
 

 

Impact of row configuration and biofertilizers on 

yield and quality of sorghum (Sorghum bicolor (L.) 

Moench.) intercropped with cowpea in the Southern 

Laterites of Kerala, India 

                                    

   

 

ABSTRACT                 

A field experiment was conducted at the Instructional Farm, College of Agriculture, Vellayani 

during December 2023 to April 2024 to assess the performance of sorghum in terms of yield and 

quality, when intercropped with cowpea at varying row configuration and biofertilizers. The field 

experiment was laid out in Randomized Block Design (RBD). The study comprised intercropping 

sorghum with cowpea, at three row ratios and four levels of biofertilizer application (r1 – 1:1 row ratio, 

r2 – 1:2 row ratio, r3 – 2:1 row ratio; b0 – No biofertilizer, b1 – AMF, b2 – Rhizobium and b3 – AMF + 

Rhizobium). The treatment r3 (2:1 row ratio) resulted in higher grain yield, grains per panicle, grain 

weight per panicle, and green stover yield of sorghum. Application of AMF and Rhizobium together 

(b3) resulted in more number of grains per panicle, grain weight, grain yield and green stover yield of 

sorghum. The treatment combination r2b1 (sorghum intercropped with cowpea in 1:2 ratio along with 

AMF) showed the highest crude protein content in sorghum grains. Iron and copper content were 

increased with the application of AMF (b1). However, application of AMF and Rhizobium (b3) together 

resulted in higher magnesium content in sorghum grains. 

Keywords: Sorghum, Cowpea, Intercropping, Arbuscular mycorrhizal fungi (AMF), Rhizobium, row 

ratio 

1. INTRODUCTION 

Millets, recognized as one of the ancient foods of man are invaluable for various reasons, 

notably their resilience to adverse environmental conditions and their significant nutritional value. 

Among millets, sorghum (Sorghum bicolor (L.) Moench.) has been acknowledged a versatile and 

nutrient-dense grain with a long history of cultivation spanning centuries. The grains of sorghum hold 

a diverse array of essential nutrients that underpin its health-promoting properties. On an average, the 

sorghum grains (per 100 g) have been reported to contain 193 Kcal energy, 7.1 g protein, 0.6 g fat, 

39.8 g carbohydrates, 0.9 g fibre, 10 mg calcium, 3.5 mg iron and 1.7 mg niacin (Ajiboye et al., 2014; 

Hassan et al., 2021). Its high fibre content aids in maintaining digestive health by promoting regular 

bowel movements reduce the risk of digestive disorders. As a rich source of carbohydrates, sorghum 

facilitates sustained energy release, proving particularly beneficial for individuals with active lifestyles 

or higher energy demands (Saleh et al., 2013; Drub et al., 2021). Its low glycemic index aids in blood 
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sugar regulation, crucial for diabetes management, while the dietary fibre assists in reducing 

cholesterol levels, thereby lowering the risk of cardiovascular diseases. (Duodu and Awika, 2019). 

Sole cropping of millets will not be an attractive option for majority of the farmers of Kerala, mainly 

due to the lack of thorough familiarity with these crops. Thus either inclusion of millets as intercrop in 

the existing cropping systems or intercropping, with millets as the base crop could prove lucrative, 

since intercropping ensures improved stability than sole cropping in terms of maintenance of soil 

fertility, yield enhancement and economic returns (Machado, 2009). Legumes are the major group of 

crops that are highly flexible as components in diverse cropping system. Further, the significance of 

legumes as intercrops in cereal/millet-based systems lies in their ability to fix atmospheric nitrogen. In 

Kerala, cowpea (Vigna unguiculata (L.) Walp) is one of pulses with high consumer preference and 

greater degree of adaptability. Interaction of Arbuscular mycorrhizal fungi (AMF) and Rhizobium with 

crops is a well-known phenomenon. Establishing a connection between cereal-legume intercropping 

via a shared mycorrhizal network enhances crop productivity (Hauggaard-Nielsen and Jensen, 2005). 

Additionally, interactions between roots and microorganisms have been found to influence nutrient 

mobilization, leading to effective nutrient acquisition (Li et al., 2014). Both AMF and rhizobial 

inoculation have been reported to enhance the acquisition of nitrogen by the host crops.  

 

2. MATERIAL AND METHODS 

The field experiment was conducted on a red, sandy clay loam soil at the Instructional Farm, 

College of Agriculture, Vellayani during December 2023 to April 2024, the sorghum variety CO-32. 

The soil of the experimental site was strongly acidic in reaction (pH – 5.46), medium in organic carbon 

(0.65 %), low in available nitrogen (216 kg ha-1), high in available phosphorus (51.2 kg ha-1) and 

medium in available potassium status (181.6 kg ha-1). The experiment was laid out in randomized 

block design with 3 x 4 treatments replicated thrice. The study comprised intercropping sorghum with 

cowpea (in additive series), at three row ratios and four levels of biofertilizer application. Treatment 

details were as follows (r1 – 1:1 row ratio, r2 – 1:2 row ratio, r3 – 2:1 row ratio; b0 – No biofertilizer, b1 – 

AMF, b2 – Rhizobium and b3 – AMF + Rhizobium). The spacing followed for sorghum was 45 cm x 15 

cm and that for cowpea was 25 cm x 15 cm. Arbuscular mycorrhizal fungi (AMF) was applied to 

sorghum at the time of sowing. AMF at the rate of 10 kg ha-1 was mixed with powdered organic 

manure and applied along with the sowing of sorghum on the ridges. Seeds of cowpea were treated 

with Rhizobium culture as per the KAU POP. (KAU, 2016). Farm yard manure (10 t ha-1) was applied 

uniformly to all the treatments before sowing. The nutrient recommendation followed for sorghum and 

cowpea were 75: 50: 50 kg NPK ha-1 and 20:30:10 kg NPK ha-1 respectively. The yield attributes and 

yield of sorghum were recorded following standard procedures. The crude protein content (on dry 

weight basis) of the sorghum grains was computed as the product of the nitrogen content in the grains 

and a constant (6.25) (Simpson et al., 1965). Calcium, magnesium, iron, manganese and copper 

content in sorghum grains were analysed by using Atomic Absorption Spectrophotometer (Venugopal 

et al., 2013). 
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3. RESULTS AND DISCUSSION 

 3.1 Grains per panicle 

Among the three row ratios, r3 (sorghum intercropped with cowpea in 2:1 ratio) resulted in the 

highest number of grains per panicle (424.13). The treatment with AMF + Rhizobium (b3) resulted in 

the highest number of grains per panicle (384.49). The treatment combinations r3b1 (sorghum 

intercropped with cowpea in 2:1 ratio along with AMF) and r3b3 (sorghum intercropped with cowpea in 

2:1 ratio along with AMF and rhizobium) had significantly more number of grains per panicle. (436.07 

and 424.93 respectively) (Table 1). Cowpea, being a legume with rapid growth and development is 

always competitive than cereals and millets. In 2:1 row ratio of sorghum: cowpea (r3), the population 

of cowpea was lesser compared to sorghum. This might have given a competitive advantage for 

sorghum over cowpea, resulting in better utilisation of the resources leading to a higher sink capacity 

denoted by more number of grains per panicle. Application of AMF and Rhizobium together (b3) 

resulted in more number of grains per panicle (384.49), grain weight per panicle (43.90 g) and 

consequently higher grain yield (2909 kg ha-1) and green stover yield (11595 kg ha-1) of sorghum. The 

combination of AMF and Rhizobium could have led to increased root colonization and biomass, 

enhancing the overall nutrient absorption capacity of sorghum.  Arbuscular mycorrhizal fungi have 

been identified to have consistent effect on stomatal conductance, transpiration, CO2 exchange, 

photosynthesis and chlorophyll content (Panwar, 1991; Sharma et al., 2014) and consequently 

influence the growth and development of crops. Mudalagiriyappan et al. (1997) have reported 

significant increase in growth rate and dry matter production of crops in response to AMF inoculation. 

In addition, AMF improves phosphorus uptake, which is vital for root development and overall plant 

vigour. Rhizobium enhances nitrogen availability (Pacovsky et al., 1985) as the Rhizobium associated 

with cowpea can fix atmospheric nitrogen, significantly enriching the soil with nitrogen, which is crucial 

for plant growth (Scowcroft and Gibson, 1975). 

3.2 Grain weight per panicle 

 Grain weight per panicle showed significant variation in response to row ratio. Sorghum 

intercropped with cowpea in 2:1 ratio (r3) showed the highest grain weight per panicle (45.38 g). 

Application of both AMF and rhizobium (b3) resulted in the highest grain weight per panicle (43.90 g). 

Sorghum intercropped with cowpea in 2:1 ratio along with AMF + Rhizobium (r3b3) proved to be 

superior with higher (47.20 g) grain weight per panicle (Table 1). Root-associated symbiosis plays a 

vital role in supporting sustainable agriculture by enhancing plant growth and improving soil quality, 

ultimately benefiting the health of host plants (Loo et al., 2022). AMF and Rhizobium are two 

symbionts which has prominent roles in nutrient acquisition by the associating crops. The extraradical 

hyphae of AMF in the soil help the host plant acquire nutrients like nitrogen and phosphorus in return 

for the carbon provided by the host in their symbiotic relationship (Kowal et al., 2022; Marro et al., 

2022). In addition, both AMF and Rhizobia drive nitrogen cycling in the soil (Nelson et al., 2016). As 

suggested by Liu et al. (2022), AMF might have promoted N storage in the soil by means of insoluble, 

recalcitrant proteins released by it, while rhizobia might have release nitrogen into the soil through the 

Commented [F15]: Please verify which parameters were 
influenced by the given factors and which were not??????? 
State the highest and lowest values obtained from the given 
parameters as a results of effects of the intended 
factors???????/ 

Commented [F16]: Sources??????????? 

Commented [F17]: Too old references?????????? 

Commented [F18]: Too old references?????????? 

Commented [F19]: Too old references?????????? 

Commented [F20]: Please state the lowest values gained 
from the given for further elaborate justification by comparing 
and contrasting them??????????? 
The rest was fine. 



 

 

decay of root nodules of the legume (Fustec et al., 2010), which in the present study was cowpea. 

Thus the dual effect of AMF and Rhizobium might have benefitted sorghum resulting in better yield 

attributes. 

3.3 Grain yield 

Sorghum and cowpea intercropped in 2:1 ratio (r3) proved to be superior with the highest 

grain yield of sorghum (3122 kg ha-1). The treatment b3 (AMF + Rhizobium) showed the highest (2909 

kg ha-1) grain yield of sorghum followed by b1 (AMF) (2852 kg ha-1). The treatment combination r3b1 

(sorghum intercropped with cowpea in 2:1 ratio along with AMF) showed higher grain yield of 

sorghum (3187 kg ha-1) (Table 1). The higher yield of sorghum in the 2:1 row ratio could be attributed 

to several reasons, the first and foremost being based on plant population. It was logical to reason out 

that the higher plant population of sorghum in 2:1 row ratio as compared to 1:1 and 1: 2 row ratios, 

which had only one row of sorghum for every one and two rows of cowpea respectively might have 

contributed to a better yield. The sorghum - cowpea intercropping system might have optimized the 

growth conditions for sorghum while benefiting from the presence of cowpea.  

3.4 Green stover yield 

The treatment r3 (sorghum intercropped with cowpea in 2:1 ratio) resulted in the highest 

(11731 kg ha-1) green stover yield. Application of both AMF and Rhizobium (b3) exhibited the highest 

green stover yield of sorghum (11595 kg ha-1). The treatment combination, r2b3 (sorghum intercropped 

with cowpea in 2:1 ratio along with AMF and rhizobium) resulted in the highest green stover yield 

(12286 kg ha -1) of sorghum (Table 1).The combination of AMF and Rhizobium could have led to 

increased root colonization and biomass, enhancing the overall nutrient absorption capacity of 

sorghum.  Arbuscular mycorrhizal fungi have been identified to have consistent effect on stomatal 

conductance, transpiration, CO2 exchange, photosynthesis and chlorophyll content (Sharma et al., 

2014; Panwar, 1991) and consequently on growth and development of plants. 

 

Table 1. Effect of row ratio and biofertilizers on grains per panicle, grain weight per panicle, 

grain yield and green stover yield of sorghum 

Treatment Grains per 

panicle 

       (nos) 

Grain weight 

per panicle  

(g) 

Grain yield  

(kg ha-1) 

Green stover          

yield 

(kg ha-1) 

Row ratio (R) 

r1 – 1:1 322.71 41.16 2602 10897 

r2 – 1:2  323.08 42.93 2615 11085 

r3 – 2:1 424.13 45.38 3122 11731 

SE m (±) 2.06 0.18 13 31 

CD (0.05) 6.073 0.556 39.0 90.3 

Biofertilizer (B) 

b0 – no biofertilizer 305.93 41.70 2528 11075 

b1 – AMF 369.91 43.18 2852 10842 

b2 – Rhizobium 366.24 43.84 2832 11438 

b3 – AMF + Rhizobium 384.49 43.90 2909 11595 
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SE m (±) 2.38 0.21 15 35 

CD (0.05) 7.012 0.642 45.0 104.3 

Row ratio (R) x Biofertilizer (B) 

r1b0 – 1:1 + No biofertilizer 244.73 40.93 2217 11512 

r1b1 – 1:1 + AMF 331.99 41.23 2660 10640 

r1b2 – 1:1 + Rhizobium 351.20 42.33 2756 10680 

r1b3 – 1:1 + (AMF + Rhizobium) 363.00 40.13 2775 10758 

r2b0 – 1:2 + No biofertilizer 254.80 41.97 2274 9940 

r2b1 – 1:2 + AMF 341.73 41.73 2709 10131 

r2b2 – 1:2 + Rhizobium 330.27 43.67 2651 11982 

r2b3 – 1:2 + (AMF + Rhizobium) 365.53 44.37 2827 12286 

r3b0 – 2:1 + No biofertilizer 418.27 42.20 3091 11773 

r3b1 – 2:1 + AMF 436.07 46.57 3187 11755 

r3b2 – 2:1 + Rhizobium 417.27 45.53 3088 11652 

r3b3 – 2:1  + (AMF + Rhizobium) 424.93 47.20 3125 11742 

SE m (±) 4.11 0.37 27 61 

CD (0.05) 12.146 1.12 78.1 180.7 

Sole crop 414.00 42.40 3114 12896 

 

3.5 Crude protein content in sorghum grains 

Sorghum intercropped with cowpea in 1:2 ratio (r2) exhibited highest crude protein content in the 

grains of sorghum (8.86 %). Application of AMF (b1) resulted in the highest crude protein content (8.98 

%). The treatment combination r2b1 (sorghum intercropped with cowpea in 1:2 ratio along with AMF) 

showed highest crude protein content of sorghum (10.16 %) (Fig 1). AMF improves the absorption of 

nitrogen and phosphorus, essential for protein formation. Sorghum plants with AMF show higher 

yields and better nutritional profiles, including increased protein content (Watts-Williams et al., 2021). 

 

 

Fig. 1. Effect of row ratio x biofertilizer on crude protein content in sorghum grains, per cent  

(dry weight basis) 
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3.6 Mineral content in sorghum grains 

The treatment combination r2b1 (sorghum intercropped with cowpea in 1:2 ratio along with AMF) 

exhibited higher calcium content in sorghum grain. (345.67 mg 100 g-1) (Table 2). AMF increases the 

root surface area, leading to improved calcium absorption. Intercropping with cowpea enhances 

nutrient cycling and availability in the soil (Abroulaye et al., 2023). The treatment b3 (AMF + 

Rhizobium) resulted in the highest magnesium content in sorghum grain (156.22 mg 100 g-1) (Table 

2). The application of AMF and Rhizobium could have enhanced the microbial activity in the 

rhizosphere, increasing nutrient mobilization processes. Enhanced microbial activity could have 

improved the solubility of magnesium compounds in the soil, making magnesium more available for 

uptake (Barea et al. 2005). Application of AMF (b1) resulted in the highest iron content in sorghum 

grain (5.29 mg 100 g-1) (Table 2). AMF inoculation has been reported to significantly increase the 

release of phytosiderophores, which are crucial for mobilizing Fe in the soil. This process might have 

facilitated the uptake of Fe by sorghum roots (Prity et al., 2020). AMF might have also enhanced the 

soil microbial activity, which in turn improved the bioavailability of Fe and other nutrients, further 

supporting the nutritional quality of sorghum grains. In contrast, application of Rhizobium (b2) proved 

to be superior with the highest manganese content (1.64 mg 100 g-1) in the grains of sorghum (Table 

2). The treatment combination r1b2 (sorghum intercropped with cowpea in 1:1 ratio along with 

Rhizobium) showed the highest manganese content in sorghum grain (1.77 mg 100 g-1). Intercropping 

has been reported to offer a potential facilitating mechanism in which crop species can chemically 

mobilize unavailable forms of one or more limiting soil nutrients, including micronutrients like iron, 

zinc, and manganese, by releasing acid phosphatases, protons, carboxylates and chelating 

substances (Li et al., 2014). The treatment b1 (AMF) exhibited higher copper content (0.33 mg 100 g-

1) and was statistically on par with b2 (Rhizobium) (Table 2). AMF associations significantly improve 

nutrient uptake, including copper, in sorghum, leading to enhanced grain quality. The presence of 

AMF can increase the bioavailability of micronutrients, including copper, which is crucial for plant 

health and nutrition (Watts-Williams et al., 2021). 

Table 2. Effect of row ratio and biofertilizer on calcium, magnesium, iron, manganese and 

copper content in sorghum grains, mg 100 g-1 (on dry weight basis) 

Treatment Calcium Magnesium Iron Manganese Copper 

Row ratio (R)  

r1 – 1:1 339.83 146.00 4.52 1.48 0.25 

r2 – 1:2  334.08 144.83 4.34 1.45 0.27 

r3 – 2:1 335.67 145.50 4.45 1.48 0.22 

SE m (±) 1.68 0.36 0.045 0.01 0.02 

CD (0.05) NS NS NS NS NS 

Biofertilizer (B)  

b0 – no biofertilizer 336.56 141.44 3.55 1.25 0.22 

b1 – AMF 339.33 137.78 5.29 1.50 0.33 

b2 – Rhizobium 337.67 146.33 4.46 1.64 0.29 

b3 – AMF + Rhizobium 332.56 156.22 4.59 1.50 0.16 

SE m (±) 1.95 0.42 0.05 0.02 0.02 

CD (0.05) NS 1.240 0.154 0.061 0.064 
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Row ratio (R) x Biofertilizer (B)  

r1b0 342.00 142.33 3.57 1.25 0.24 

r1b1 335.67 138.00 5.30 1.47 0.33 

r1b2 344.33 146.00 4.57 1.77 0.30 

r1b3 337.33 157.67 4.66 1.43 0.16 

r2b0 335.00 140.00 3.51 1.24 0.21 

r2b1 345.67 137.67 5.10 1.46 0.42 

r2b2 332.33 145.67 4.47 1.57 0.31 

r2b3 323.33 156.00 4.67 1.54 0.14 

r3b0 332.67 142.00 3.57 1.25 0.21 

r3b1 336.67 137.67 5.47 1.56 0.24 

r3b2 336.33 147.33 4.33 1.60 0.25 

r3b3 337.00 155.00 4.43 1.54 0.17 

SE m (±) 3.37 0.728 0.09 0.02 0.03 

CD (0.05) 9.959 NS NS 0.106 NS 

Sole crop 332.00 136.00 4.48 1.26 0.23 

NS – not significant 

 

4. CONCLUSION 

       From the present study it could be concluded that, intercropping sorghum with cowpea in 2:1 

row ratio and inoculating sorghum with AMF and cowpea with Rhizobium (r3b3) could be 

recommended as a viable option for higher productivity and profitability of sorghum. However, with 

respect to the grain quality, the treatment combination r2b1 (sorghum + cowpea in 1:2 row ratio + AMF 

for sorghum) was observed to yield superior results. 

 

REFERENCES 

 

1. Ajiboye, T. O., Iliasu, G. A., Adeleye, A. O., Abdussalam, F. A., Akinpelu, S. A., Ogunbode, S. 

M., Jimoh,S. O., and Oloyede, O. B. 2014. Nutritional and antioxidant dispositions of 

sorghum/millet-based beverages indigenous to Nigeria. Food Sci. Nutr. 2(5):597-604. 

2. Hassan, Z. M., Sebola, N. A., and Mabelebele, M. 2021. The nutritional use of millet grain for 

food and feed: a review. Agric. Food Security 10:1-14. 

3. Saleh, A. S., Zhang, Q., Chen, J., and Shen, Q. 2013. Millet grains: nutritional quality, 

processing, and potential health benefits. Comprehensive Rev. Food Sci. Food Safety 

12(3):281-295. 

4. Drub, T. F., dos Santos, F. G., Centeno, A. C. L. S., and Capriles, V. D. 2021. Sorghum, millet 

and pseudocereals as ingredients for gluten-free whole-grain yeast rolls. Int. J. Gastron. Food 

Sci.  23:100293 Available: https://doi.org/10.1016/j.jigfs.2020.100293 [01 May 2024]. 

5. Duodu, K. G. and Awika, J. M. 2019. Phytochemical-related health-promoting attributes of 

sorghum and millets. In: Taylor, J. R. N. and Duodu, K. G. (eds), Sorghum and Millets: 

Commented [F32]: The same scenario was 
applied???????? 

Commented [F33]: As recommendation this experiment 
was done in the same agro-ecological zones in different 
locations for further confirmations in depth.  

Commented [F34]: These parts follow the procedures as 
indicated below: 

1.Name of the Author 
2.Publication year 
3.Title of the journal 
4.Name of the journal and written in italic 
5.Issues and volumes of the journal 
6.Pages of the journal. It should be follow this order as 
much as possible?????????? 

https://doi.org/10.1016/j.jigfs.2020.100293%20%5b01


 

 

Chemistry, Technology and Nutritional Attributes. AACC International Press, London, pp. 225-

258.  

6. Machado, S. 2009. Does intercropping have a role in modern agriculture? 2009. J. Soil Water 

Conserv. 64: 55-57. 

7. Hauggaard-Nielsen, H. and Jensen, E. S. 2005. Facilitative root interactions in intercrops. 

Plant Soil 274: 237–250.  

8. Li, L., Tilman, D., Lambers, H., and Zhang, F. S. 2014. Plant diversity and overyielding: insights 

from belowground facilitation of intercropping in agriculture. New Phytol. 203(1): 63-69. 

9. KAU (Kerala Agricultural University) (2016) Package of practices recommendations: Crops (15 th 

Ed.). Kerala Agricultural University, Thrissur, pp 42 

10. Simpson, J.E., 1965. Quality evaluation studies of foreign and domestic rices (No. 1331). US 

Department of Agriculture. 

11. Venugopal, V. K., Nair, K. M., Vijayan, M. R., John, K. S., Sureshkumar, P., and Ramesh, C. 

R. (Eds). 2013. Manual on Soil, Plant and Water Analysis. Department of Agriculture, 

Government of Kerala, 157p. 

12. Panwar, J. D. S. 1991. Effect of Azospirillum brasilense and arbuscular mycorrhizal fungi on 

photosynthesis, nitrogen metabolism and grain yield in wheat. Indian J. Plant Physiol. 34 (4): 

357-361 

13. Sharma, Y. P., Watpade, S., and Thakur, J. S. 2014. Role of mycorrhizae: a component of 

integrated disease management strategies. J. Mycol. Plant Pathol. 44 (1): 12-20. 

14. Mudalagiriyappan, C. A., Agasimani, K. K., Veeranna, S., and Najappa, H. V. 1997. Nutrient 

recovery and balance sheet of nitrogen and phosphorus as influenced by sources of 

phosphate solubilizers and phosphate on groundnut. Mysore. J. Bot. 32: 143-148. 

15. Pacovsky, R.S., Fuller, G. and Paul, E.A., 1985. Influence of soil on the interactions between 

endomycorrhizae and Azospirillum in sorghum. Soil Biology and Biochemistry, 17(4), pp.525-

531. 

16. Scowcroft, W.R. and Gibson, A.H., 1975. Nitrogen fixation by Rhizobium associated with 

tobacco and cowpea cell cultures. Nature, 253(5490), pp.351-352. 

17. Loo, W. T., Chua, K.O., Mazumdar, P., Cheng, A., Osman, N., and Harikrishna, A. J. 2022. 
Arbuscular mycorrhizal symbiosis: a strategy for mitigating the impacts of climate change on 
tropical legume crops. Plants 11: 2875. 
 

18. Kowal, J., Arrigoni, E., Jarvis, S., Zappala, S., Forbes, E., Bidartondo, M. I., and Suz, L. M. 
2022. Atmospheric pollution, soil nutrients and climate effects on Mucoromycota arbuscular 
mycorrhizal fungi. Environ. Microbiol. 24: 3390-3404. 
 

 
19. Marro, N., Grilli, G., Soteras, F., Caccia, M., Longo, S., Cofré, N., Borda,  V., Burni, M., 

Janouskova, M., and Urcelay, C. 2022. The effects of arbuscular mycorrhizal fungal species 
and taxonomic groups on stressed and unstressed plants: a global meta–analysis. New 
Phytol. 235: 320-332. 
 

20. Nelson, M. B., Martiny, A. C., and Martiny, J. B. H. 2016. Global biogeography of microbial 
nitrogen-cycling traits in soil Proc. Natl Acad. Sci. USA 113: 8033-8040 
 

 



 

 

21. Liu, R. C., Meng, L. L., Zou, Y. N., He, X. H., and Wu, Q. S. 2022. Introduction of earthworms 
into mycorrhizosphere of white clover facilitates N storage in glomalin-related soil protein and 
contribution to soil total N. Appl. Soil Ecol. 179: 104597. Available: 

https://doi.org/10.1016/j.apsoil.2022.104597 [20 August 2024]. 
 

22. Fustec, J., Lesuffleur, F., Mahieu, S., Cliquet, j. B. 2010. Nitrogen rhizodeposition of legumes. 

a review. Agron. Sustain. Dev. 30: 57-66. 

 

23. Watts‐Williams, S.J., Gill, A.R., Jewell, N., Brien, C.J., Berger, B., Tran, B.T., Mace, E., 

Cruickshank, A.W., Jordan, D.R., Garnett, T. and Cavagnaro, T.R., 2022. Enhancement of 

sorghum grain yield and nutrition: A role for arbuscular mycorrhizal fungi regardless of soil 

phosphorus availability. Plants, People, Planet, 4(2), pp.143-156. 

 

24. Abroulaye, S., Nouhoun, Z., Jethro, D.B., Abalo, K.E., Abdoulaye, O., Esteban F, R., José, D., 

Ken, B.J. and Adegbola, A., 2023. Sorghum [Sorghum bicolor (L.) Moench] and cowpea 

[Vigna unguiculata (L.) Walpers] intercropping improves grain yield, fodder biomass, and 

nutritive value. Frontiers in Animal Science, 4, p.1233570. 

25. Barea, J.M., Pozo, M.J., Azcon, R. and Azcon-Aguilar, C., 2005. Microbial co-operation in the 

rhizosphere. Journal of experimental botany, 56(417), pp.1761-1778. 

26. Prity, S.A., Sajib, S.A., Das, U., Rahman, M.M., Haider, S.A. and Kabir, A.H., 2020. Arbuscular 

mycorrhizal fungi mitigate Fe deficiency symptoms in sorghum through phytosiderophore-

mediated Fe mobilization and restoration of redox status. Protoplasma, 257(5), pp.1373-1385. 

https://doi.org/10.1016/j.apsoil.2022.104597%20%5b20

