Xiao et al., 2004). In mixed cultures, for example, reduced photosynthesis in leaves can 

occur in the legume due to shading by cereal, and thus, lower N2 fixation (Wahua and Miller, 1978; Trang 

and Giddens, 1980). It has also been shown that in a cereal/legume mixture, planted at a density of 1:4, N 

contribution by legume to cereal was equivalent to 96 kg fertiliser N ha-1(Walsh, 1995), indicating that 

greater legume density enhances nodule activity. The only critique of many of these earlier studies is that 

single legume genotypes were used in the density and mixed culture experiments with no chance for 

genotypic comparisons. This study examines the effect of plant density and cropping system on N2 

fixation in five cowpea genotypes at different levels of crop improvement. 

 

6.2 Materials and methods 

 

6.2.1 Site location, description and experimental design 

 

Site location, description and experimental design are as reported in section 2.2.1 and 2.2.2 respectively. 

 

6.2.2 Plant harvest and sample preparation 

 

At 67 days after planting during early pod development, 16 and 8 plants of cowpea and sorghum were 

respectively harvested from the middle rows of each plot. The plants were carefully dug out with intact 
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root system, washed, and separated into nodules, roots, shoots and pods in the case of cowpea, while 

sorghum plants were separated into only roots and shoots. The plant organs were oven-dried at 60°C for 

48 h and ground into fine powder (0.85 mm sieve) and stored, prior to analysis for 15N natural abundance.  

 

6.2.3 
15

N/
14

N isotope analysis and determination of %Ndfa 

 

The isotope ratio of 15N/14N and the concentration of N in cowpea plant organs weighing 1 mg (nodules), 

2 mg (roots or shoots), 1.5 mg (pods) and in sorghum plant organs weighing 2.5 mg (roots or shoots) were 

transferred into tin capsules and injected into a Thermo Flash Elemental Analyser 1112 via a Thermo 

Conflo III devise coupled to a Thermo Finnigan Delta Plus XP Stable Light Isotope Mass Spectrometer. 

15N abundance is usually expressed in a relative, δ (delta) notation, which is the ‰ deviation of the 15N 

natural abundance of the sample from atmospheric N2 (= 0.36637 atom % 15N) (Unkovich et al., 1994):  
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Whole plant 15N natural abundance was calculated as an average of δ15N in all plant organs weighted by 

their respective total N contents as described by Robinson et al. (2000):  
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The 15N natural abundance technique was used to quantify plant reliance upon N2 fixation for growth 

(%Ndfa) as follows (Shearer and Kohl, 1986):  
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Where δ15Nref is the 15N natural abundance of the non - N2 fixing reference plant and B is the 15N natural 

abundance of N2 fixing plant relying on atmospheric N2 as the sole N source. The B value is included in 

the equation to account for 15N discrimination during the N2-fixing process in plant (Evans et al., 2001). 

Sorghum from monoculture plots was sampled as reference plants for assessing the 15N enrichment of soil. 

The δ15N values (‰) of the reference plant material used in 2005 were: 6.077 for roots, 9.997 for shoots, 

pods and whole plant; in 2006 the values were: 5.912 for roots, 10.32 for shoots, whole plant, and 9.836 
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for pods. The B (‰) values of cowpea organs were: -1.759 for shoots, -0.94 for roots, -1.4713 for pods 

and -0.6333 for whole plant (S.B.M. Chimphango and F.D. Dakora, unpublished data). 

 

The amount of N in cowpea and sorghum plant parts was calculated by multiplying the organ’s dry matter 

by its %N.  

 

organorgan NmgmassDryplantmgNofAmount %)().( 1 ×=−
 

 

The proportion of N derived from fixation (Ndfa) was calculated by multiplying total N in the organ by 

%Ndfa from the respective plant organ. These were then added together to get the value on a whole-plant 

basis. This amount was then multiplied by plant density to convert to per hectare basis.  

 

organorganfixed NdfamgNofAmountplantmgN %)().( 1 ×=−
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6.2.4 Cowpea grain yield 

 

At physiological maturity during both 2005 and 2006, cowpea pods were harvested from the remaining 

inner rows of each plot, shelled, and grain yield assessed. 

 

6.2.5 Statistical Analysis 

 

A 3-factorial design involving plant density, cropping system and cowpea genotypes was used to 

statistically analyse the data collected. The analysis was performed using the software of STATISTICA 

program 2007 (StatSoft Inc., Tulsa, OK, USA). Fisher’s least significant difference was used to compare 

treatment means at P≤0.05 (Steel and Torrie, 1980). 
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6.3 RESULTS 

 

6.3.1 Effect of plant density on growth and symbiotic performance of cowpea genotypes  

 

Increasing plant density significantly (P≤0.05) altered plant growth, δ15N (15N natural abundance), %N 

and %Ndfa in all plant organs of cowpea during 2005 and 2006. More specifically, increasing cowpea 

density from 83,000 to 167,000 plants.ha-1 reduced (P≤0.05) the dry matter of shoots, roots, pods and 

nodules, and therefore whole-plant biomass (Table 6.1). The %N in all organs of cowpea was similarly 

decreased with increasing plant density (Table 6.2), just as the amounts of N-fixed in shoots, pods and 

whole plants of cowpea were reduced (P≤0.05) with increasing plant density (Table 6.4), in contrast to 

%Ndfa which increased (P≤0.05) with greater plant density (Table 6.3). Increasing cowpea plant density 

significantly increased the grain yield of this legume during both 2005 and 2006 (Table 6.4). 

 

6.3.2 Effect of mixed culture on plant growth and symbiotic performance 

 

In all instances, growing cowpea in monoculture resulted in larger organ development and whole plant 

growth (Table 6.1) with significantly (P≤0.05) greater N concentrations in tissues (Table 6.2). Plants from 

monoculture showed greater δ15N values, which indicate lower levels of N2 fixation compared with mixed 

culture (Table 6.3). Consequently, the %Ndfa of monocultured plants was consistently lower than those in 

mixed culture (Table 6.3). As a result of the greater plant growth and %N in tissues of cowpea plants 

grown in monoculture, their total plant N was significantly higher compared with mixed culture (Table 

6.4). The amount of N-fixed was also greater in plants under monoculture relative to those in mixed 

culture (Table 6.4). At physiological maturity, the grain yield of cowpea was significantly greater in 

monoculture compared with mixed culture during both 2005 and 2006 (Table 6.4). 

 

6.3.3 Effect of genotypes on symbiotic performance 

 

In general, the three unimproved farmer varieties Sanzie, Omondaw and Bensogla showed better growth 

compared with the two improved cultivars (Table 6.1). During 2005 and 2006, Sanzie showed much better 

growth compared with the other genotypes (Table 6.1). The %N of organs was also greater in Sanzie 

relative to the rest (Table 6.2). The δ15N values of genotypes were however similar (Table 6.3). As a 

result, the %Ndfa data were also similar at whole-plant level in 2005, but differed significantly in 2006 

with cv. Bensogla and Omondaw deriving more N from symbiotic fixation (Table 6.3). However plant 
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total N and N-fixed were highest in cv. Sanzie compared with the other genotypes (Table 6.4). As a result, 

grain yield was also significantly higher in cv. Sanzie compared with the other four genotypes during both 

2005 and 2006 (Table 6.4). 

 

6.3.4 Interactive effects of legume density and cropping system  

 

There was a significant interaction between cropping system and plant density. Whether cultivated as 

monoculture or mixed culture, cowpea plants consistently showed lower levels of %N in shoots, and N 

content of roots, shoots, pods (Fig. 6.1), and whole plants (Fig. 6.2), as well as fixed-N in shoots and 

whole plants (Fig. 6.2) at high plant density compared with low plant density. 

 

6.3.5 Interactive effects of plant density and cowpea genotypes. 

 

There was also a significant interaction between plant density and cowpea genotypes. It was noteworthy to 

note that the five cowpea genotypes behaved differently under the same plant density. Compared with the 

other genotypes Sanzie, for example, showed greater root growth under low plant density while at high 

density cv. ITH98-46 developed the least root mass (Fig 6.3A). As a result of the higher root mass in 

2005, the cv. Sanzie had the greatest total plant biomass (Fig 6.3B), a pattern similar to cv. ITH98-46,  

which showed the lowest root mass in 2005 and therefore the lowest total dry matter (Fig 6.3B). The 2006 

data also showed cv. Sanzie as the genotype with the highest plant growth under low plant density (Fig 

6.3C), even though its pod dry matter was significantly lower relative to cv. Omondaw under the same 

conditions of low plant density (Fig 6.3D). During both 2005 and 2006, the cv. Bensogla was consistently 

the highest producer of roots, and total biomass under high plant density (Fig 6.3A, B, C and D). 

 

The interaction between plant density and genotypes was significant (P≤0.05) for %N in pods, and N 

content of shoots, pods and whole plants, as well as for fixed-N of pods and whole cowpea plants. For 

example, N concentration of pods from cv. Sanzie was greater than that of the cultivar Omondaw under 

low, but not high, plant density (Fig 6.4A and B). Shoot N was higher in cv. Sanzie than the other 

cultivars at low plant density; while at high density it was greater than only cv. ITH98-46 (Fig 6.5A). 

Similarly, the Sanzie genotype was higher in plant total N (Fig 6.5C and D) and N-fixed compared with 

the rest at low plant density (Figs 6.6C, D and E). However, pod-N and pod fixed-N was highest in cv. 

Omondaw relative to the other genotypes at low plant density (Fig 6.5B, 6.6C). A significant interaction 

was also observed for %Ndfa of pods, with that of TVu1509 being higher than those of cvs. Bensogla and 

ITH98-46, but not Sanzie or Omondaw at low plant density (Fig 6.6A and B). 



 77 

 

6.3.6 Interactive effects of cropping system and cowpea genotypes  

 

A significant (P≤0.05) interaction of cropping system and cowpea genotypes was observed during both 

2005 and 2006. While under monoculture there were no significant differences between cowpea 

genotypes, the δ15N of pods was lower in cultivar Sanzie compared to ITH98-46 when the two species 

were intercropped (Fig 6.7A). However, the %Ndfa of cv. Omondaw was greater than that of cv. Bensogla 

in monoculture, while in mixed culture, %Ndfa of shoots in cv. Omondaw was greater than that of cvs. 

Sanzie and TVu1509 (Fig 6.7B), and %Ndfa of Sanzie pods also higher than that of ITH98-46 (Fig 6.7C 

and D). 

 

6.4 DISCUSSION 

 

6.4.1 Effect of plant density and cropping system on N2 fixation in cowpea 

 

Farmers in Africa are frequently confronted with poor crop yields as a consequence of low soil nutrient 

fertility. The inclusion of symbiotic legumes in cropping systems is one approach African farmers use to 

improve soil nutrient fertility for increased yields. However, the level of N contribution by symbiotic 

legumes is dependent on the legume plant density, the cropping system and the choice of legume 

genotype. While a few studies have examined legume plant density and cropping systems as factors 

affecting cowpea yields in Africa, none has addressed symbiotic N nutrition in the species. Thus, the 

effect of plant density on N2 fixation and N contribution by cowpea, in particular, remains unknown in the 

traditional cropping systems of Africa. In this study, cowpea N2 fixation was evaluated, using five 

genotypes in two plant densities and two cropping systems. The data showed that plant growth and N2 

fixation in the five cowpea genotypes were significantly altered by treatment densities and cropping 

systems during both 2005 and 2006. The use of lower plant density (i.e. 83,000 plants.ha-1), a population 

that mimicked farmer practice, significantly increased plant growth, tissue N concentration and δ15N 

values at both organ and whole-plant level (Tables 6.1, 6.2, and 6.3). Because of the high δ15N values (i.e. 

low N2 fixation) of cowpea plants from the low density treatment, the %Ndfa was much lower relative to 

cowpea from higher plant density. However, as a result of the greater biomass produced by cowpea at low 

plant density, the actual amounts of N-fixed were greater at low than at high plant density during both 

2005 and 2006 (Tables 6.3 and 6.4). These data suggest that, at low plant density, cowpea roots probably 

explored wider and bigger soil volumes and accumulated greater nutrient resources, including mineral N, 
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which is known to inhibit nitrogenase activity and decrease N2 fixation (Streeter, 1988; Dakora, 1998; 

Ayisi et al., 2000). In contrast, at high plant density, intense plant-to-plant competition can decrease the 

uptake of various nutrients, including mineral N, and thus enhance nodule functioning, leading to 

significantly higher %Ndfa values as shown in Table 6.3. It would be interesting to know whether 

Bambara groundnut (Vigna subterranea L. Verdc.) and Kerstings bean (Macroptyloma geocarpum L.), 

which are reported to be tolerant of nitrate (Dakora, 1998), would also decrease their %Ndfa with low 

plant density. 

 

Cultivating cowpea plants in monoculture, as opposed to mixed culture, led to better plant growth, higher 

nodule formation, increased tissue N concentration and greater δ15N values at both organ and whole-plant 

level in 2005 and 2006 (Tables 6.1 and 6.2). The high δ15N values of monocultured cowpea plants resulted 

in significantly lower %Ndfa relative to their mixed-cultured counterparts in 2005 and 2006. However, 

because the monocultured cowpea plants accumulated greater biomass than those in mixed culture, the 

actual amounts of N-fixed were also significantly higher in monoculture compared with mixed culture 

(Tables 6.3 and 6.4). In many ways, the effect of monoculture on cowpea growth and symbiotic 

performance was similar in pattern to that of low plant density. Not only would the N-starved in mixed 

culture with symbiotic cowpea create intense competition for soil N, and thus eliminate any inhibition of 

N2 fixation by soil mineral N (Streeter, 1988), but also the transfer of fixed-N to sorghum could further 

induce greater nodule functioning (Eaglesham et al., 1981; Walsh, 1995) and hence the higher %Ndfa 

values in mixed-cultured cowpea plants. In other studies growing nodulated legumes in mixed culture with 

cereals similarly increased the values of %Ndfa relative to monoculture (Izaurralde, 1992; Senaratne et al., 

1993; Jensen, 1996; Xiao et al., 2004). More recently, Fan et al. (2006) also showed that growing faba 

bean (Vicia faba L.) in mixed culture with wheat (Triticum aestivum L.) increased its %Ndfa relative to 

monoculture. The greater %Ndfa values observed in mixed cultures involving legumes and cereals was 

attributed to soil N depletion by cereals, which reduced nitrate inhibition of nodulation and nodule 

functioning (Streeter, 1988; Hardarson et al., 1988; Stern, 1993; Kerley and Jarvis, 1999). Crop plant 

densities and cropping patterns were found to have similar elevating effects on %Ndfa in symbiotic 

legumes (Fujita et al., 1990), as shown in this study. 

 

Of the five cowpea genotypes (Bensogla, Sanzie, Omondaw, ITH98-46 and TVu1509) assessed for 

symbiotic performance in this study, Sanzie (a farmer variety) consistently showed superior plant growth, 

as a result of better nodulation and nodule functioning (Tables 6.1 and 6.2). Because the δ15N values of 

organs and whole plants were not significantly different in 2005 and 2006, except for cv. TVu1509, the 

rest of the genotypes showed similar %Ndfa values (Table 6.3). However, due to the differences in plant 

biomass, symbiotic N yield was found to be significantly higher in cultivar Sanzie in both 2005 and 2006 

(Table 6.4), indicating that this farmer-selected variety is better adapted for intercropping as well as 
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cultivation under different plant densities. As shown in this study, variation in symbiotic performance of 

legume genotypes is common (Kishinevsky et al., 1996), where many cultivars are assessed. As shown in 

Table 6.4, the amount of N-fixed by cv. Sanzie was 75.3 and 86.5 kg N.ha-1 for 2005 and 2006 

respectively, while that of cv. ITH98-46 was 46.3 and 51.4 kg N.ha-1 for 2005 and 2006. The levels of N2 

fixation obtained for cowpea in this study are within the range (9 - 201 kg N.ha-1) estimated for this 

legume in on-station research (Peoples and Crasswell, 1992; Herridge et al., 1993; Dakora and Keya, 

1997), as well as in farmers’ fields (15 – 267 kg N.ha-1, see Peoples et al., 1995). 

 

6.4.2 Interactive effects of plant density, cropping system and cowpea genotype on N2 fixation 

 

The data from this study also revealed significant interaction between plant density and cropping system. 

Whether planted as monoculture or mixed culture, N concentration of cowpea shoot was consistently 

higher at low plant density compared with high plant density in both 2005 and 2006 (Fig. 6.1A and B), 

leading to greater shoot N content in the low-density cowpea plants growing in mixed or monocultures 

(Figs. 6.1D and E). In 2006, the root N content of cowpea was also higher in low-density cowpea plants 

relative to high density in both monoculture and mixed culture (Fig. 6.1C). These results suggest that plant 

density rather than cropping system controls the tissue N levels of cowpea organs such as shoots and 

roots. However, dry matter accumulation by individual cowpea genotypes was found to depend on plant 

density. For example, at low plant density, cowpea cv. Sanzie produced significantly more root biomass 

than cvs, Bensogla and TVu1509 (Fig. 6.3A), which led to significantly greater plant total biomass in 

Sanzie compared to Bensogla and TVu1509 in 2005 and 2006 (Fig. 6.3B and C). At high plant density, 

however, there were no differences in dry matter accumulation by these genotypes at both organ and 

whole-plant level in 2005 and 2006 (Fig. 6.3A, B and C). The increased root growth by Sanzie (a farmer 

variety) at low plant density (which is similar to farmer practice) could be linked to its selection by 

farmers, as the trait directly influences nutrient/water uptake, and nodule formation for N2 fixation. It is 

therefore not surprising that cv. Sanzie, with a much better root development, showed the highest plant 

growth and N2 fixation during both 2005 and 2006 (Tables 6.1 and 6.4). As shown in this study, cv. 

Sanzie also accumulated more shoot and total plant N at both low and high plant densities than cvs, 

Bensogla and TVu1509 (Fig. 6.5A, C and D), thus indicating the species’ ability to maintain a higher level 

of symbiotic N nutrition (Fig. 6.6D and E) despite any intense plant-to-plant competition for soil resources 

when planted in high densities. 
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6.4.3 Agronomic implications of the study 

 

On per-plant basis, high density produced significantly reduced plant growth (15.9 vs. 20.5 g dry 

matter.plant-1 in 2005, and 18.8 vs. 23.0 g dry matter.plant-1 in 2006), lower N-fixed (387.2 vs. 614.0 

mg.plant-1 in 2005, and 442.7 vs. 675.7 mg.plant-1 in 2006), and decreased grain yield (14.0 vs. 21.4 

g.plant-1 in 2005, and 15.6 vs. 22.2 g.plant-1 in 2006) relative to low density. However, on per-hectare 

basis, high density produced more biomass, more fixed-N (64.5 vs. 51.2 kg N.ha-1 in 2005, and 73.8 vs. 

56.3 kg N.ha-1 in 2006), and more grain yield (2,339 vs. 1787.5 kg.ha-1 in 2005, and 2,607.6 vs. 1850.1 

kg.ha-1 in 2006) compared with low density. In agronomic terms, the greater biomass and larger amount of 

N-fixed at high plant density (Table 6.4) are more likely to enhance soil N fertility, and thus increase 

yields of succeeding crops. The greater grain yield per hectare with increasing plant density (Table 6.4) is 

also more likely to encourage farmer adoption of cowpea production in monoculture (i.e. high density), 

where land is readily available. The data in Table 6.4 show that cowpea cv. Sanzie fixed more N and 

produced more grain yield, and was therefore the best variety among the five genotypes. 

 

In conclusion, our data showed superior plant growth and N2 fixation in the three farmer-selected varieties 

(Sanzie, Bensogla and Omondaw) relative to the two improved cultivars. This implies greater potential N 

contribution to cropping systems. Whether under low or high plant density, the cv. Sanzie produced 

significantly greater symbiotic N in both 2005 and 2006, followed by the other two farmer varieties, and 

last the improved cultivars. Similarly, the actual amount of N derived from fixation was much greater in 

cv. Sanzie, followed by the other farmer varieties under both low and high plant density. Furthermore, on 

per-plant basis, the data also showed better growth and greater symbiotic N yield in cowpea plants 

cultivated in monoculture (or low plant density) relative to those in mixed culture (or high plant density).  

Taken together, our results suggest that, in order to optimize for higher N2 fixation and N contribution in 

cropping systems for increased agronomic yields, legume genotypes must first be evaluated for their levels 

of symbiotic fixation under robust field conditions, as done in this study.  
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Table 6.1:  Plant dry matter yield (g.plant-1) at flowering of nodulated cowpea genotypes (Vigna unguiculata L. Walp.) in different cropping systems and 
density in during 2005 and 2006.  
 

   2005     2006   

Treatment Shoot Pod Root Nodule Whole 
plant 

Shoot Pod Root Nodule Whole 
plant 

Density (plants.ha-1) 
83,000 20.5±1.0a 6.1±0.7a 1.2±0.1a 0.6±0.1a 28.4±1.5a 23.0±1.2a 6.0±0.7a 1.3±0.1a 0.7±0.1a 30.9±1.7a 
167,000 15.9±0.8b 3.5±0.4b 0.9±0.1b 0.5±0.0b 20.9±1.1b 18.8±1.0b 3.5±0.4b 1.0±0.1b 0.5±0.0b 23.9±1.3b 

Cropping system           
Monoculture 21.4±1.0a 6.6±0.6a 1.3±0.1a 0.7±0.0a 30.0±1.4a 23.9±1.1a 6.5±0.6a 1.3±0.1a 0.7±0.0a 32.6±1.5a 
Mixed culture 15.1±0.7b 2.9±0.4b 0.8±0.1b 0.4±0.0b 19.3±1.0b 17.8±1.1b 3.0±0.4b 1.0±0.0b 0.5±0.0b 22.2±1.3b 

Genotypes           
Bensogla 18.7±1.7ab 5.4±0.8ab 1.0±0.1a 0.6±0.1ab 25.6±2.3ab 20.2±1.9ab 5.6±0.8ab 1.1±0.1a 0.6±0.1a 27.5±2.5ab 
ITH98-46 15.9±1.3b 3.5±0.7b 0.9±0.1a 0.6±0.1ab 20.8±2.0b 18.2±1.6b 3.5±0.6b 1.0±0.1a 0.6±0.1a 23.5±2.1b 
Sanzie 21.4±1.7a 4.9±1.0ab 1.2±0.1a 0.8±0.1a 28.2±2.6a 25.4±2.1a 4.0±0.8b 1.3±0.1a 0.8±0.1a 31.4±2.8a 
TVu1509 17.3±1.7ab 3.3±0.5b 1.0±0.1a 0.5±0.1b 22.1±2.3b 19.5±2.1ab 3.3±0.6b 1.1±0.1a 0.5±0.1a 24.5±2.7ab 
Omondaw 17.9±0.9ab 6.9±1.4a 1.0±0.1a 0.5±0.1b 26.4±2.2ab 21.1±1.1ab 7.3±1.4a 1.2±0.1a 0.6±0.1a 30.2±2.4ab 
3-Way ANOVA (F-Statistic ) 
Density 22.5*** 14.5*** 9.3** 7.5** 31.4*** 9.5** 19.0*** 15.6*** 4.7* 16.9*** 
Cropping system 41.9*** 30.5*** 29.7*** 40.0*** 63.6*** 20.5*** 37.3*** 26.4*** 22.9*** 37.6*** 
Genotypes 3.6* 3.8** 1.7 4.3** 4.3** 3.3* 7.1*** 2.4 1.6 3.3* 

Values (Mean ± SE, n = 4) followed by dissimilar letters in a column are significantly different at *: P≤ 0.05; **: P≤ 0.01; ***: P≤0.001. There were 
significant interactive effects (not shown here) of density and genotypes on roots and whole plant biomass (in 2005); and on pods and whole plant 
biomass (in 2006). Plant density figures have been rounded up from 83,333 to 83,000 plants.ha-1 and from 166,666 to 167,000 plants.ha-1. 
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Table 6.2: Effect of plant density and cropping system on N concentration (%) in five cowpea genotypes planted in 2005 and 2006.  
 

 

 2005 2006 

Treatment Nodule Root shoot pods Nodule Root shoot pods 

Density (plants.ha-1)         
83,000 4.2±0.1a 2.2±0.1a 3.6±0.1a 4.4±0.1a 4.2±0.1a 2.2±0.1a 3.6±0.1a 4.4±0.1a 
167,000 3.4±0.1b 1.8±0.1b 3.0±0.1b 3.6±0.1b 3.4±0.1b 1.8±0.1b 3.0±0.1b 3.6±0.1b 

Cropping system         
Monoculture 4.2±0.1a 2.1±0.1a 3.6±0.1a 4.2±0.1a 4.2±0.1a 2.1±0.1a 3.6±0.1a 4.3±0.1a 
Mixed culture 3.5±0.1b 1.9±0.1a 3.0±0.1b 3.8±0.1b 3.5±0.1b 1.9±0.1a 3.0±0.1b 3.8±0.1b 

Genotypes         
Bensogla 3.8±0.1ab 2.1±0.2ab 3.2±0.2b 4.0±0.1a 3.8±0.1ab 2.1±0.2ab 3.2±0.2b 4.0±0.1a 
ITH98-46 3.5±0.2b 1.9±0.1ab 3.2±0.2b 4.0±0.2a 3.5±0.2b 1.9±0.1b 3.2±0.2b 4.0±0.2a 
Sanzie 4.2±0.2a 2.4±0.2a 4.0±0.2a 4.1±0.1a 4.2±0.2a 2.5±0.2a 4.0±0.2a 4.1±0.1a 
TVu1509 3.9±0.2ab 1.6±0.2b 3.2±0.2b 3.9±0.1a 4.0±0.2ab 1.7±0.2b 3.3±0.2ab 4.0±0.1a 
Omondaw 3.7±0.2ab 1.9±0.1ab 2.9±0.2b 3.9±0.1a 3.8±0.2ab 1.9±0.1b 3.0±0.2b 4.0±0.1a 
3- way ANOVA (F-Statistic) 
Density 33.0*** 9.4** 15.9*** 111.6*** 35.9*** 9.5** 15.1*** 112.0*** 
Cropping system 23.9*** 2.3 13.7*** 37.0*** 27.9*** 2.5 12.7*** 37.3*** 
Genotypes 3.0* 4.0** 5.2** 0.6 3.2* 4.0** 5.1** 0.6 

Values (Mean ± SE, n = 4) followed by dissimilar letters in a column are significantly different at *: P≤0.05; **: P≤0.01; ***: P≤0.001. There were 
significant interactive effects (not shown here) of density and cropping system on N concentration in shoots; of density and genotypes on N concentration 
in pods (in 2005 and 2006). Plant density figures have been rounded up from 83,333 to 83,000 plants.ha-1 and from 166,666 to 167,000 plants.ha-1. 
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Table 6.3: Effect of plant density and cropping systems on δ15N and %Ndfa of five cowpea genotypes planted in 2005 and 2006.  
 

15N natural abundance (‰) %Ndfa Treatment 

Nodule Root Shoot Pods Whole plant Root shoot pods Whole plant 

2005          
Density (plants.ha-1)          

83,000 8.9±0.2a 3.8±0.1a 2.4±0.1a 4.9±0.1a 5.3±0.1a 28.6±1.2b 64.4±0.9b 44.4±1.1b 44.4±0.8b 
167,000 8.1±0.1b 3.3±0.1b 2.1±0.1b 3.7±0.1b 4.5±0.1b 39.6±1.2a 66.8±0.7a 54.9±1.0a 51.5±0.9a 

Cropping system          
Monoculture 8.9±0.1a 3.9±0.1a 2.5±0.1a 4.8±0.1a 5.3±0.1a 30.7±1.4b 64.0±0.9b 45.4±1.1b 44.4±0.8b 

Mixed culture 8.1±0.2b 3.2±0.1b 2.1±0.1b 3.8±0.1b 4.5±0.1b 37.5±1.3a 67.1±0.7a 54.0±1.2a 51.5±0.9a 

Genotypes          
Bensogla 8.6±0.3a 3.2±0.1a 2.1±0.2a 4.5±0.3a 4.9±0.2a 38.6±1.9a 66.9±1.5a 47.9±2.2b 48.0±1.5a 
ITH98-46 8.3±0.2a 3.6±0.2a 2.3±0.2a 4.5±0.2a 4.9±0.2a 31.1±1.9b 65.2±1.4a 48.0±2.1b 48.0±1.5a 

Sanzie 8.8±0.2a 3.6±0.2a 2.3±0.1a 4.0±0.3a 4.9±0.2a 32.0±2.5b 65.2±0.9a 52.0±2.7a 48.4±1.8a 
TVu1509 8.6±0.2a 3.9±0.2a 2.5±0.2a 4.1±0.2a 5.1±0.2a 29.4±1.7b 63.3±1.3a 51.1±1.8ab 46.2±1.4a 
Omondaw 8.1±0.3a 3.3±0.2a 2.1±0.2a 4.3±0.2a 4.8±0.2a 39.4±2.6a 67.3±1.3a 49.5±1.8ab 49.2±1.7a 
3 - Way ANOVA (F-Statistic) 

Density 12.8*** 6.8* 4.5* 102.8*** 60.5*** 79.3*** 4.51* 102.8*** 60.5*** 
Cropping system 12.6*** 16.8*** 7.4** 68.1*** 60.2*** 31.1*** 7.38** 68.1*** 60.2*** 
Genotypes 1.3ns 1.8ns 1.5ns 2.5ns 1.1ns 11.1*** 1.52ns 2.5* 1.1ns 

2006          

Density (plants.ha-1)          
83,000 8.9±0.2a 3.8±0.1a 2.5±0.1a 4.9±0.1a 4.9±0.1a 31.4±1.8b 65.1±0.9b 43.3±1.1b 49.4±0.7b 
167,000 8.1±0.1b 3.3±0.1b 2.2±0.1b 3.7±0.1b 4.2±0.1b 38.0±2.0a 67.5±0.7a 54.0±1.0a 55.8±0.8a 

Cropping system          

Monoculture 8.9±0.1a 3.9±0.1a 2.5±0.1a 4.8±0.1a 4.9±0.1a 29.5±1.7b 64.8±0.9b 44.3±1.2b 49.4±0.7b 
Mixed culture 8.2±0.2b 3.2±0.1b 2.1±0.1b 3.8±0.1b 4.2±0.1b 39.9±1.9a 67.8±0.7a 53.0±1.2a 55.7±0.7a 

Genotypes          
Bensogla 8.6±0.3a 3.2±0.1a 2.2±0.2a 4.5±0.3a 4.5±0.2a 39.0±2.1a 67.6±1.4a 46.8±2.2a 53.5±1.4a 

ITH98-46 8.4±0.2a 3.6±0.2a 2.4±0.2a 4.5±0.2a 4.5±0.2a 33.1±3.6a 66.0±1.4a 46.9±2.2ab 53.0±1.4a 
Sanzie 8.8±0.2a 3.6±0.2a 2.4±0.1a 4.1±0.3a 4.5±0.2a 33.9±3.1a 65.9±0.9a 51.0±2.7ab 52.8±1.6a 
TVu1509 8.7±0.2a 3.9±0.2a 2.6±0.2a 4.2±0.2a 4.8±0.1a 29.6±2.7a 64.1±1.3a 50.2±1.8b 50.0±1.2b 
Omondaw 8.2±0.3a 3.3±0.2a 2.1±0.2a 4.4±0.2a 4.5±0.1a 38.0±3.5a 68.0±1.3a 48.5±1.8a 53.5±1.3a 

3 - Way ANOVA (F-Statistic) 
Density 13.4*** 6.8* 4.4* 102.1*** 78.5*** 6.8* 4.4* 102.1*** 78.5*** 
Cropping system 13.3*** 16.9*** 7.1** 67.3*** 76.1*** 16.9** 7.1** 67.3*** 76.1*** 
Genotypes 1.3ns 1.8ns 1.5ns 2.5ns 3.3ns 1.8ns 1.5ns 2.5* 3.3* 

Values (Mean ± SE, n = 4) followed by dissimilar in a column are significantly different at *: P≤0.05; **: P≤0.01; ***: P≤0.001. There were significance 
interactive effects (not shown here) of density and genotypes on δ

15N in pods (in 2005) and cropping systems and genotypes on δ15N in pods (in 2005 and 
2006) and cropping systems and genotypes on %Ndfa in shoots and pods (in 2005 and 2006). Shoots and pods were considered separately. The B value 
(‰) of cowpea organs were: shoots = -1.759, roots = -0.94, pods = -1.4713, whole plants = -0.6333 (S.B.M. Chimphango and F.D. Dakora, unpublished 
data). The sorghum reference plant δ15N values (‰) were: shoots = 9.997, roots = 6.077 in 2005; shoots = 10.320, roots = 5.912 in 2006. 
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Table 6-4: Cowpea total N, N-fixed and grain yield in different cropping systems and plant densities during 2005 and 2006. 
  

Treatment Total N (mg.plant-1) N-fixed (mg.plant-1) 

 Nodule Root Shoot Pods Whole plant Root shoot pods Whole plant 

N-fixed 
(kgN.ha-1) 

Grain yield 
(kg.ha-1) 

2005            

Density (plants.ha-1)            

83,000 
28.0±2.5a 26.1±2.2a 766.2±55.3a 271.8±33.7a 1092.1±79.3a 7.1±0.5a 490.8±35.3a 116.1±14.5a 614.0±43.4a 51.2±3.6b 1787.5±75.0b 

167,000 
18.7±1.9b 16.1±1.1b 469.8±26.7b 127.5±14.7b 632.2±35.9b 6.4±0.5a 313.1±17.7b 67.7±7.4b 387.2±20.6b 64.5±3.4a 2339.0±126.6a 

Cropping system            

Monoculture 
31.2±2.3a 26.2±2.0a 780.3±52.2a 286.0±29.9a 1123.8±72.0a 7.6±0.5a 498.4±33.5a 124.4±12.4a 630.3±39.4a 71.9±3.1a 2387.4±107.5a 

Mixed culture 
15.5±1.6b 16.0±1.4b 455.7±28.6b 113.3±18.4b 600.6±40.0b 5.9±0.5b 305.4±19.1b 59.5±9.2b 370.8±23.4b 43.8±2.7b 1739.1±92.7b 

Genotypes            

Bensogla 
20.9±2.0b 21.1±3.2b 603.6±70.4b 220.5±37.3ab 866.1±101.2b 7.8±0.9a 396.2±41.7b 99.4±14.7ab 503.4±50.6b 60.4±6.8b 2063.4±225.7ab 

ITH98-46 
21.2±4.0b 17.9±2.5b 515.0±62.8b 145.6±32.2b 699.8±95.1b 5.0±0.5b 331.0±37.5b 62.2±10.8b 398.2±45.9c 46.3±5.0c 1596.2±146.0b 

Sanzie 
34.2±4.6a 30.3±3.4a 867.6±93.0a 214.2±50.0ab 1146.3±134.8a 8.7±0.6a 561.9±58.6a 100.5±21.0ab 671.2±71.0a 75.3±4.2a 2415.0±133.2a 

TVu1509 
19.7±3.5b 16.3±2.8b 567.6±77.9b 134.9±25.7b 738.5±101.2b 4.5±0.6b 360.5±51.0b 66.1±11.8b 431.1±58.8bc 50.4±5.6bc 2060.9±184.2ab 

Omondaw 
20.9±2.6b 20.0±1.7b 536.3±52.2b 283.1±62.8a 860.2±105.1b 7.6±0.8a 360.0±36.3b 131.4±27.9a 499.0±56.1b 56.8±4.8b 2180.7±135.6a 

3 - Way ANOVA (F-Statistic) 
Density 16.7*** 29.2*** 69.6*** 24.8*** 97.7*** 1.5 49.8*** 12.5*** 60.4*** 17.0*** 22.3*** 
Cropping system 47.6*** 30.3*** 83.5*** 35.6*** 126.5*** 9.1** 58.7*** 22.5*** 79.1*** 75.1*** 30.9*** 
Genotypes 5.7*** 7.0*** 13.0*** 3.5* 11.3*** 8.4*** 10.8*** 3.5* 10.4*** 9.6*** 5.2** 

2006            
Density (plants.ha-1)            

83,000 28.9±2.7a 28.9±2.1a 856.5±65.6a 266.1±32.3a 1180.5±85.1a 7.9±0.5a 557.2±44.0a 109.9±13.2a 675.7±50.4a 56.3±4.2b 1850.1±87.8b 

167,000 19.2±1.9b 18.0±1.0b 550.0±31.9b 127.3±13.9b 714.5±40.1b 7.1±0.5a 369.9±21.1b 65.9±6.5b 442.7±23.5b 73.8±3.9a 2607.6±156.4a 

Cropping system            

Monoculture 31.7±2.5a 27.9±2.0a 866.5±56.9 278.1±29.1a 1204.2±73.8a 8.1±0.5a 561.2±38.1a 117.7±11.6a 686.6±42.9a 79.0±3.8a 2677.8±134.6a 

Mixed culture 16.4±1.6b 19.0±1.4b 540.0±43.8 115.4±17.2b 690.8±53.1b 7.0±0.5b 365.9±29.8b 58.1±7.9b 431.7±33.3b 51.1±3.5b 1779.9±105.2b 

Genotypes            

Bensogla 21.3±2.6b 22.3±3.1b 643.5±67.2b 230.6±37.5ab 917.6±101.5b 8.2±0.8a 427.4±40.6b 100.2±13.9ab 535.8±51.5b 65.3±7.7b 2200.1±250.7ab 

ITH98-46 20.3±3.4b 19.9±2.5b 585.5±74.8b 146.0±28.6b 771.8±96.4b 5.7±0.5a 379.6±45.1b 61.5±8.9c 447.3±49.3b 51.4±5.0c 1763.3±241.8b 

Sanzie 32.9±4.6a 32.6±3.2a 1026.4±109.4a 171.6±38.8b 1263.6±144.7a 9.6±0.6a 676.9±74.4a 78.7±15.7bc 766.0±85.4a 86.5±5.6a 2654.2±217.1a 

TVu1509 22.8±4.6ab 19.1±3.1b 636.9±91.3b 133.6±27.1b 812.4±113.2b 5.2±0.7a 411.0±61.3b 64.2±12.4c 480.4±68.3b 57.1±7.0bc 2210.2±199.2ab 

Omondaw 23.1±3.0ab 23.3±1.8b 624.0±56.1b 301.8±62.2a 972.3±110.9b 8.9±0.8a 422.9±39.2b 134.8±25.7a 566.4±58.6b 65.0±5.3b 2316.5±147.3ab 

3 - Way ANOVA (F-Statistic) 
Density 14.2*** 34.7*** 39.1*** 30.2*** 61.3*** 1.7 27.5*** 15.0*** 34.3*** 17.9*** 28.0*** 
Cropping system 35.3*** 23.2*** 44.3*** 41.5*** 74.4*** 3.7*** 29.9*** 27.5*** 41.0*** 45.9*** 39.4*** 
Genotypes 3.1* 6.7*** 11.0*** 6.1*** 8.5*** 8.9 9.1*** 5.7*** 7.8*** 8.3*** 4.0** 

Values (Mean ± SE, n = 4) followed by dissimilar letters in a column are significantly different at *: P≤0.05; **: P≤0.01; ***: P≤0.001. There were significant interactive effects (not 
shown here) of density and cropping system on total N and N-fixed in shoot, pods and whole plant (in 2005), and of density and genotypes on total N and N-fixed in whole plant (in 2005). 
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Fig. 6.1: Interactive effects of density and cropping systems on: A) %N in shoots in 2005; B) %N in shoots in 2006; C) Root-N 

content in 2006; D) Shoot-N content in 2005; E) Shoot-N content in 2006; F) Pod-N content in 2005. Root-N content in 2005 is not 

shown here as it was not significant.
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Fig. 6.2: Interactive effects of density and cropping systems on: A) Whole plant-N content in 2005; B) Whole plant-N content in 

2006; C) Shoot N-fixed in 2005; D) Shoot N-fixed in 2006; E) Whole plant N-fixed in 2005; F) Whole plant N-fixed in 2006. 
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Fig. 6.3: Interactive effects of density and genotypes on crop growth: A) Root dry mass in 2005; B) Whole plant dry mass in 2005; 

C) Whole plant dry mass in 2006; and D) Pod dry mass in 2006. Root dry mass in 2006 and Pod dry mass in 2005 are not shown 

here for they were not significant. 
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Fig. 6.4: Interactive effects of density and genotypes on: A) Pod-N (%) in 2005; B) Pod-N (%) in 2006.
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Fig. 6.5: Interactive effects of density and genotypes on: A) Shoot-N content in 2006; B) Pod-N content in 2006; C) Whole plant-N 

content in 2005 and D) Whole plant-N content in 2006. Shoot-N content and Pod-N content in 2005 are not shown here for they 

were not significantly different.
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Fig. 6.6: Interactive effects of density and genotypes on: A) Pods Ndfa (%) in 2005; B) Pods Ndfa (%) in 2006; C) Pod N-fixed in 

2006; C) Whole plant N-fixed in 2005 and D) Whole plant N-fixed in 2006. Pods N-fixed in 2005 is not shown here for it was not 

significantly different.
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Fig. 6.7: Interactive effects of cropping systems and genotypes on: A) Pod δ15N in 2006; B) Shoot-Ndfa (%) in 2005; C) Pod-Ndfa 

(%) in 2005; D) Pod-Ndfa (%) in 2006. Pod δ15N in 2005 and Shoot-Ndfa (%) in 2006 are not shown here for they were not 

significantly different.
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SEED FLAVONOIDS AND ANTHOCYANINS AS MARKERS OF 

ENHANCED PLANT DEFENCE IN NODULATED COWPEA (VIGNA 

UNGUICULATA L. WALP.)  
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7.1 Introduction 

 

Flavonoids and anthocyanins are two major classes of biologically-active secondary that are important for 

seedling development and plant growth (Ndakidemi and Dakora, 2003). Their synthesis and accumulation 

in plant tissues serve various functions ranging from acting as signals in legume symbiosis with some 

Rhizobiales to protectants in plant defence (Ndakidemi and Dakora, 2003), and effectors of mineral 

solubilisation in plant rhizospheres (Dakora and Phillips, 2002). It has been reported elsewhere that 

cowpea (Vigna unguiculata L. Walp) and Bambara groundnut (Vigna subterranea L. Verdc) genotypes 

release significantly different concentrations of flavonoids and anthocyanins when soaked in water or 

aqueous methanol, and that those molecules probably serve as chemical deterrents to attack by insect pests 

and pathogens during germination (Ndakidemi and Dakora, 2003). Earlier reports have indicated that 

legumes defend themselves against insect pests and diseases using isoflavonoids and anthocyanins, either 

as protectants phytoanticipins or directly as therapeutic phytoalexins against invading pests (Dakora and 

Phillips, 1996; Dakora, 2003). Cowpea, common bean (Phaseolus vulgaris L.) and soybean (Glycine max 

L.) respectively, use medicarpin, phaseolin, and glyceollin as phytoalexins against pathogens and insect 

pests (Dakora and Phillips 1996; Dakora, 2003). Other examples include Lonchocarpus nicou, Mundelia 

serica, and Pachyrrhizus erosus, which use the isoflavonoids rotenone, munduserone, and pachyrrizone 

respectively as phytoalexins and insecticides against pathogens and soil-borne insect larvae (Fukami and 

Nakajima, 1971; Dakora, 2003).  

 

Under field conditions, however, legumes do not use single molecules for defence against insect pests and 

pathogens. Rather, they use an arsenal of biological ammunition present in tissues as well as in seed and 

root exudates to fight insect pests and diseases. These compounds include flavonoids, anthocyanins, 

alkaloids, terpenoids, peptides, amino acids, steroids and/or sugar acids (Ndakidemi and Dakora, 2003). 

Similarly, nodulating legumes use a potpourri of signal molecules present in seed and root exudates to 

induce expression of nod genes (Maxwell et al., 1989; Hungria et al., 1991; Recourt et al., 1991; Dakora 

et al., 1993a, b; Gagnon and Ibrahim, 1998), in order to initiate nodule formation. So far however, few 

studies have examined crude seed extracts as a source of both insecticides and phytoalexins for defence 

against seed pathogens and/or protection of young seedlings emerging from seeds. Furthermore, few data 

currently exist on the relationship between the mixtures of protectant molecules present in seed exudates 

(or tissues) and plant defence, just as little is known about the differences between farmer varieties (i.e. 

genotypes selected by farmers for useful biological traits) and improved varieties (i.e. cultivars bred for 

various agronomical traits).  
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The aim of this study was i) to measure the concentration of flavonoids and anthocyanins present in seed 

extracts of different cowpea genotypes as markers of identifying materials with effective defence 

potential, ii) to assess the self defence capacity of selected genotypes against insect pests under field 

conditions and iii) to test selected genotypes with greater defence potential in the field against agronomic 

practices such as intercropping and high plant density.  

 

7.2 Materials and methods 

 

7.2.1 Source of germplasm collected 

 

Due to lack of information on cowpea genotypes with high insect pest and disease resistance, a project 

funded by the McKnight Foundation was launched in June 2003 in three African countries (namely 

Ghana, South Africa and Tanzania) with the aim of identifying cowpea genotypes with greater pest 

resistance and grain yield. In order to achieve this objective, one hundred and twenty six (126) cowpea 

genotypes were obtained from farmers, village markets, national programmes, and gene banks, in Ghana, 

South Africa and Tanzania. Cowpea material was also obtained from the International Institute of Tropical 

Agriculture in Nigeria which has the mandate for cowpea improvement. To establish baseline data, seed 

extracts from 45 cowpea genotypes (randomly selected) were then assayed for flavonoids and 

anthocyanins as it is known that legume seed phenolic compounds can enhance plant defence against 

insect pests and pathogens. In this study, we report the role of seed flavonoids and anthocyanins in cowpea 

defence. 

 

7.2.2 Experiment 1: Bioassay of seed extracts from 45 cowpea genotypes for levels of flavonoids 

and anthocyanins 

 
Seeds of 45 cowpea genotypes with differing seed coat colours were randomly selected from the 

germplasm collected from various locations and institutions, and ground to fine powder (0.85 mm). About 

10 g of ground seed powder (or 0.1 g of shoot) was weighed and mixed with 50 mL (or 10 mL in case of 

shoot material in centrifuge tubes) of acidified methanol prepared from a ratio of 79:20:1 MeOH H2O 

HCl. The mixture was incubated for 72 h in darkness for auto extraction, filtered through Whatman paper 

Number 2 and absorbance of the clear supernatant measured spectrometrically at 300, 530, and 657 nm 

using acidified methanol as standard. Concentrations of flavonoids were measured at 300 nm and 

expressed as Abs g.DM-1 (Mirecki and Teramura, 1984), while anthocyanin concentration in seed extracts 

was measured as Abs530 –1/3Abs657 (Lindoo and Caldwell, 1978) and expressed as Abs g.DM-1
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7.2.3 Experiment 2: Field survey for pest resistance using minimum spraying on selected cowpea 

genotypes at Manga, Ghana. 

 

Of the 45 cowpea genotypes tested in Experiment 1, 25 were used in a minimum spray experiment with an 

insecticide under rainfed conditions at Manga in Ghana, and 33 in Tanzania in order to assess genotype 

susceptibility or resistance to insect pests. These experiments were conducted using a randomized 

complete block design with four replicates. Planting was done in January 2005 in Tanzania and in August 

2005 in Ghana by placing seeds in drilled holes at the required planting distance. In Tanzania, cowpea was 

planted on 1.05 x 4 m2 plots with row-to-row spacing of 35 cm and plant-to-plant spacing of 15 cm. 

Cowpea plots in Ghana consisted of 4 rows each 3 m long, with row-to-row spacing of 60 cm and plant-

to-plant spacing of 20 cm. The treatments included protected (sprayed) plots and unprotected (unsprayed) 

plots. Protected plots received two sprays of lambda cyhalothrin (Karate 2.5 EC) at flowering and again at 

podding, while unprotected plots were only sprayed with water as control. During plant growth, records 

were taken on pest incidence under both protected and unprotected conditions. At early podding, further 

observations were done on randomly selected cowpea plants for pest resistance. In this study, thrips 

(Megalurothrips sjostedti) infestation was assessed using ten flowers randomly harvested per plot at 50% 

flowering (i.e. duplicate samples each consisting of 5 flowers). The number of pod-sucking bugs was also 

determined at early podding and at mid pod development. At harvest, the total number of pods per plot 

was recorded, including those damaged by pod-sucking bugs. 

 

7.2.4 Experiment 3: Evaluating five cowpea genotypes for pest resistance and phenolics 

under intercropping and high plant density  

 

7.2.4.1 Background 

 

In this study, five cowpea genotypes (namely, Bensogla, ITH98-46, Sanzie, TVu1509 and Omondaw) 

were selected from Experiments 1 and 2, and further tested in the field using intercropping and high plant 

density as treatments to assess pest attack and tissue accumulation of flavonoids and anthocyanins. Of the 

five cowpea genotypes tested, three (i.e. Bensogla, Sanzie and Omondaw) consistently showed high 

concentrations of flavonoids in seed extracts with potential for greater pest resistance, while the other two 

(i.e. ITH98-46 and TVu1509) exhibited low flavonoid levels in seed extracts with potential for low pest 

resistance. 
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7.2.4.2 Site description and experimental design of Experiment 3  

 

Site description and experimental design of experiment 3 is as reported in Chapter 2, sections 2.2.1 and 

2.2.2 respectively 

 

7.2.4.3 Plant harvest for determining tissue concentration of flavonoids and anthocyanins 

 

At 67 DAP, 16 cowpea plants were harvested from the middle rows of each plot. The plants were 

carefully dug out with intact root systems, washed, and separated into nodules, roots, shoots and pods. The 

plant organs were oven-dried at 60°C for 48 h, weighed, ground into fine powder (0.85 mm) and stored 

prior to bioassay for flavonoids and anthocyanins, as described above in Experiment 1. 

 

7.2.4.4 Statistical Analysis 

 

A 3-factorial arrangement involving plant density, cropping system and cowpea genotypes was used to 

statistically analyze the data collected in this experiment. The analysis was performed using STATISTICA 

software (StatSoft Inc., 2007 Tulsa, OK, USA). One-Way ANOVA analysis was used to compare 

treatment means of the metabolites in plant organs and genotypes. Fisher’s least significant difference test 

was used to compare treatment means at P≤0.05 (Steel and Torrie, 1980). Correlation analysis (or 

Student's t-test method) were also used to statistically determine the relationship between 

flavonoids/anthocyanins in seed extracts and number of insect pests (e.g. aphids, thrips or pod-sucking 

bugs). 

 

7.3 Results  

 

7.3.1 Concentrations of flavonoids and anthocyanins in seed extracts of cowpea genotypes 

 
The flavonoids and anthocyanins (Abs.g DM-1) in seeds of 45 cowpea genotypes were extracted in 

aqueous methanol (10 g of seed in 50 mL of acidified MeOH), and their concentrations measured 

spectrophotometrically. The data showed that flavonoid concentration ranged from 1.07 in cv. Ex-Zepisa 

to 7.45 Abs.g DM-1 in Sanzie (Table 7.1). The concentration of anthocyanins also ranged from 0.00 in cv. 

IT94D-437-1 to 1.32 Abs.g DM-1 in cv. Kisangata (Table 7.1). There were thus significant differences in 

the levels of flavonoids and anthocyanins in seeds of the different cowpea genotypes (Table 7.1). 
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7.3.2 Effect of minimum insecticide spraying on selected cowpea genotypes for insect pest 

resistance 

 
Experiment 2 assessed insect pest infestation and the effect of minimum spraying on yield of cowpea 

genotypes in Ghana and Tanzania (Tables 7.2 and 7.3). The data showed that thrips and pod sucking bugs 

were the two most important pests of cowpea at Manga in Ghana, as the number of thrips varied from 13 

to 39 per five flowers, while pod-sucking bugs ranged from 2 to 8 adults per row (Table 7.2). The main 

pod-sucking bugs observed on cowpea plants were Clavigralla spp. Stal. (Hemiptera: Coreidae), 

Anoplocnemis curvipes Fab. (Hemiptera: Coreidae), Riptortus dentipes Fab. (Hemiptera: Alydidae) and 

Aspavia armigera. The farmer-selected varieties, Omondaw and Bensogla, had relatively lower infestation 

levels of thrips and pod-sucking bugs, with these farmer-selected cultivars recording less than 4 thrips per 

5 flowers relative to improved varieties, which had over 7 thrips per 5 flowers. The sprayed cowpea 

varieties showed higher grain yield compared with their unprotected counterparts. The farmer-selected 

varieties Sanzie, Omondaw and Bensogla, produced more grain yields without insecticide spray compared 

with the two least yielding breeder cultivars, ITH98-46 and TVu1509 (Table 7.2). As a result, yield 

increases from protection with chemical insecticide were lowest in the three farmer-selected varieties. 

 

In Tanzania, the cowpea genotypes tested also showed marked differences in response to infestation by 

aphids and alcidodes (Table 7.3). While a genotype like Za-Kutambaa showed as high as 84% infestation 

by aphids, IT90K-284-2 revealed zero aphid infestation (Table 7.3). Similarly, Fahari showed 33% 

infestation to alcidodes, in contrast to only 2% in IT97K-499-39 (Table 7.3). 

 

7.3.3 Effect of intercropping and plant density on pest resistance, and concentration of flavonoids 

and anthocyanins in organs of cowpea. 

 
The concentration of flavonoids and anthocyanins differed significantly with cropping systems and plant 

density. For example, high plant density and mixed culture significantly increased the levels of flavonoids 

and anthocyanins in seeds and whole plant tissue (Fig. 7.1). Compared with the results obtained at Manga 

in Ghana, there was very little insect pest infestation in this experiment in South Africa. 

 

To establish whether differences in pest resistance exhibited by the cowpea genotypes was caused by 

tissue concentration of flavonoids and anthocyanins, extracts of cowpea organs were analysed for the two 

phenolics. The data showed that, relative to cultivar ITH98-46, Sanzie exhibited greater concentrations of 

flavonoids and anthocyanins in seeds and whole plants in both 2005 and 2006 (Table 7.4). Sanzie, 
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Bensogla and Omondaw also showed much greater flavonoid and anthocyanin concentration in seeds 

compared with ITH98-46 and TVu1509 (Table 7.4). 

 

7.3.4 Correlation and regression analyses between the levels of flavonoids and anthocyanins in 

seed/plant extracts vs. insect pest infestation.   

 
Data from experiments conducted in Ghana and Tanzania were used in various correlation analyses to 

establish a link between flavonoid/anthocyanin concentrations in seed extracts and insect pest incidence. 

We found that as the concentration of seed flavonoids and anthocyanins decreased, the number of thrips 

per flower and the number of pod-sucking bugs per row increased significantly in plants raised from those 

seeds in Ghana (Table 7.5). Similarly, in Tanzania, we showed that as the levels of anthocyanins and 

flavonoids got lower in cowpea seed, the number of progenies attacked by aphids and alcidodes rose 

significantly (Table 7.5). Taken together, the data suggested an inverse relationship between the level of 

phenolics in seed and progeny attack by thrips, aphids, alcidodes and pod-sucking bugs. 

 

7.4 Discussion 

 

In this study, 45 cowpea genotypes were assayed for flavonoids and anthocyanins with the objective of 

quantifying the levels of these phenolics in seed extracts as markers for identifying material with effective 

plant defence. The results revealed significant differences in the concentration of flavonoids and 

anthocyanins in seed extracts, with farmer varieties such as Sanzie, Bensogla and Omondaw exhibiting 

much higher levels compared with improved genotypes like ITH98-46, TVu1509 and IT93K-452-1 (Table 

7.1). Because seeds of grain legumes such as soybean, common bean, pea, mucuna, groundnut and 

chickpea store the isoflavonoids, hydroxyphaseollin, phaseollin, pisatin, dimethylhomopterocarpin, 

kievitone and maackiain respectively for defence against insect pests and pathogens (Keen et al., 1971; 

Sims et al., 1972; Naim et al., 1974; Keen, 1975), and common bean uses the anthocyanin, pelagonidin-3-

glucoside, to fight soil-borne pests during germination (Stanton and Francis, 1966), it is likely that the 

variation in seed phenolic concentrations observed here could reflect different levels of resistance and 

susceptibility. However, the flavonoids and anthocyanins present in seed extracts (Harborne and Turner, 

1984) of the 45 different cowpea genotypes could also serve as defence molecules against abiotic stresses 

such as UV-B radiation, drought, and low or high temperatures (Chalker-Scott, 1999). 

 

Possibly because of the marked differences in seed phenolic metabolites (Table 7.1), cowpea plants raised 

from those seeds also differed in their levels of infestation by thrips, pod-sucking bugs, aphids and 

alcidodes when planted under field conditions in Ghana and Tanzania (Tables 7.2 and 7.3). This would be 
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consistent with the finding that the presence of proanthocyanins and the isoflavonoid glycitin in seeds of 

cowpea and soybean provided resistance to infestation by the legume weevils Callosobruchus maculatus 

and Acanthosescelides obtechus (Oigiangbe and Onigbinde, 1996; Reegnault-Roger et al., 1999). 

Although in this study, the grain yield was generally low due to poor rainfall, there were nevertheless 

marked differences between protected (with insecticide) and unprotected treatments (Table 7.2). Providing 

minimum protection with insecticide spray decreased insect pest infestation and increased grain yield 

across the board in all genotypes. However, cultivars such as Bensogla, Omondaw and IT86D-2075 

(without spray) showed relatively lower infestation by thrips and pod-sucking bugs, thus indicating natural 

resistance of some genotypes to insect pests. Increase in grain yield from plant protection with minimum 

spray of insecticide was also lower in the farmer-selected genotypes, further confirming their natural 

resistance to insect pests (Table 7.2). It was also noteworthy that the farmer-selected varieties produced 

more grain yield without protection than the improved varieties. This superior pest resistance by the 

farmer varieties (i.e. lower infestation levels and greater grain yield from unprotected genotypes) relative 

to improved varieties such as ITH98-46 and TVu1509 was confirmed by the higher concentration of 

flavonoids and anthocyanins in seed extracts (Table 1) and in tissues of plants grown as an intercrop or at 

high plant density (Table 7.4, Fig. 7.1). This implies that the insect pests were deterred by the high tissue 

concentrations of flavonoids and anthocyanins (Hoffmann-Campo et al., 2001) originating from parental 

seed and from synthesis by progenies raised from those seeds. 

 

Data from correlation analysis (Table 7.5) also provided a direct relationship between tissue concentration 

of flavonoids/anthocyanins and plant defence, in that, the higher the concentration of defence molecules in 

cowpea seed extracts, the lower was the insect pest incidence on plants raised from those seeds. Our 

suggestion that seed and tissue concentrations of flavonoids/anthocyanins were probably responsible for 

the suppression of insect pests on some cowpea plants (whether measured as number of thrips per flower, 

pod-sucking bugs per row, or percentage of plants infested by aphids and alcidodes) is consistent with 

earlier findings (Sutherland et al., 1980; Wang et al., 1998), which showed that isoflavonoids present in 

legume roots and leaves provided protection against attack by beetles (Costelytra zealandica) and red 

legged earth mites (Halotydeus destructor). More specifically, legumes such as lotus, cowpea, soybean, 

common bean, and pigeon pea are known to respectively synthesize and accumulate the isoflavonoids 

vestitol, medicarpin, glyceollin, phaseolin, and cajanin as insect pest deterrents (Russell et al., 1978; 

Dakora and Phillips, 1996), while species of Lonchocarpus, Derris, Mundulea, Pachyrrhizus and 

Neoratanenia produce the deadly isoflavones rotenone, deguelin, munduserone, pachyrrhizone and 

dolineone, respectively, as potent insecticides for defence against insect pests (Fukami and Nakajima, 

1971). 
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In this study, the absence of insect attack observed under conditions of intercropping and high plant 

density could be attributed to the relatively increased concentration of flavonoids and anthocyanins in 

plant organs under those cultural conditions (Fig. 7.1A, B, C, and D). This finding could explain the data 

by Ampong-Nyarko et al. (1994) which showed a reduction in insect pest infestation with intercropping of 

cowpea and sorghum. In another study, the population of aphids (Aphids craccivora Koch.) and thrips 

(Megalarothrips sjostedti Trybom) decreased significantly with intercropping of cowpea and sorghum 

relative to monoculture (Hassan, 2009). As shown in this study, the finding by Hassan (2009) could be 

attributed to increased accumulation of flavonoids and anthocyanins when the species were planted in 

mixed culture. Furthermore, our data showed significantly higher concentration of flavonoids and 

anthocyanins in farmer-selected varieties (i.e. Sanzie, Bensogla and Omondaw) relative to improved 

cultivars. This could be attributed to better adaptation by the farmer varieties to intercropping and/or high 

plant density. 

 

In conclusion, we have shown that the concentration of flavonoids and anthocyanins in cowpea seed 

extracts differed markedly among 45 genotypes tested, with farmer-selected varieties (e.g. Sanzie, 

Bensogla and Omondaw) showing higher levels of phenolic metabolites relative to improved genotypes. 

The higher concentrations of these compounds in seed extracts resulted in lower incidence of insect pests 

among progenies raised from those seeds. Intercropping and high plant density also increased tissue 

concentration of flavonoids and anthocyanins, and this could explain the lower incidence of insect pests 

and diseases observed under intercropped conditions (Ampong-Nyarko et al., 1994, Hassan, 2009). The 

farmer-selected varieties appeared better adapted to intercropping in terms of accumulating higher 

concentrations of flavonoids and anthocyanins for defence against insect pests. Correlation analysis 

further confirmed a direct relationship between high flavonoids/anthocyanins in seed extracts and 

enhanced resistance against insect pest (measured as a decrease in number of insect pests per flower, pod-

sucking bugs per row or percentage of plants infested by aphids or alcidodes). 
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Table 7.1: Concentration of anthocyanins and flavonoids released by imbibing seeds of different cowpea 

varieties in aqueous methanol (10 g seed in 50 mL of acidified MeOH) during 2005.  

 

Accession No. Cowpea genotypes Seed coat colour Flavonoids Anthocyanins 

   (Abs.g DM-1) 
1 IT95K-1093-5 Light brown/brown 2.80hi  0.12stuv 

2 IT95K-238-3 Cream 1.29zd 0.05wxyz 

3 IT95K-1453-47 Cream 2.07u 0.42f 

4 IT97K-497-2  Cream 2.34qr 0.04xyz 
5 IT97K-1068-7 Brown 2.58m 0.31hijk 

6 IT97K-499-38 Cream 2.30rs 0.41fg 

7 IT97K-499-39 Cream 2.36q 0.33hij 

8 IT97K-499-39 Light brown/brown 2.52n 0.15qrst 

9 IT95K-1090-12 Light yellow 2.76ij 0.16qrs 

10 IT95K-1156-3 Light red 1.42zb 0.30ijkl 
11 IT93K-686-2 Light yellow 2.71k 0.16qrs 

12 IT90K-284-2 Cream 2.93g 0.04xyz 

13 IT94K-2023-3 Cream 2.07u 0.10tuvw 

14 IT95K-286-4 Cream 1.77y 0.08uvwx 

15 IT93K-2045-29 Cream 2.75jk 0.42f 
16 IT96D-651 Cream 1.95w 0.25lmno 

17 Kisangata Cream 2.66l 1.32a 

18 IT96D-618 Cream 2.19t 0.00z 

19 IT94D437-1 Cream 1.79xy 0.00z 

20 IT95K-627-34 Cream 1.83x 0.01z 

21 IT93K-452-1 Cream 4.26e 0.60d 
22 IT94K440-3 Cream 2.09u 0.26klmn 

23 IT94K410-1 Cream 1.65z 0.46ef 

24 Vuli-1 Dark red/purple 2.24s 0.81b 

25 Line 2020 Brown 2.65l 0.13rstu 

26 Kaputura Brown 2.26rs 0.17pqrs 

27 Chora Brown 2.15t 0.13rstu 
28 Ngonji Brown 2.30rs 0.15qrst 

29 Mamlaka Brown 2.25s 0.22nop 

30 Tumaini Brown 2.27rs 0.18pqr 

31 Fahari Mixture 1.39zbc 0.02yz 

32 Mchanganyiko-1 Mixture 1.47za 0.49ef 

33 Mchanganyiko-2 Mixture 1.36zc 0.15qrst 
34 Mchanganyiko-3 Mixture 2.43p 0.28jklm 

35 Mchanganyiko-4 Mixture 2.01v 0.32hij 

36 Ex-Chamwino Mixture 2.41p 0.14rst 

37 Ex-Zepisa Mixture 1.07zg 0.45ef 

38 Za-Kutambaa Mixture 1.17zf 0.74c 
39 Hombolo Makulu Mixture 2.84hi 0.20opq 

40 Mchanganyiko Mixture 2.24s 0.36gh 

41 Bensogla Mixture 5.49c 0.24mno 

42 ITH98-46 Mixture 4.93d 0.07vwxy 

43 Sanzie Mixture 7.45a 0.34hi 

44 TVu 1509 Mixture 3.85f 0.04xyz 
45 Omondaw Cream 6.91b 0.14rst 

One-Way ANOVA (F-Statistic) 

Reps   6328.8** 143.5** 

CV (%)   1.1 13.7 

Values followed by different letters in a column are significantly different at **: P≤0.01. 
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Table 7.2. Insect pest infestation and effect of spraying with minimum insecticide application on grain 

yield of 25 cowpea genotypes grown at Manga, Ghana, in 2003.  

 

Grain yield Yield increase from 
spraying 

Pest infestation 

kg.ha-1 

Genotype 

No. of thrips per 
5 flowers 

No. of PSB 
per row Protected unprotected 

% 

Bensogla 15.0mn 2.0e 444.4ijkl 240.7c 84.6mn 
ITH98-46 24.7hi 6.3ab 370.3klmn 222.2c 66.7n 
Sanzie 27.3efg 5.7abc 937.0ab 351.8a 166.3kl 
TVu 1509 19.7jk 5.0cde 555.5fgh 85.2lmn 552.0c 
Omondaw 17.3klm 3.0cde 592.5efg 311.1b 90.5mn 
ITH98-20 18.7jk 3.3cde 388.8jklmn 181.3de 114.5lmn 
ITH98-24 12.7no 4.7cde 518.5ghi 166.6def 211.2jk 
ITH98-45 16.0lm 3.7cde 555.7fgh 148.1fgh 275.2ghi 
ITH98-48 33.7cd 2.3de 851.8bc 185.2d 359.9ef 
ITH98-49 33.0d 8.7a 814.8c 177.7de 360.0ef 
TVX 3236 26.0fgh 4.0cde 907.4bc 118.5ijk 666.0b 
Vita 7 35.7bc 2.3de 629.6def 74.0mn 750.0a 
Bengpla 18.7jk 3.3cde 592.5efg 129.6ghij 357.2ef 
Vallenga 39.34a 6.3ab 841.8bc 166.6def 405.3de 
Brown eye 22.7i 2.0e 1037.0a 185.1d 460.2d 
Tilli local 19.3jk 4.3cde 666.6de 133.3ghi 400.0de 
IT86D-1951 13.0no 2.3de 481.4hij 111.1ijkl 333.3fg 
IT90K-277-2 28.7e 3.3cde 462.9hijk 118.5ijk 290.6gh 
IT87D-1951 17.7jkl 2.0e 351.8lmn 100.0klm 251.8hij 
Adom 37.3ab 3.0cde 703.7d 155.5efg 352.5ef 
Soronko 25.7gh 5.0cde 833.3c 122.2hijk 581.9c 
IT86D-566-6 28.3ef 4.7cde 333.3mno 62.9n 429.9d 
Ayiyi 20.0j 6.3ab 425.9ijklm 129.6ghij 228.6ij 
IT86D-1010 19.7jk 2.7de 240.7o 103.7jkl 132.1lm 
IT86D-2075 12.3p 2.0e 307.4no 137.0ghi 124.4lmn 
One-Way ANOVA (F-Statistic) 
Rep 87.3** 2.0* 36.9** 48.1** 75.0** 
CV (%) 6.3 54.6 10.6 10.9 11.5 

Values followed by different letters in a column are significantly different at *: P≤0.05; **: P≤0.01. Grain 

yield values represent harvests from 3 inner rows of 3 plots per trial. PSB = pod-sucking bugs. 
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Table 7.3. Level of insect pest infestation among 33 cowpea genotypes grown in the field in Tanzania in 
2003.  

 

Variety % of plants infested by 

 Aphids Alcidodes 

IT95K-1095-5 61.0c 19.0de 
IT95K-238-3 18.0j 13.0f 
IT95K-1453-47 6.0r 18.0de 
IT97K-497-2  21.0c 7.0hij 
IT97K-1068-7 17.0k 17.0e 
IT97K-499-38 2.0u 7.0hij 
IT97K-499-39 6.0r 2.0l 
IT97K-499-39 49.0d 20.0cd 
IT95K-1090-12 12.0n 6.0ij 
IT95K-1156-3 3.0t 5.0jk 
IT93K-686-2 15.0l 13.0f 
IT90K-284-2 0.0w 3.0kl 
IT94K-2023-3 13.0m 23.0b 
IT95K-286-4 10.0o 13.0f 
IT93K-2045-29 29.0f 19.0de 
IT96D-651 2.0u 13.0f 
Kisangata 17.0k 12.0f 
IT96D-618 27.0g 13.0f 
IT94D437-1 3.0t 3.0kl 
IT95K-627-34 23.0h 12.0f 
IT93K-452-1 49.0d 11.0fg 
IT94K440-3 23.0h 9.0gh 
IT94K410-1 9.0p 11.0fg 
Vuli-1 8.0q 8.0hi 
Line 2020 2.0u 6.0ij 
Kaputura 6.0r 6.0ij 
Chora 5.0s 13.0f 
Ngonji 1.0v 24.0b 
Mamlaka 6.0r 17.0e 
Tumaini 8.0q 9.0gh 
Fahari 33.0e 33.0a 
Mchanganyiko 67.0b 22.0bc 
Za-Kutambaa 84.0a 24.0b 
One-Way ANOVA (F-Statistic)   
Rep 4123.8** 70.8** 
CV (%) 2.9 11.4 

Values followed by different letters in a column are significantly different at **: P≤0.01  
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Table 7.4. Plant growth and concentration of flavonoids and anthocyanins in seed and plant rinses of five 

cowpea genotypes grown in the field at Stellenbosch, South Africa. Concentration of flavonoids and 

anthocyanins were measured in aqueous methanol (0.1 g of plant sample in 10 mL of acidified MeOH).  

 
        

Treatment Plant growth  Flavonoids  Anthocyanins 

 g.plant-1  Abs.g DM-1  Abs.g DM-1 

        

   Seeds Whole plant  Seeds Whole plant 

Genotypes        

Bensogla 26.6±2.4ab  8.6±0.2a 36.7±2.7ab  0.42±0.08abc 0.93±0.20a 

ITH98-46 22.1±2.0b  8.2±0.3b 30.7±2.3c  0.22±0.07c 0.47±0.12b 

Sanzie 29.8±2.7a  8.7±0.3a 39.1±2.5a  0.57±0.08a 1.05±0.15a 

TVu1509 23.3±2.5b  8.2±0.2b 33.8±2.4bc  0.33±0.08bc 0.76±0.14ab 

Omondaw 28.3±2.3ab  8.8±0.3a 37.5±3.2ab  0.49±0.10ab 0.99±0.21a 

One-Way ANOVA (F-Statistic) 

Genotypes 3.8**  248.0* 3.2*  325.4** 2.7* 

Values of metabolites were taken at peak light absorbance within the visible light spectrum. Values 

followed by different letters in a column are significantly different at *: P≤0.05, **: P≤0.01. Whole plant 

values are combined average values of roots, shoots and pods. These data were collected in 2005 and 2006 

and combined for statistical analysis. 

 

Table 7.5. Correlation analysis of phenolic metabolites vs. insect pest infestation in field experiments 

conducted in Ghana and Tanzania. 

 

Correlation parameters  Location Year Significance level 

Seed flavonoids vs. thrips per flower Manga, Ghana 2003 0.12* 

Seed anthocyanins vs. pod sucking bugs per row Manga, Ghana 2003 0.38** 

Seed flavonoids vs. pod sucking bugs per row Wa, Ghana 2003 0.19* 

Seed anthocyanins vs. plants infested with aphids Morogoro, Tanzania 2003 0.13* 

Seed flavonoids vs. plants infested with alcidodes Morogoro, Tanzania 2003 0.13* 

* = significant at P≤ 0.05, ** = significant at P≤ 0.01. 
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Fig. 7.1: Effect of plant density on the concentration of A) Flavonoids, B) Anthocyanins and cropping systems 

on C) Flavonoids, D) Anthocyanins in seed and whole plant. Data for 2005 and 2006 were combined since they 

were similar.
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8.1 GENERAL DISCUSSION  

 

High plant density (167,000 plants.ha-1) and mixed culture (intercropping) compared with low plant 

density (83,000 plants.ha-1) and monoculture (monocropping) system, reduced chlorophyll contents and 

gas-exchange parameters (Chapter 2); pH and mineral elements concentration in the rhizosphere and 

tissue uptake (Chapter 3) and yield components (Chapter 5) in cowpea genotypes and sorghum species. 

On the contrary, the data showed increased acid and alkaline phosphatases in root tissues and rhizosphere 

soil (Chapter 4), symbiotic performance (Chapter 6), as well as flavonoid and anthocyanin concentrations 

in seeds/plant organs (Chapter 7). The data also indicated species and genotype variation in response to 

high plant density and mixed culture system in the measured parameters. These results contribute to the 

body of knowledge in soil fertility and plant nutrition, plant protection, agricultural production and 

management, food nutrition and the environment.  

 

Photosynthesis is the major biosynthetic process on earth, fixing about 100 billion tons of carbon annually 

into net primary production, the basis of all our food and fibre. Earth’s surface receives 4.3 x 1020 J of 

solar energy per hour but consumes only 4.1 x 1020 J per year (Zhu et al., 2008). Despite this quantity, 

solar energy is diffuse, emphasising the overall efficiency of photosynthetic solar energy conversion in 

cropping systems. In this study, results have showed that gas-exchange parameters (i.e. photosynthetic 

rate, transpiration rate, intercellular CO2 concentration, and stomatal conductance), chlorophyll contents, 

δ
13C, C and WUE were lowered at high plant density and mixed culture system. Decreased photosynthetic 

rate due to increased density and mixed culture suggest that there is less efficient use of light resources or 

photosynthetic solar energy conversion for yield formation and grain yield increase. This means that grain 

yield and financial gain will be adversely affected for both farmers and the general economy. By 

understanding photosynthesis in mixed cultures, one could design better means to improve the rate of 

photosynthesis, reduce respiration rate and improve the source sink capacity to sustain high 

photosynthesis rate or photosynthetic solar energy conversion through the choice of appropriate genotypes 

and cropping patterns for increased grain yield. Additionally, the higher WUE in sorghum compared with 

cowpea species, as well as the improved cowpea genotypes compared with farmer-selected cultivars, 

suggests that such species have less 13C discrimination and could be used in soil moisture stressed 

environments. 

 

Although high plant density and mixed culture reduced cowpea and sorghum grain yield in this study, 

reduction was not large enough to decrease the total grain yield of the mixture relative to those of either 

crop component, as the land equivalent ratio was greater than 1 (LER > 1), suggesting mixed culture 

(intercropping) advantage over monoculture system. Similarly, since the grain yield of cvs. Sanzie and 

Omondaw was unaffected by mixed cultures, this suggests that these cowpea genotypes can be included in 
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mixed culture to improve and increase grain yield in low input agricultural production systems in Africa. 

Increased cowpea grain yield will not only have implications for farmers’ income but also for their 

nutritional and health status due to the high food value contained in both cowpea and sorghum crops. 

Healthy farmers are able to participate fully and efficiently in their economic activities, thus, increasing 

their income and reducing poverty. In addition, the natural flavonoids and anthocyanins contained in the 

seed grains of cowpea and sorghum species have been associated with longer life expectancy. In this 

regard, since cowpea and sorghum are staple foods in Africa, growing them in mixed culture may not only 

increase total grain yield but also will be the main source of natural antioxidants for both food nutrition 

and income generation in Africa.  

 

In this study, symbiotic performance, acid and alkaline phosphatase activities as well as flavonoids and 

anthocyanins concentrations increased at high plant density and mixed culture. The increase in these 

parameters, however, reflects a high demand for plant growth factors leading to stress, thus, greater 

implications in cropping systems. For example, increased symbiotic performance in cropping systems 

would mean increased N2-fixed to such system, thus, making it possible for less use of artificial N 

fertiliser for plant growth. These processes may have an implication in soil fertility, plant nutrition, and 

environment. For example, gross terrestrial biological nitrogen fixation (BNF) has been estimated up to 

290 million tons of N per year of which about 16.6% is fixed by field agricultural crops (i.e. including 

nodulated cowpea genotypes) compared with 28.6% fixed industrially in fertiliser production (Cleveland 

et al., 1999; Jenkinson, 2001). Even though artificial N fertiliser contributes to increased productivity in 

cropping systems, it is so at the cost of environmental degradation (Jensen and Hauggaard-Nielsen, 2003). 

In addition, since atmospheric N2 is a renewable resource, BNF is a sustainable source of N in cropping 

systems (Bohlool et al., 1992). So, the role of BNF on N cycling, ammonia volatilisation, N2O emission 

and NO3 leaching suggests that BNF is much more environmentally friendly compared with industrial N 

fertiliser applied for plant growth in cropping systems. In contrast to the large amount of fossil energy 

used for the industrial fertiliser N production process, the energy input for BNF is virtually free of charge 

synthesised from photosynthesis. Inclusion of nodulated cowpea genotypes in cropping systems will 

therefore contribute significantly to the supply of N through BNF with great implications for our cropping 

systems and the environment. Furthermore, rhizosphere acidification (i.e. low pH) observed during N2-

fixation by cowpea plants may suggest greater benefits in alkaline soils by solubilisation of mineral 

elements which would otherwise remain fixed, thus, increasing mineral elements availability for plant 

growth, as well as reducing the vagaries of salinity in salt-affected areas. Furthermore, the observed 

increase in acid and alkaline phosphatase activities in this study suggests a direct relationship between 

these activities and P supply in P-deficient soils. The assay of acid phosphatase activity in roots and 

rhizosphere of cowpea therefore, can be used as a tool to select cowpea genotypes (and other legumes) for 
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P uptake efficiency. On the other hand, increased flavonoid and anthocyanin concentrations in seed/plant 

organs suggest increased nutritive value in grain yield, a viable commercial source of good antioxidants, 

resistance to pests and diseases, control of weeds, photo-protection, stress for mineral elements and signal 

molecule in symbiotic nitrogen fixation.  

 

The significant variation between farmer-selected cowpea genotypes (i.e. Bensogla, Sanzie and 

Omondaw) and improved cowpea genotypes (i.e. ITH98-46 and TVu1509) on the measured parameters 

have added to our understanding of the potential which exists in local genotypes. In this study, farmer-

selected genotypes led by cv. Sanzie were among the superior cowpea genotypes which significantly had 

more acid and alkaline phosphatase activities, greater mineral elements content in their plant organs, 

greater N-fixed and higher grain yields. These observations can be interpreted as due to its genotypic 

potential, thus, suggesting its inclusion in mixed culture systems and in the management of low nutrient 

soils. Inclusion of cv. Sanzie, as well as the other farmer-selected genotypes (e.g. Bensogla and 

Omondaw) in cropping systems, will probably maximise the amount of mineral elements, optimise 

symbiotic performance and increased P uptake efficiency, thus contributing significantly to the soil 

nutrition in agricultural soils, and consequently, greater grain yields. In conclusion, in order to maximise 

plant growth, N2 fixation, grain yield and other measured attributes from different cowpea genotypes such 

as those used in this study, should first be evaluated under different agronomic practices such as high plant 

density and intercropping systems.  
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