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ABSTRACT 

Efficient use of biomass to produce biofuel and the development of more drought 

tolerant crops can contribute to helping address current and future problems faced by 

mankind, and are the focus of this dissertation. Objectives of experiments done in 

Portageville, Missouri, from 2007 to 2009 were to: (1) determine the effect of nitrogen 

(N) fertilization rate on the grain yield, the content and yield of oil, protein, starch, and 

the nutrient removal by corn; (2) determine the effect of N fertilization rate and the soil 

type on the biomass, juice, bagasse, sugars yield, and the nutrient removal by sweet 

sorghum; and to (3) determine the best date to harvest switchgrass in order to maximize 

biomass production with minimum nutrient removal. We found that in contrast to sweet 

sorghum, corn required 179 to 224 kg N ha
-1 

for maximum corn grain yield. Sweet 

sorghum mostly responded to N fertilization only on clay soil; loam and sand soils had 

enough N when planted in a cotton/soybean rotation.  However, the soil type and N rate 

highly impacted a variety of sweet sorghum yields, with the optimum yield recorded with 

67 kg N ha
-1 

if sweet sorghum is grown after soybean or cotton. N fertilization changed 

the oil, protein, mineral, and carbohydrate composition of the corn kernel. In general, the 

increase of N fertilization rate increased the grain yield and also the uptake of most 

nutrients, suggesting that nutrient removal will be critical for biofuel production from 

corn. The nutrient removal by sweet sorghum significantly depended on the year, soil 

type and N rate. The return of the leaves and the bagasse to the soil significantly reduced 

the nutrient removal by sweet sorghum. In general, the loam is the best soil type to 
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produce corn and sweet sorghum in order to maximize biomass, and carbohydrates yield, 

and consequently biofuel production. 

Switchgrass cv. Alamo produced twice the amount of biomass as the Blackwell 

cultivars. From July to November the nutrient uptake in the aboveground biomass 

decreased and their sink was successfully determined. Harvesting switchgrass biomass in 

late November is appropriate to minimize the nutrient removal, maximize biomass yield 

and reduce the biomass drying cost.  

Experiments performed in Columbia, MO, focused upon beginning to measure  

the root and the leaf responses of sorghum varieties Tx7000, Tx642, RTx2817, 

Px898012, and M81E compared to a well-studied corn variety, FR697 to limiting water. 

Using two systems modeled after the work of Dr. R. Sharp and colleagues, we found 

significant differences across the varieties. Drought stress significantly reduced the 

biomass yield and changed the morphology of the roots, suggesting that it can 

significantly impact the biofuel production from these crops. A combination of the 

change in the root protein content and the leaf and root lengths correlated with the 

drought tolerance of the varieties studied. 
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PREAMBULE 

Energy and drought are two of the biggest challenges that our society is facing. In 

fact, the demand for energy is growing in every part of the world, whereas the energy 

sources are beginning to run low. At the same time, water deficiency is increasingly 

becoming a challenge for growing crops and feeding the world‘s growing population. 

Therefore, it is important to find ways to meet these needs before it becomes too late. 

One way to solve the energy crisis is to use renewable biomass to produce biofuel. For 

that purpose, sweet sorghum, switchgrass, corn, and grain sorghum, which are the leading 

biofuel crops in the US, are the focus on this dissertation. Nutrient and soil management 

are part of the challenges farmers face when trying to improve their crop yield. The 

development of more drought tolerant crops is one element of a solution to the problem. 

That is why people have become interested in understanding the root biology of these 

crops in order to improve the plants‘ tolerance to drought. 

This dissertation deals with the critical connection between nitrogen (N) 

fertilization, soil type, drought and biofuel feedstock production. The biofuel research 

was done in the field under the supervision of Gene Stevens (Professor of Crop 

Production/Soils), whereas the drought research was in a lab and in a greenhouse 

environment under Bill Folk (Professor of Biochemistry). The main objectives of the 

biofuel project studied in this dissertation were to: 

 Determine the effect of N fertilization rate on the grain yield, the content 

and yields of oil, protein, starch, and the nutrient removal by corn;  
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 Determine the effect of N fertilization rate and the soil type on the 

biomass yield, the juice yield, the content and yields of sugar, the bagasse 

yield, and the nutrient removal by sweet sorghum; 

 Determine the best date to harvest switchgrass in order to maximize 

biomass production with the minimum nutrient removal. 

For years, besides the classes I took in biochemistry and molecular biology, I 

have been longing for getting a practical training in biotechnology. It is in order to get 

that goal fulfilled that I worked with Dr William Folk on a drought study comparing 

sweet and grain sorghum to corn. This project led to collaboration with Dr Robert Sharp, 

an expert in root biology. In Dr Sharp‘s Lab, I learned the technique to study root biology 

in a 2 and 5 day system. Plants were grown in 2 different systems and their roots, stem, 

and leaves tissues were collected for later analysis by Western blot, SDS-PAGE, and RT-

PCR. Though I obtained some preliminary results on the molecular biology work, details 

and repeat trials are coming in the future. So, in this dissertation, I will mainly present the 

results of the plant characterization under drought stress. The objective of the drought 

research is to determine the effect of drought stress on the development of sorghum and 

corn root, leaf, biomass water uptake and root architecture. After my defense, I will be 

able to complete the other molecular trials on gene expression.  

In this dissertation, both the biofuel and drought sections start with a literature 

review. The dissertation is written in a journal article format. Each chapter consists of an 

introduction, a material and method, the results, the discussion, and conclusion for a 

particular topic. In total, the dissertation is structured into 10 chapters with the references 

at the end. Chapter 1 is a literature review of the energy crisis, the processes of 
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converting biomass and carbohydrates into ethanol, and the challenges associated with 

the production of biofuel production system. In chapter 2, the impact of N fertilization 

and soil type on biomass production by corn and sweet sorghum is detailed. Chapter 3 

studied the effect of N and the soil type on the juice, sugar and bagasse production from 

sweet sorghum. A main concern of farmers is the nutrient removal associated with crop 

harvest and export from the field. Some of the unanswered questions in the field of 

biofuel production are whether sweet sorghum requires less N than corn.  How much P 

and K will farmers have to apply to offset the crop removal of those nutrients?  If a sweet 

sorghum harvester does not remove leaves from the field how much P and K will be 

recycled to the soil?  When is the best time to harvest switchgrass to get the maximum 

yield and least nutrient removal?  Does the nutrient removal increase as N is applied to 

the soil to improve biomass and carbohydrate yields? Chapters 4, 5, and 6 answer those 

questions and others. Similarly, chapter 7 discusses why the nutrient uptake by 

switchgrass decreases as the plant senesces, giving evidence of a sink of the nutrients 

translocating from switchgrass aboveground biomass to the soil. Finally, after reviewing 

the structure of sorghum and corn root systems and their response to drought in chapter 8, 

chapter 9 characterizes the root and the leaf responses to limiting water, of sorghum 

varieties Tx7000, Tx642, RTx2817, Px898012, and M81E compared to a well-studied 

corn variety, FR 697 in two systems. The general conclusion and implication of the 

whole dissertation is presented in chapter 10 followed by the references, and the vita. 
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CHAPTERS ON BIOFUEL



 

5 

 

1. Review of Literature on Biofuel 

1.1. Energy crisis and the need for renewable energy 

About 80% of the world‘s energy needs are satisfied with fossil fuels, made from 

coal, natural gas, and oil (Heinimö and Junginger, 2009). For a long time, more than 37% 

of the world energy demand has been fulfilled with petroleum (US-DOE, 2002), 

produced in the Persian gulf (Gnansounou et al., 2005). Efforts are being made to 

improve the efficiency of the energy production and use from sun, wind, coal, geothermal 

and nuclear sources. 

In addition to the political instabilities related to the import of oil by many 

countries, the environmental impact of the CO2 produced while using that oil has been 

reported (Szulczyk et al., 2010). The production of ethanol is seen as a means to free 

many countries from their dependence on foreign oil (Zuurbier and van de Vooren, 

2008). In Europe, the energy goal was to replace at least 8% of engine fuels with 

renewable energy fuels such as bioethanol and biodiesel (Gnansounou et al., 2005). In the 

US, the federal government is trying to satisfy 25% of the national energy need with 

renewable energy by 2025 (English et al., 2008). By subsiding the ethanol production 

($0.51 per gallon), the US government is helping ethanol penetrate the market (Szulczyk 

et al., 2010). In 2007, the amount of biofuel produced worldwide (52 billion liters) was 

three times the production in 2000 (OESO, 2008), suggesting that the interest in biofuel is 

growing. 
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Research on biofuel crops started in the US in the 1970s (Shapouri et al., 2002a) 

when the weakness of the US oil security was exposed (Bothast and Schlicher, 2005; 

Dhugga, 2007). During that decade, the oil price rose because of the 1973 oil embargo 

and the 1978 revolution in Iran (Shapouri et al., 2002a). Unfortunately, enthusiasm over 

the biofuel research was lost in the 1980s because the oil price declined (DOE-OSTI, 

2008). Two years ago, the price of gasoline went very high in the US, suggesting that the 

US is still susceptible to an energy crisis at any time. 

Biofuels have been classified in three groups: solid, gaseous and  liquid (Petrou 

and Pappis, 2009). According to Petrou and Pappis, commonly used solid biofuels are the 

refuse-derived fuels, briquettes, pellets, wood, sewage and industrial wastes; whereas the 

gaseous fuels used are made by gasifying the biomass. The main gaseous biofuels are 

"methane, carbon dioxide, hydrogen and carbon monoxide" (Petrou and Pappis, 2009). 

Finally, the liquid biofuels are mainly biodiesel and bioethanol (Petrou and Pappis, 

2009). Bioethanol can be produced by three processes: fermentation of sugary juice, 

saccharification of starchy grains, and hydrolysis of cellulosic biomass (Zuurbier and van 

de Vooren, 2008). The fermentation process is generally carried out by the yeast 

Saccharomyces cerevisiae (Petrou and Pappis, 2009). Efforts are being made to engineer 

organisms that can ferment the juice more efficiently. 

A wide variety of feedstocks are used to produce bioethanol including corn, sweet 

sorghum, switchgrass (Photo 1.1) sugarcane, sugar beet, cassava, grain sorghum, and 

cellulosic biomass from any of these crops and other (Balat, 2007; Patzek, 2006; Patzek 

and Pimentel, 2005; Propheter, 2009; Zuurbier and van de Vooren, 2008).  
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Corn 

Switchgrass 

Sweet sorghum 

Photo 1.1: Corn, switchgrass, and sweet sorghum. 

Corn and sweet sorghum are annual plants, whereas switchgrass is a perennial (Photo Roland Holou, 

Portageville, MO, September 2009).  
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In Brazil, bioethanol is mostly made from sugarcane (Gnansounou et al., 2005), 

whereas in the US, corn is currently the main feedstock used. The amount of ethanol 

produced in the US and Brazil is more than 70% of the world‘s production (Heinimö and 

Junginger, 2009).  

Many advantages are associated with the production of biofuels. One advantage is 

that biofuels can help reduce greenhouse gas emission (Szulczyk et al., 2010). For 

instance, the use of corn to produce ethanol reduced the emission of greenhouse gas 19% 

when compared to gasoline, whereas the reduction associated with cellulosic biomass is 

more than 85% higher than gasoline (Schmitt et al., 2008). Biofuel would reduce the 

reliance on petroleum oil, decrease the dependence on oil producing countries, and 

improve farmers' incomes (Szulczyk et al., 2010). However, there are a few drawbacks 

about the use of biofuel. Indeed, ethanol contains about 67% less energy than gasoline 

(Szulczyk et al., 2010). It can take longer to start an engine with ethanol than with 

gasoline because the vapor pressure of gasoline is greater than that of ethanol (Szulczyk 

et al., 2010). The use of crops to produce biofuel can compete with the food supply and 

increase their prices. For instance in the US, the price of corn grain almost doubled over 

the last 10 years (Petrou and Pappis, 2009) partially because of the increasing interest in 

producing bioethanol.  

1.2. Conversion of cellulosic biomass into cellulosic ethanol 

The conversion of cellulosic biomass into cellulosic ethanol can shift the 

petroleum consumption by 30% (Perlack et al., 2005). However, that conversion is 

expensive mainly because of the cost of breaking down the cellulose into free sugars 

before fermentation. That is why many authors forecasted that the success of producing 
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cellulosic ethanol will depend on a breakthrough by biotechnologists and microbiologists 

to easily and cheaply convert the biomass into sugars (Dhugga, 2007; Lynd et al., 2008; 

Potera, 2006). Unfortunately, most of the efforts in biotechnology to facilitate the 

degradation of plant cell walls during the processing of the biomass have failed, because 

the biomass yield was reduced and the normal physiology of the plants changed (Dhugga, 

2007). Additional, the abundance of lignin in biomass reduced the fermentation 

efficiency (Hamelinck et al., 2005).  

The conversion of the cellulosic biomass into ethanol usually starts by a 

pretreatment with an acid such as sulfuric acid which is followed by cellulase treatment 

to breakdown the cellulose (Lynd et al., 2008; Potera, 2006). The acid pretreatment is 

designed to free hemicelluloses and other constituents of the cellulose (McAloon et al., 

2000). Certain fungi are able to produce cellulases. As an example, Trichoderma reesei is 

a fungus used in China to produce cellulase (Gnansounou et al., 2005). Today, efforts are 

being made to produce cellulase and lignase (the enzyme that breaks down lignin) 

directly in the plants (Sticklen, 2006). Hemicellulase is another type of enzyme to break 

down the hemicellulose components of the cell wall (Potera, 2006). Once the sugars in 

the cellulose are freed, they are fermented and then the liquid is distilled to separate the 

ethanol from other co-products. 

All these processes have a cost that generally varies depending on what is done.  

Cellulosic biomass itself costs about $50 Mg
-1

 (Lynd et al., 2008). The cost of converting 

cellulose into sugars is almost double that of converting corn grain into sugars (Lynd et 

al., 2008). In 2000, the total cost of the conversion of corn grain into ethanol was $0.88 

per gal, whereas that of cellulosic biomass was $5.44 per gal (McAloon et al., 2000). 
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Progress has been made to improve the processing. According to Schmitt et al. (2008), 

the biochemical conversion of cellulosic biomass into cellulosic ethanol costs $1.25-

$1.82 per gallon of ethanol. The cellulase treatment costs 30 cents per gallon of ethanol 

produced (Lynd et al., 2008). Corn stover (15% humidity) can yield 107 gallons ethanol 

Mg
-1

; and the cost of the stover is approximately $35 Mg
-1

 (McAloon et al., 2000). In 

general, the ratio of corn grain and stover yield is 1 (McAloon et al., 2000). However, 

another advantage is that furfural can be produced from the hemicelluloses (Hamelinck et 

al., 2005). It has many industrial usage such as carpet fiber (Kaylen et al., 2000).  

1.3. Starch conversion into ethanol  

Corn is the main starchy feedstock used to produce bioethanol in the US. In 2007, 

20% of the corn grain produced in the US was devoted to ethanol production (Dhugga, 

2007). From 2001 to 2007, the production of bioethanol in the US rose from 7.19 billion 

L to 27.5 billion L (OECD, 2008). Grain sorghum is also being used to produce ethanol. 

As an illustration, in Kansas, 12 ethanol power plants use corn and grain sorghum to 

produce biofuel (Propheter, 2009), with a production capacity of 1.7 billion liters of 

ethanol per year (O‘Brien et al., 2008).  

The structure of starch has been well established (Bothast and Schlicher, 2005; 

Wilson et al., 2004). The starch content of corn can be affected by the drying temperature 

(Paulsen et al., 2003). Usually, the starch needs to be hydrolyzed into free sugars before 

its conversion into ethanol by yeast (Ondrey, 2005). The theoretical conversion factor of 

starch into glucose is 1.1, that is 1 g of starch can yield 1.1 g of glucose (Szulczyk et al., 

2010). Then, the conversion factor from glucose to ethanol is 0.51. In other words, each 



 

11 

 

gram of glucose can yield 0.51 g of ethanol (Dhugga, 2007; Patzek, 2006; Szulczyk et al., 

2010).  So, from 1 g of starch, 0.56 g of ethanol can theoretically be made. 

There are two main methods to process starch into bioethanol: the wet milling 

process and the dry milling process (Patzek, 2006; Rausch and Belyea, 2006). The 

difference between the two processes is about 5% ethanol yield per corn grain unit 

(Patzek, 2006). In other words, the dry milling process yields 5% more ethanol than the 

wet milling method. The extractable starch is accessible during the wet milling process, 

whereas the total starch can be used for the dry milling (Patzek, 2006). Therefore, the 

amount of starch processed from corn grain will depend on the type of milling. The 

conventional conversion factor currently used is about 2.8 gal of ethanol per corn grain 

bushel (Bothast and Schlicher, 2005; McAloon et al., 2000; Patzek, 2006), that is 

equivalent to 0.42 L ethanol kg
-1

 of corn grain. That conversion factor is based on the 

yields obtained through wet mill processing (Patzek, 2006). For a long time, most of the 

ethanol plants in the US have used the wet milling process,  but more than 70% of the 

current bioethanol plants in the US are equipped with the dry mill processing system 

(Patzek, 2006).  This  suggests that the efficiency of grain processing into ethanol will 

increase since with the dry milling the total starch can be used as the starting material.  

In an ethanol power plant, the conversion of corn grain into ethanol starts with the 

removal of the dirt (McAloon et al., 2000). According to the previous authors, the next 

step is the grinding of the grain into powder and its mixture with α-amylase, an enzyme 

that breaks down amylose. Gluco-amylase is an enzyme that is also used during the 

conversion in order to reduce glucose polymers into simple glucose molecules. When 

both α-amylase and gluco-amylase are used, all the starch can be completely converted 



 

12 

 

into ethanol (McAloon et al., 2000). Urea is supplemented in the solution to feed the 

yeast that will ferment the sugars into ethanol (McAloon et al., 2000). Sometime, some 

proteases are added to the corn mash in order to degrade the corn proteins, which are then 

used to feed the yeast (McAloon et al., 2000). Usually, it takes about two days to ferment 

corn starch into ethanol as compared to seven days for cellulosic biomass into ethanol 

(McAloon et al., 2000). The cost of the enzyme and yeast to produce  a gallon of  ethanol 

is $0.045 (McAloon et al., 2000). According to the same source, the yeast itself costs 

$0.01 gal
-1

 ethanol. In general, the total cost of producing ethanol from corn grain is 

about $1 gal
-1

 ethanol as compared to $2.4-$3.4 gal
-1

 of ethanol from switchgrass 

biomass  (Khanna and Dhungana, 2007).  

When ethanol is produced in an industrial plant, CO2 is obtained as a byproduct 

(Hamelinck et al., 2005). After the saccharification and distillation, distiller dried grain 

(DDG) is the co product obtained from corn processing into ethanol. On average, 6.4 lb 

of DDG can be obtained per gallon of ethanol produced, and it can be sold at $0.045 lb
-1

 

(McAloon et al., 2000).  The DDG is rich in protein and other nutrients, and therefore is 

used for feeding animals or for fertilizing soils (Nelson et al., 2009). 

1.4. Sweet sorghum feedstock and processing into biofuel  

Although originally from Africa (Gnansounou et al., 2005), sweet sorghum grows 

well in tropical and temperate regions (Sree et al., 1999).  Sweet sorghum is produced for 

its sugary juice, whereas grain sorghum for its grain. Sweet sorghum is a C4 plant (Sipos 

et al., 2009), characterized by a high photosynthetic activity. Sweet sorghum biomass 

yields vary according to the cultivars and the location (Zhao et al., 2009). In China, the 

total sweet sorghum aboveground biomass yield reached 27 Mg ha
-1

 (Zhao et al., 2009). 
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Sugarcane can produce more biomass than sweet sorghum, with a record of 80 Mg dried 

biomass per hectare (Elawad et al., 1980).  

Sweet sorghum is resistant to drought (Tesso et al., 2005), to salinity and to 

flooding (Almodares et al., 2008; Netondo et al., 2004). In addition to its ability to 

produce a lot of biomass, sweet sorghum is nitrogen efficient (Gardner et al., 1994). 

Sweet sorghum is used to feed animals, humans, and to produce biofuel (Reddy et al., 

2007b).  For more than 100 years, syrup and molasses have been produced from sweet 

sorghum in America (Gnansounou et al., 2005; Worley et al., 1992). Sorghum molasses 

contains 50% of sugars (Gnansounou et al., 2005). The sugars produced from sweet 

sorghum juice are about 75% pure, whereas that from either sugarcane or sugar beet is 

80-85% pure (Gnansounou et al., 2005). Sweet sorghum is mainly rich in sucrose which 

contributes to 85% of the total sugars (Woods, 2000). After sweet sorghum juice is 

squeezed from the stalk, the solid material that is left is called bagasse. Stevens and 

Holou (2010) recently described how sweet sorghum is used to produce biofuel.  

The sugar yield from sweet sorghum can be calculated by multiplying the juice 

yield by the Brix (Broadhead and Freeman, 1980; Soileau and Bradford, 1985; 

Tsuchihashi and Goto, 2004). The sugar content in the sweet sorghum juice varied 

between 10 to 25 Brix (Reddy et al., 2007a; Ritter et al., 2010), and the juice yield can 

reach 17-27 kL ha
-1 

(Reddy et al., 2007a). The sucrose content in the sugarcane stalk is 

20% (Karp and Shield, 2008), which is lower than that of sweet sorghum. The sugar 

content of sweet sorghum juice varied along the growth of the plant, with fructose 

abundant at the early stage, whereas sucrose is dominant after heading (Sipos et al., 

2009). The accumulation of sucrose in the sweet sorghum stalk is observed after the 
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internodes cease growing (Hoffmann-Thoma et al., 1996).  The sugar yield from sweet 

sorghum varied between 1.6 and 13.2 Mg ha
-1

, with significant variations observed 

between years and regions (Jackson et al., 1980; Propheter, 2009; Reddy et al., 2007a; 

Tamang, 2010; Zhao et al., 2009).  

Although it has been used for syrup and molasses, sweet sorghum is now being 

considered worldwide for biofuel production (Amaducci et al., 2004; Gnansounou et al., 

2005; Reddy et al., 2008). However, in spite of its great potential, work to use sweet 

sorghum in order to improve farmers‘ economic problems in Africa is lagging behind 

(Leistritz and Hodur, 2008; Makanda et al., 2009). Unfortunately, this observation about 

Africa is not surprising when all the problems and challenges that the Black continent 

faces were systematically considered (Holou, 2007; Holou, 2008;  Holou, 2010). 

Nevertheless, in the same field in Kansas, sweet sorghum produced more ethanol than 

corn, switchgrass (Panicum virgatum), big bluestem (Andropogon gerardii), and 

Miscanthus (Miscanthus x giganteus) (Propheter, 2009).  

Biofuel from sweet sorghum can be produced from the sugary juice, the leaves, 

and the even from the bagasse (Sipos et al., 2009; Stevens and Holou, 2010). With sweet 

sorghum, the sugars are already free in the juice and ready to be fermented into ethanol 

(Stevens and Holou, 2010). That is a big advantage that can significantly reduce the 

production cost of ethanol from sweet sorghum.  

In China, because of the low price of ethanol (<$0.43 L
-1

), it is economically 

advantageous to convert sweet sorghum juice into sugar rather than into ethanol 

(Gnansounou et al., 2005). While the price of sugar worldwide ranged from $200-$250 

Mg
-1

, in China, it averaged $360 Mg
-1 

(Gnansounou et al., 2005). This suggested that the 
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competition between sugar and ethanol prices may play a role in the adoption of biofuel 

by certain countries and also that the conversion of sweet sorghum juice into ethanol or 

into sugars may be dictated by the economical context of the regions where sweet 

sorghum feedstock is produced. 

In the US, ethanol yield from sweet sorghum ranged from 3100 to 9920 L ha
-1

 

(Patzek and Pimentel, 2005; Propheter, 2009; Smith and Buxton, 1993), whereas in 

Greece, that yield reached 9000 L of ethanol per hectare (Sakellariou-Makrantonaki et 

al., 2007). In Brazil, the ethanol yield from sugarcane averaged 5170 L ethanol ha
-1

 

(Kheshgi et al., 2000), suggesting that sweet sorghum can produce more ethanol than 

sugarcane. 

In China, 87 L of ethanol per kg can be produced from sweet sorghum juice, 

compared to 157 L of ethanol per Mg from the bagasse (Gnansounou et al., 2005). In 

addition to ethanol, hydrogen  can be produced from sweet sorghum bagasse 

(Antonopoulou et al., 2008). In China, the ethanol yield from sweet sorghum sugars was 

estimated at 5414 L ha
-1 

(Zhao et al., 2009). The conversion of the sweet sorghum 

cellulose and hemicelluloses into ethanol yielded up 11796 and 6591 L ha
-1 

respectively 

(Zhao et al., 2009). These results indicated that the conversion of the bagasse into ethanol 

may be necessary to maximize the ethanol yield from sweet sorghum (Monti and Venturi, 

2003). Sweet bagasse is rich in cellulosic biomass that can be converted into biofuel. In 

general, the cellulose and hemicelluloses content of sweet sorghum leaves was much 

higher than that of the stalk (Zhao et al., 2009). The cellulose content of sweet sorghum 

aboveground biomass varied between 21 and 28%, whereas the hemicelluloses content 

ranged from 18.7 and 23.2% (Zhao et al., 2009). The impact of the nitrogen and the soil 
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type on the sugar, bagasse production from sweet sorghum is not well established yet in 

the US. 

1.5. Agronomy and management of switchgrass feedstock for 

biofuel production 

Switchgrass (Panicum virgatum L.) is a plant native to North America that is 

categorized into two ecotypes: the lowland and the upland ecotype (Alexopoulou et al., 

2008). The upland ecotype is more drought tolerant (Nickell, 1973), whereas the lowland 

ecotype is more productive but less cold tolerant (Adler et al., 2006). Like sweet 

sorghum, switchgrass is a C4 plant (Parrish and Fike, 2005). The latitude has a significant 

impact on the production of switchgrass in such a way that a cultivar adapted to the 

southern ecology cannot properly develop in the North and vice versa (Elbersen et al., 

2001). Usually, genotypes from the south have a longer life cycle and stay greener than 

those from the north (Van Esbroeck et al., 2003).  

Switchgrass is widely used to protect soil erosion and to stabilize levees (Parrish 

and Fike, 2005). It was successfully used to prevent runoff and to reduce erosion when 

combined with other plants (Ichizen et al., 2001). Switchgrass stems promote "infiltration 

and in-field-sedimentation" (Lee et al., 2003). Switchgrass is also used in 

phytoremediation as it increases the degradation of soil contaminants (Parrish and Fike, 

2005). In addition, the species can revegetate ecosystems that are highly degraded due to 

their toxicity or their edaphic poverty (Parrish and Fike, 2005). As can be seen by its 

uses, switchgrass has the potential to grow very well on "agriculturally marginal" soils 

(Hill et al., 2006). In windy areas, switchgrass is planted to reduce the speed of the wind 

(Retta et al., 2000), therefore playing a crucial role in the maintenance of a microclimate 
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(Retta et al., 2000). Switchgrass canopies offer a suitable ecological niche for some 

wildlife including birds, mammal, and reptiles (Parrish and Fike, 2005); therefore, it 

plays an important role in wildlife protection and conservation. The usefulness of the 

species in horticulture (Davidson and Gobin, 1998) and in paper industry (Mohta and 

Roy, 1999) has been proven. Even in the field of pharmacy, switchgrass has found a role 

as antioxidant molecules were extracted from its biomass (Lau et al., 2004). However, 

though we know about these new roles today, for a long time, most research attention on 

switchgrass in the US was dedicated to its forage potential (Anderson, 2000). Its use as 

hay or as a grazing plant was explored (McLaughlin et al., 2004). Only within the last 20 

years have studies started on switchgrass as a possible source of bioenergy (Parrish and 

Fike, 2005; Wright and Turhollow, 2010). In Europe, investigations of its use as a biofuel 

crop started a few years later in 1998 (Alexopoulou et al., 2008). Fortunately, because of 

its high biomass productivity, switchgrass holds promise for cellulosic biofuel production 

(Alexopoulou et al., 2008; Parrish and Fike, 2005).  

Scientists are interested in learning how to grow the switchgrass to produce higher 

amounts of biomass.  For better biomass production, it is recommended to maintain the 

switchgrass ecotype in less than 500 km from its original habitat (Moser and Vogel, 

1995). It is also known that  the establishment phase is very hard and slow to accomplish 

(Evers and Butler, 2000). However, the establishment phase can be improved by the 

presence of mycorrhizae and other soil microorganism in association with the roots 

(Brejda et al., 1998). For instance, mycorrhizae increase the size of switchgrass seedlings 

up to 200 fold as compared to a controlled soil (Hetrick et al., 1988). According to the 

same author, seedlings that lack mycorrhizal activity usually died. This suggested that the 



 

18 

 

rhizosphere microorganisms play an important role in switchgrass survival, although the 

exact mechanism is not fully known. In most cases, it takes at least 3 years to completely 

establish switchgrass (Christian et al., 2002). Typically, switchgrass is planted at density 

of 400 plants per m
2
, which requires 10 kg seeds ha

-1
 (Christian, 1994; Schmer et al., 

2008). The sowing depth in the US is 1-2 cm (Moser and Vogel, 1995; Wolf and Fiske, 

1995). The rest of the biology, agronomic practices, and biofuel production of 

switchgrass has been well reviewed (Parrish and Fike, 2005). 

One thing that is also important to know about any crop is its N use.  In general, 

switchgrass has a very low N requirement compared to most plants that use the C4 

photosynthesis mechanism (Parrish and Fike, 2005). In England, switchgrass did not 

respond to N fertilization (Christian et al., 2002). The optimal N fertilization rate applied 

in the US is not clear and ranged from 120 kg N ha
-1 

 to 224 kg N ha
-1  

depending on the 

study (Muir et al., 2001; Vogel et al., 2002). In Oklahoma, an exceptional application of 

448 kg N ha
-1 

did not give a higher biomass production than the field that received no 

nitrogen (Thomason et al., 2004). There are two reasons why switchgrass may not 

respond to N.  One is  fixation of N from the atmosphere and the second is microbial 

activity in the switchgrass soil affects the response of the plant to N (Parrish and Fike, 

2005). Atmospheric N fixation by switchgrass can contribute to up to 20 kg of nitrate and 

4 kg of ammonium per ha per year (Coulston et al., 2004). Studies on another commonly 

used fertilizer showed that in most cases, P is not a limiting factor for switchgrass growth 

(Brejda, 2000; Parrish and Fike, 2005).   

Although switchgrass can grow in a variety of places and in marginal soil, 

biomass yields by switchgrass depend on the region (Casler et al., 2004; Parrish and Fike, 
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2005). The highest biomass productivity of switchgrass assessed by Adler et al. (2006) 

was 6.83 Mg ha
-1

. In a trial field in Nebraska, switchgrass produced 5.2-11 Mg ha
-1 

biomass per year (Schmer et al., 2008). In Texas, a record of 26 Mg ha
-1 

was obtained 

(Sanderson et al., 1996), whereas 27 Mg ha
-1 

was obtained in Tennessee (McLaughlin 

and Kszos, 2005), 35 Mg ha
-1 

in Alabama (McLaughlin and Kszos, 2005) compared to 37 

Mg ha
-1 

in Oklahoma (Thomason et al., 2004). Harvesting  switchgrass biomass in mid 

September is suitable for south central regions in the US (Sanderson et al., 1999b), 

whereas in the Midwest, mid August is better (Vogel et al., 2002) if looking for the 

harvest date for the maximum amount of biomass.    

Based on a 2007 estimation of the Renewable and Applicable Energy Laboratory 

(RAEL, 2007), switchgrass can yield 0.38 liter ethanol from each kg of biomass 

compared to 0.4 liter ha
-1 

for corn grain. Switchgrass can yield more than 3500 L of 

ethanol ha
-1 

(Hill et al., 2006). While comparing corn (grain + stover) to switchgrass 

under the same growth conditions, Varvel et al. (2008) found that switchgrass produced 

more ethanol than corn. These authors estimated the maximum ethanol productivity of 

switchgrass at about 4000 L ha
-1 

year
-1 

under a N fertilization rate of 120 kg ha
-1

. 

However, because of the large variation observed between biomass productivity, the 

ethanol yield will depend also on the region. 

In addition to having high ethanol yields, switchgrass is better for the 

environment. As an example, the greenhouse gas emitted by the cellulosic ethanol 

produced from switchgrass is 94% smaller than that from gasoline (Schmer et al., 2008). 

In addition, the ratio of energy output and energy input by switchgrass is more than 700% 

(Farrell et al., 2006; RAEL, 2007). The Net energy value, which is the difference 
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between the energy produced and the energy used is more than 14.5 MJ L
-1 

for 

switchgrass (Schmer et al., 2008). Switchgrass can also sequester 138.1 kg of CO2 in the 

soil per Mg
 
of aboveground biomass per year (Andress, 2004). Frank et al. (2004) 

estimated that switchgrass sequestered 4.42 Mg C ha
-1 

year
-1

 in the soil. This presents a 

huge advantage for the fight against climate change. So, while providing a way to 

produce renewable energy, switchgrass is able to offer an alternative that will clean the 

environment by converting atmospheric carbon dioxide into biomass.  

Since they have been grown and bred specifically for forage purposes, 

switchgrass varieties that are cultivated for animal feeding have a higher N content than 

those cultivated for biofuel production (Parrish and Fike, 2005). Preliminary studies 

showed that the N content of switchgrass varies throughout the seasons. For instance in 

Canada, Madakadze et al. (1999) observed a decrease of N content in switchgrass 

biomass, ranging from 2.5% in the spring to 0.5% late in the growing season. After 4 

years of switchgrass production, the amount of N removed from the soil reached 1100 kg 

N ha
-1 

(Thomason et al., 2004). A second mineral to consider is C, because a lower 

concentration of C in the biomass is said to be better for its processing into biofuel 

(Weimer et al., 2005). The reduction of C content may be challenging as the C is a good 

thing since it is in cellulose. The lower the ash content in the biomass, the better the 

biofuel quality (Vogel et al., 2002). Not only is the reduction on nutrient content good for 

production management, but it has also a positive impact on the industrial process of 

making biofuel from biomass (Miles et al., 1996). The lower the nitrogen content in 

switchgrass, the better the processing of the corresponding feedstock (Hohenstein and 

Wright, 1994). Similarly, it is preferable to have the least water content in the biomass 
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before processing; otherwise energy will be needed to dry that biomass (Cassida et al., 

2005b). That is why for combustion processing, it is recommended that the water content 

of the biomass not exceed 65% (Jenkins et al., 1998). The water content of the biomass 

can also affect its lifespan in storage. According to one group, to obtain the best 

combustion efficiency and biomass storage lifespan, the maximum water content of that 

biomass should be 23%  (Lewandowski and Kicherer, 1997).  

Towards the end of the season, the ash concentration diminishes, making the 

biomass more suitable for ethanol production (Sanderson et al., 1999b). During winter, 

Adler et al. (2006) observed a huge decrease in the nutrient content of switchgrass 

biomass. Although research has been carried out on the evolution of nutrient content from 

fall to spring, little is known about how all the main nutrients vary during the year over a 

small range of time. This is important to determine the best time to harvest the 

switchgrass to avoid nutrient loss and better protect the environment. So the need to find 

a better time to harvest switchgrass with adequate nutrient content has multiple 

advantages. 

1.6. N fertilization and nutrient removal by sorghum and corn  

Nitrogen is the main fertilizer used to improve crop production (Ewais et al., 

1998), and its use in agriculture will triple by 2050 (Subbarao et al., 2009). N affects the 

division of the plant cell and also the rate of photosynthesis (Stals and Inzé, 2001). 

Nitrogen increases leaf thickness and consequently their photosynthesis (Gardner et al., 

1994). Most plants can take N from the soil in the form on nitrate (NO3
-
) or ammonium 

(NH4
+
) (Haynes and Goh, 1978). In contrast to nitrate, ammonium is immobile in the soil 

because it binds to the negative charges of the soil particles (Amberger, 1993). The 
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uptake of ammonium by plants is cheaper than that of nitrate, because the assimilation of 

one mole of nitrate and ammonium by a plant demands 20 and 5 moles of ATP 

respectively (Salsac et al., 1987). A plant may therefore prefer to take up ammonium 

more than nitrate. Generally, nitrate is lost by leaching or through its conversion into 

nitrous oxide. Usually, the leaching of nitrate contaminates water (Schepers et al., 1991), 

and that can negatively affect the health of humans (Subbarao et al., 2006). To avoid N 

loss after fertilization, technologies have been developed to slow down its release in the 

soil (Ayyer, 1992; Shaviv and Mikkelsen, 1993; Subbarao et al., 2009). These include the 

coating of fertilizers (Ayyer, 1992). However, the coating of fertilizers can be very 

expensive (Detrick, 1996).  Some plants are able to economize the use of nitrogen in the 

soil and limit the conversion of ammonium into nitrates and then onto nitrites (Subbarao 

et al., 2007; Subbarao et al., 2009). The biological nitrification inhibition which was 

recently discovered with sweet sorghum (Guntur et al., 2009), is a mechanism by which 

certain plants can economize nitrogen. Insignificant and undetectable biological 

nitrification inhibition activity was detected with corn (Subbarao et al., 2009), suggesting 

that corn may waste N. So far, the highest biological nitrification inhibition was found 

with Brachiaria spp. (Subbarao et al., 2007; Subbarao et al., 2009), whereas soybean 

lacks that mechanism (Subbarao et al., 2009). Certain plants can use the proteins in a soil 

as their N source even without the help of the microorganisms that help decompose these 

proteins (Paungfoo-Lonhienne et al., 2008). They do so by (1) secreting some enzymes 

into the root environment in order to digest the proteins in the soil or (2) by directly 

taking up the proteins in the soil by endocytosis (Paungfoo-Lonhienne et al., 2008). It is 

known that plant residues that have a high C:N ratio have a slow rate of decomposition 
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(Quemada and Cabrera, 1995), which can sequester the soil N by microorganisms and 

therefore prevent a plant from up taking it. A similar response was observed when corn 

was fertilized by fatty oil waste which C:N ratio was 90 to 1 (Rashid and Voroney, 2004). 

According to that authors, immobilization of the nitrogen in the soil decreased its 

availability to plants.  

A chlorophyll meter can be used to determine the leaf N concentration in sorghum 

(Chapman and Barreto, 1997). Generally, the N content in the greener leaves is greater 

than that of the senescent ones (Borrell and Hammer, 2000). The CO2 assimilation of a 

leaf is related to its N content (Muchow and Sinclair, 1994). Leaf N concentration at the 

time sorghum flowers can give a clue of its resistance to drought (Borrell and Hammer, 

2000). N content in a sorghum stem can vary from 0.6% to 1.3% (Borrell and Hammer, 

2000). Grain sorghum leaves can take up 13 kg N ha
-1

, as compared 132 kg ha
-1 

in the 

panicle (Borrell and Hammer, 2000). Inside a plant, N is mobile. During plant 

senescence, the biosynthesis of amino acids stops and the amino acids already present in 

the leaves are exported toward others organs (Thomas and Rogers, 1990). N 

remobilization is the first step in plant senescence (Thomas and Rogers, 1990). As 

sorghum grows, some N present in its tissues come from the soil, whereas some come 

from N remobilization to other tissues  (Ta and Weiland, 1992). 

The impact of N on the sorghum yield depended on the N sources (Amal et al., 

2007). These previous authors tested four nitrogen sources i.e. urea 46% N, ammonium 

nitrate 34% N, ammonium sulphate 21% N, and Enciabein 40% N. They found that 

Enciabein slowly released more N in the soil than the other N sources. Enciabein 

increased sorghum grain yield, height, number of leaves, whereas urea did not do as 
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much (Amal et al., 2007). In the same field, ammonium sulfate improved sorghum 

performance more than ammonium nitrate (Amal et al., 2007), suggesting that the 

response of sorghum to N may depend on the N type used. Other authors found a similar 

response as previously described (Ramírez-Cano et al., 2000). With 112 to 168 N kg ha
-1

, 

it is possible to obtain the highest grain sorghum yield (Conley et al., 2005). With 90 kg 

N ha
-1

, Almodares et al. (2006) obtained the highest grain sorghum productivity. Urea 

fertilization increased sorghum leaf area, dried weight, panicle yield and height 

(Almodares et al., 2006; Lehmann et al., 1999), with the highest yield obtained with 180 

kg urea ha
-1

. Mengel and Kirbky (2001) proved that, if N is not applied, the productivity 

of grain sorghum will be reduced by 19%. However, in Italy, the use of N up to 120 kg 

ha
-1 

did not affect sorghum yield  (Barbanti et al., 2006). These authors related the lack of 

response to N to the varietal difference, the climate and the initial fertility of the soil. 

Under dry conditions, the response of sorghum to nitrogen was higher than under wet 

conditions (Yamoah et al., 1998b). So, to obtain the best yield from sweet sorghum, it 

would be great to properly provide the plant with a sufficient amount of water. However, 

until today, many studies proved that, sweet sorghum is water efficient, and therefore, its 

water requirement is minimized or underestimated. More works need to be done to 

properly understand how irrigation or drought conditions can affect the way sorghum 

responds to nutrients (such as N, P, K) and their uptake and utilization. N uptake by 

plants depends on the  species, the environment and the soil type (Hodge et al., 2000). 

Sorghum varieties differ in how they respond to nitrogen fertilization (Amal et al., 2007; 

Dhadheech et al., 2000; Nabila et al., 2004). Significant differences were found in the 

height, number of leaves, internodes, weight of the plants at their growth stages, leaf area, 
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leaf area index, and specific leaf area (Amal et al., 2007). The way each variety does 

photosynthesis may explain these differences.  

When sorghum was cultivated in rotation with soybean, it did not respond to 

nitrogen very well (Yamoah et al., 1998b). When sorghum is grown after soybeans, the 

available N that it gets from this crop sequence is up to 76 kg N ha
-1 

(Clegg, 1982). So, an 

adequate cropping system involving sweet sorghum and soybeans would be a great 

management practice to reduce the production costs of sorghum as a biofuel plant. 

Genetic tools are being applied to find ways to make plants more N efficient. For 

example, the over expression of the glutamine synthetase gene (GS) improved corn N use 

efficiency, growth and yield (Gallais and Hirel, 2004; Oliveira et al., 2002). That is 

because GS plays an important role in the GOGAT complex that incorporated N into a 

plant nutrition system. The over expression of the transcription factor Dof1 and the AlaAT 

gene increased crop growth even with low N fertilization (Gallais and Hirel, 2004; Good 

et al., 2007b; Oliveira et al., 2002). AlaAT gene catalyses the synthesis of alanine and 2-

oxoglutarate from pyruvate and glutamate, and it has a significant impact on the way 

plants metabolize nitrogen (Good et al., 2007b). 

The response of corn to N is different than that of sweet sorghum.  Corn 

originated in Central America (Karp and Shield, 2008). When the nitrogen available in 

the soil was high, corn did not respond to N fertilization (Halvorson et al., 2005). Indeed, 

in the valley of Arkansas, where the residual N is high, the application of N did not 

improve the grain yield (Halvorson et al., 2005). In the Midwest US, corn can produce 

4.9 to 16.7 Mg grain per hectare
 
(Heckman et al., 2003). Details have already been stated 

on the effect of N on the corn grain yield (Amanullah, 2010; Binder et al., 2000; Hawkins 
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et al., 2007; Kahabka et al., 2004; Ruiz Diaz et al., 2008; Scharf et al., 2002). Usually, N 

fertilization always ameliorates corn grain productivity. That may be why the optimum N 

rate is near the maximum dose that yields the maximum production (Follett and Hatfield, 

2001; Halvorson et al., 2005). Farmers commonly apply N beyond the optimum dose 

required for crop growth (Halvorson et al., 2005). In North Colorado, instead of applying 

140 kg N ha
-1

, farmers applied 250 kg N ha
-1 

(Al-Kaisi and Yin, 2003). Corn grain 

productivity varied across regions (Propheter, 2009), and its N fertilization rate will 

probably do the same. In Colorado, 115-146 kg N ha
-1  

is required for corn growth, 

whereas in Kansas 263 kg N ha
-1 

is needed for high grain productivity (Halvorson et al., 

2005). The majority of the N recommendations found in the literature to produce corn 

grain for biofuel purpose ranged from 138 and 152 kg N ha
-1 

(Keeney and Deluca, 1992; 

Lorenz and Morris, 1995; Pimentel, 1991; Pimentel, 2001; Shapouri et al., 1995; 

Shapouri et al., 2002b).  

The removal of the stover for ethanol production is associated with many negative 

consequences including the change in soil physical chemistry and biological activity 

(Dhugga, 2007). These include the high erosion of the soil and its vulnerability to 

degradation as well as the removal of too many nutrients from the field. Nutrient removal 

by corn grain is necessary to establish fertilization recommendations. In most cases, 

nutrient fertilization is based on studies done by extension agents (Heckman et al., 2003) 

since  under or over fertilization can have a significant impact on the environment. For 

instance, when the nutrient input is more than the removal, pollution can occur by 

leaching or by runoff (Sims et al., 1998). Manure is commonly applied to supply plants 

with nutrients. However, the use of manure can lead to an excess P, Cu, and Zn 
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application (Heckman et al., 2003; Mikkelsen, 2000; Sims et al., 1998). Based on a corn 

yield of 11 Mg ha
-1

, the average N, P, K, removed in corn grain in the mid US was 129, 

37, 45 kg ha
-1

 respectively (Heckman et al., 2003).  According to the same authors, corn 

can remove about 14.4 kg Mg ha
-1

 and 2.6 kg Ca ha
-1

. The removal of micronutrients is 

usually minimal, averaging 0.33 kg ha
-1 

for Fe, 0.055 kg ha
-1 

for B, 0.045 kg ha
-1 

for Mn 

and 0.003 kg ha
-1 

for Cu (Heckman et al., 2003). The N demand of corn depended on the 

development stage. The demand significantly increased after corn reached the 6 leaf 

stage, which coincides with the beginning of June in the US (Rashid and Voroney, 2005). 

At that stage, corn can consume up to 4.5 Kg N per hectare per day (Karlen et al., 1988). 

The determination of the N application required on soils is commonly based on the 

residual nitrate in the soil (Halvorson et al., 2005). 

The sorghum cultivars that matured early removed more N than those that 

matured late (Kamoshita et al., 1998). Sweet sorghum can remove up to 112 kg N ha
-1

, 

9.8 kg P ha
-1

 and 83.8 kg K ha
-1

 in its biomass (Undersander et al., 1990). The evaluation 

of the nutrient removal by sweet sorghum M81E was recently done in Kansas (Propheter, 

2009; Propheter and Staggenborg, 2010) and in Texas (Tamang, 2010). In Kansas, the 

total N removed by sweet sorghum aboveground biomass ranged from 171 to 202 kg N 

ha
-1 

compared to 137-205 kg N ha
-1 

for corn in the same field (Propheter, 2009). The P 

removal by sweet sorghum aboveground biomass was 20-49 kg P ha
-1 

compared to 32-54 

kg P ha
-1 

for corn (Propheter, 2009). K removal by sweet sorghum aboveground biomass 

was 300-347 kg K ha
-1 

compared to 131-182 kg K ha
-1 

for corn (Propheter, 2009). These 

data suggested that the N removal of sweet sorghum and corn are similar, whereas corn 

may remove more P than sweet sorghum. Liming increased the Mg, Mn and K content in 
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sweet sorghum biomass (Soileau and Bradford, 1985). These authors also found that the 

effect of the liming on the P and Ca content of the leaves was significant. More recently, 

the application of urea significantly increased the N uptake by sweet sorghum in Texas 

(Tamang, 2010). Sweet sorghum stalk N content ranged from 92 to 180 kg N ha
-1 

in Iowa  

(Anderson et al., 1997). Because of the deep rooting system of sweet sorghum, soil 

samples to determine how much K and P fertilizer to apply should be collected from 1 to 

1.5 meter depth (Stevens and Holou, 2010). However, this is not feasible for many 

farmers. To our knowledge, little is known so far about the nutrient removal and 

partitioning in sweet sorghum biomass grown for biofuel production. The recent study on 

nutrient removal by sweet sorghum in Kansas (Propheter and Staggenborg, 2010) did not 

assess the impact of N fertilization or soil type on the nutrient removal. Moreover, very 

little is still known on nutrient removal in sweet sorghum juice (Propheter, 2009). 

However, this knowledge is important for developing nutrient management plans for 

fields. For instance, the comparison of the cost of the nutrients removed by leaves, juice, 

and bagasse with the potential ethanol that can be produced from each of them can help 

decide on the best way to use these biomass components. That may be why a recent study 

in Kansas showed that the knowledge of the nutrient removal along with the ethanol 

yields are critical in the logistical analyses that can help identify and improve the best  

biofuel crops (Propheter, 2009).  

With all this information, one might question what else is there to learn about 

switchgrass and sweet sorghum. However, it is clear that although research has been done 

in a variety of regions, no one has evaluated switchgrass, sweet sorghum and corn on 

different soil types in the same region. Also, there is a lack of data about nutrient 
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evolution in the plants. Finally, to our knowledge, there is no study that shows how N 

application changes the nutrient uptake in relationship to the sugar yield.  These are some 

of the questions that we hope to answer in the following chapters. 
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2. Corn [Zea mays (L)] Grain and Sweet Sorghum 

[Sorghum bicolor (L.) Moench ] Biomass Yield 

grown for Biofuel Production in Response to 

Nitrogen Fertilization and the Soil Types 

2.1. Abstract  

With the energy crisis, attention is being giving to biofuel crops such as corn and 

sweet sorghum. The objective of this research was to determine the optimum nitrogen 

fertilization rate on three soils (loam, clay, sand) for producing biomass from corn (Zea 

mays cv. P33N58), and sweet sorghum (Sorghum bicolor (L.) Moench cv. M81E). This 

research was done from 2007 to 2009 in Portageville, Southeast Missouri, in a 

soybean/cotton/corn rotation. Each year, seven rates of N were applied on sweet sorghum 

and corn plots. Corn grain yield varied between 1.3 and 12.9 Mg ha
-1

. In contrast to sweet 

sorghum, corn always responded to N fertilization, and 179 to 224 kg N ha
-1 

was required 

for maximum grain yield. Sweet sorghum total fresh biomass ranged from 28 to 91.6 Mg 

ha
-1 

whereas the total dry biomass varied between 11 and 27.5 Mg ha
-1 

according to the 

year, the soil type and the N fertilization rate. The sweet sorghum fresh stalk varied 

between 21.6 and 82.7 Mg ha
-1

. In general, N fertilization of sweet sorghum grown after 

cotton and soybean had no significant effect (P >0.05) on the biomass yield on the loam 

and the sand soils. However, on the clay soil, the N fertilization always increased the 

yield. In general, the maximum sweet sorghum biomass yield was obtained with the 

application of 67 kg N ha
-1

. Based on the biomass response, it seems unnecessary to 

apply N to sweet sorghum in an attempt to increase biomass yield on loam and sand in a 
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cotton/soybean rotation system. However, N will always be needed on clay. Finally, 

overall, the loam soil is the best soil to produce biomass from sweet sorghum and corn.   

2.2. Introduction 

The increase of the world‘s population and the way natural resources are managed 

come with many challenges that need to be solved such as the energy crisis (Nass et al., 

2007). For instance, according to the estimation of BP Global (2006) and the Energy 

Information Administration (Energy, 2007), the world oil reserves will be emptied within 

the next 40 years. The consequences of the fuel shortage are multi-fold from the rise of 

fuel prices to the political instability related to oil demand and supply to other 

environmental and economic problems. In particular, the dependence on countries 

producing oil is a big challenge for the US where in 2007, 60% of the fuel used came 

from abroad (Energy, 2007). To combat this dependence on foreign countries, several 

investigations are being conducted on different alternative fuels such as biofuel in hopes 

to solve the problem. Biomass can make a significant contribution to the solution of the 

energy crisis (Berndes et al., 2003; Spiertz and Ewert, 2009). For instance, by 2030, the 

US is planning to replace 20% of the fuel used in transportation engines by energy 

produced from biomass (English and Ewing, 2002). The understanding of the parameters 

that affect biomass yield is therefore critical to advance their use for biofuel 

(Wullschleger et al., 2010). Corn and sweet sorghum are among the plants that hold 

promise for biofuel production (Balat, 2007; Patzek, 2006; Patzek and Pimentel, 2005; 

Zuurbier and van de Vooren, 2008).   

Sweet sorghum tolerates drought better than corn (Tesso et al., 2005; Tsuchihashi 

and Goto, 2004). It also tolerates salinity and flooding (Almodares et al., 2008; Netondo 
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et al., 2004). Its short growing cycle leads to the possibility of having more than one crop 

per year. The juice in sweet sorghum stalk can be fermented into ethanol and the bagasse 

obtained after squeezing the juice could be processed into gas or ethanol as well 

(Gnansounou et al., 2005; Monti and Venturi, 2003; Sipos et al., 2009). There are two 

schools of thought on using sweet sorghum for fuel. Researchers in Texas are breeding 

varieties for high biomass yield and are not concerned about sugar content. Other people 

are planning to squeeze the juice and further process the biomass in the bagasse for fuel. 

In contrast to sweet sorghum that is from Africa, corn originated in Central America and 

has been spread around the globe since the 1700s (Boyat, 1992; Gnansounou et al., 

2005). Corn grain is rich in starch that can be converted into ethanol. Nowadays, the 

amount of biofuel produced from corn even surpasses that produced from sugarcane in 

Brazil (Karp and Shield, 2008).  

Unfortunately, many challenges are related to biofuel crops such as the high 

production cost. Proper management of nutrient application is one of the strategies to 

lower that cost. For instance, nitrogen (N) demand for biofuel crop production will 

certainly become a crucial issue. In general, N is the most frequently applied fertilizer in 

order to increase crop yield. However, if used in excess, N can damage the environment 

and reduce farmers' income (Rashid and Voroney, 2005). When nitrogen is applied to 

crops, a significant proportion can be lost in the atmosphere in a form of nitrous oxides 

(Crutzen et al., 2007; Ruser et al., 1998). For instance, 16% of the nitrogen fertilizer 

applied to potatoes can return to the air in a form of N2O (Ruser et al., 1998), compared 

to 1% for corn (Stehfest and Bouwman, 2006). Unfortunately, nitrous oxide is 300 times 

worse than carbon dioxide in damaging the ozone and causing global warming (Crutzen 
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and Ehhalt, 1977). N2O can stay in the air and potentially threaten the climate for 100 

years (Prather et al., 2001). The amount of nitrogen used as a fertilizer in agriculture is 

predicted to triple by 2050 (Subbarao et al., 2009), suggesting that its negative impact on 

the environment will also increase. The production of biofuel is predicted to increase the 

amount of N2O released into the atmosphere because of fertilization (Crutzen et al., 

2007). By 100 years from now, the amount of nitrous oxide in the air is predicted to 

quadruple (Hofstra and Bouwman, 2005). Therefore, to sustain biofuel production, 

particular attention needs to be paid to the nitrogen fertilization and biomass production 

(Karp and Shield, 2008). Therefore, because of the high cost of N during plant production 

(Bolck, 1984), its negative environmental impact (Schepers et al., 1991; Vitousek et al., 

1997), and the scale of biofuel needed to face the energy demand, it is then very 

important to study ways to properly manage N fertilization in order to make bioenergy 

plants more nutrient efficient.  

Some of the earliest investigations of the effects of nitrogen on sweet sorghum 

biomass were done in Mississippi (Jodari-Karimi, 1979) and in Ohio (Jackson and 

Arthur, 1980) where the application of nitrogen up 168 kg N ha
-1 

significantly increased 

the dry of sweet sorghum biomass. Under a Wynnville silt loam soil in Alabama, N 

application did not have a significant impact on sweet sorghum biomass (Soileau and 

Bradford, 1985). N fertilization increased the stalk production by sweet sorghum 

(Johnston et al., 2000). A recent study of the impact of urea on the biomass production of 

sweet sorghum showed that the biomass yield depended on the year but not always on the 

nitrogen rate (Tamang, 2010). Unfortunately, at this point, very little research is available 

on how nitrogen affects bioethanol production by sweet sorghum in the US.  
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In contrast to sweet sorghum, extensive work has been done on the impact of N 

on the corn grain yield (Amanullah, 2010; Binder et al., 2000; Hawkins et al., 2007; 

Kahabka et al., 2004; Ruiz Diaz et al., 2008; Scharf et al., 2002). In general, besides a 

few exceptions (Halvorson et al., 2005), N application always improved corn grain yield. 

That may be why the optimum applied N rate is close to the maximum dose that 

generates the maximum yield (Follett and Hatfield, 2001; Halvorson et al., 2005). The 

management of N dosage can be complicated by the fact that farmers usually applied N 

beyond the optimum dose (Halvorson et al., 2005). For instance, in North Colorado, 

instead of applying 140 kg N ha
-1

, farmers applied 250 kg N ha
-1 

(Al-Kaisi and Yin, 

2003). Differences were observed in the N use efficiency by corn and grain sorghum 

(Muchow, 1998). Corn grain yield depended on the region (Propheter, 2009), and its N 

requirement probably will as well. For instance, in Colorado, 115 to 146 kg N ha
-1  

is 

needed to grow corn, whereas in Kansas up to 263 kg N ha
-1 

is required for high corn 

grain yield (Halvorson et al., 2005). Generally, most of the studies of corn grain for 

biofuel production reported a nitrogen fertilization rate varying between 138 and 152 kg 

N ha
-1 

(Keeney and Deluca, 1992; Lorenz and Morris, 1995; Pimentel, 1991; Pimentel, 

2001; Shapouri et al., 1995; Shapouri et al., 2002b). In the Midwest US, corn grain yield 

ranged from 4.9 to 16.7 Mg ha
-1 

(Heckman et al., 2003).  

However, to our knowledge, no one has done a comparative study of the biomass 

response of corn and sweet sorghum to N application in the same field, under different 

soils with the perspective of producing biofuel feedstock. In particular, although Missouri 

is one of the states whose ecology can suit for bioethanol feedstock production, to our 

knowledge, no research is published in that region on how its soils respond to N 
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fertilization, or on biomass production that can be converted into ethanol production. Our 

hypothesis is that (1) the biomass response of sweet sorghum and corn to N fertilization 

is different, (2) there is an optimum N fertilization rate to apply to corn and sweet 

sorghum to obtain the maximum biomass yield and (3) loam soil yields a higher biomass 

than clay and sand soil for both sweet sorghum and corn. The objective of this research 

was to determine the optimum nitrogen fertilizer rate on three soils for producing sweet 

sorghum biomass and corn grain. In this paper, because of the extensive publications 

already written on the impact of N on corn yield, the emphasis will be made on sweet 

sorghum.  

2.3. Material and Methods 

2.3.1. Initial soil analysis 

The research was carried out in Portageville, South East Missouri, over a three 

year period (2007-2009). The experiment was done on 3 soil types: a Tiptonville silt 

loam (fine-silty, mixed, superactive, thermic Oxyaquic Argiudolls), a Sharley clay 

(Vertisol, aquerts, epiaquerts, chromic, very fine, smectitic, thermic), and a Malden sandy 

loam (entisols, psamment, udipsamments, typic, mixed, thermic). The loam and the clay 

soil are located in Lee Farm near Hayward (36
o

25‘N, 89
o

41‘W), whereas the sand is at 

Clarkton (36
o
27‘N 89

o
58‘W). The sites are 28 km apart. During the first year of the 

experiment, only the loam soil type was studied. The following two years, the research 

was extended to all three soil types. The soils used in 2007 and in 2008 had been planted 

with cotton and with soybean respectively in the preceding year. In 2009, the sorghum in 

the clay soil came after soybean; that planted in the loam soil succeeded corn and that in 

the sand soil was after cotton. Seven to ten days after the seeds were planted, soil samples 
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were randomly taken in each field at 0-15 cm soil depth. These soils were dried in an 

oven and analyzed for their nutrient content. Soil organic matter content was measured by 

the loss on ignition method  (Storer, 1984). Soil pHsalt was measured with a glass 

electrode in 0.01M CaCl2 salt solution and neutralizable acidity (N.A.) was measured in 

Woodruff buffer solution (Brown and Rodiguez, 1983; Woodruff, 1967). Potassium, 

calcium, magnesium, were extracted in 1N ammonium acetate and measured on the 

atomic absorption spectrophotometer (Thomas, 1982). Phosphorus was measured 

colorimetrically using Bray-1 extraction solution (Bray and Kurtz, 1945). CEC was 

calculated by summing the neutralizable acidity with the K, Mg, and Ca concentration in 

meq/100g soil (Brown and Rodiguez, 1983).  

2.3.2. Experimental design  

In all years, corn was grown as a check for the sweet sorghum response to N. The 

sweet sorghum cultivar used was M81E, whereas the corn cultivar was P33N58 (Photo 

2.1). The experimental design was a randomized complete block with four repeats. For 

sweet sorghum, each block consisted of seven N treatments: 0, 22, 45, 67, 90, 112, 135 

kg N ha
-1

; whereas for corn, the nitrogen rates applied were 0, 45, 90, 134, 179, 224, and 

269 kg N ha
-1

. Each of the N rate treatment corresponded to a plot. Each plot consisted of 

4 rows which were 76.2 cm apart from each other. Sweet sorghum seeds were planted 

(Table 2.1) in early May at a density of 296,516 seeds ha
-1 

compared to 79,071 seeds ha
-1 

for corn.  
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Photo 2.1: Mature sweet sorghum and corn in Portageville, MO, in 2009.  

Corn is at left and sweet sorghum at right. Sweet sorghum is taller and produces more biomass than corn. 

(Photo Roland Holou, Portageville, MO, September 2009). 
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In contrast, corn was planted mid to late April (Table 2.1).  A few days after 

planting, both crops received 2 applications of atrazine (2-chloro-4-ethylamine-6-

isopropylamino-S-triazine) at 1.1 kg ha
-1 

active ingredient to kill weeds in the field. The 

applications were 2 weeks apart. Additionally, the field was regularly hoed as needed to 

reduce weeds invasion. Three weeks after planting, the appropriate N rate of each plot 

was broadcast applied by hand using ammonium nitrate as the nitrogen source. 

Ammonium nitrate (17% nitrate-N, 17% ammonium-N) was chosen because it does not 

have the potential for ammonia volatilization like urea, simplifying the test by 

minimizing ammonia losses and removing that uncertainty. The field was irrigated as 

needed. The sandy soil was irrigated with linear move sprinkler irrigation, whereas the 

loam and the clay soil were furrow irrigated.  Five furrow irrigations (76.2 mm water 

applications) per year were made on the loam and clay compared to 6 to 8 sprinklers 

(25.4 mm applications) per year on the sand.   

 

Table 2.1: Planting date of corn and sweet sorghum in Portageville and Clarkton, MO, 2007-2009. 

Year 2007 ---------------------2008----------------- --------------------2009--------------- 

Soil 

Type Loam Loam Clay Sand Loam Clay Sand 

Corn  3/27/2007 4/16/2008 4/17/2008 4/23/2008 4/27/2009 4/27/2009 4/17/2009 

Sweet 

sorghum  5/8/2007 5/19/2008 5/21/2008 5/21/2008 5/20/2009 5/19/2009 5/15/2009 

 
 

2.3.3. Biomass harvest  

The sweet sorghum heads were removed a month before the harvest of the 

biomass. Therefore, no seeds were harvested at the end of the season and whenever 

―sweet sorghum biomass‖ is mentioned in our results, we are referring only to the stalk 

and leaves. If we were not interested in sugar in the juice, we probably would not have 
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removed the head. Four and a half months after germination, sweet sorghum was 

harvested using a hay sickle mower. In each plot, 1.83 m in the two center rows were 

chosen and the whole biomass was harvested. The fresh weight was taken in the field 

immediately after harvest. One plant was sampled, and then was cut, and separated into 

leaves and stalk. The fresh weight of the corresponding leaves and stalk were 

automatically taken. These samples were later dried in an oven until their weight ceased 

changing. At that time, the biomass was considered completely dry. From the dried 

samples, the water content of the biomass was calculated. Knowing the spacing between 

each row, the number of rows per hectare was determined. Then, using the weight of the 

biomass harvested within the 1.83 m previously measured, the biomass yield per hectare 

was determined. In the case of corn, the two middle rows in each plot were harvested at 

maturity using a combine. The biomass reported in this paper for corn is the grain only 

(15% moisture content). The stover yield was not included as it is not a main target for 

biofuel production at this time.   

2.3.4. Calculations of biomass production  

The fresh stalk expression (stalk to whole biomass ratio) was calculated by 

dividing the weight of the fresh stalk by that of the fresh biomass (stalk + leaves) of the 

sampled plants. The stalk yield was calculated by multiplying the biomass yield by the 

stalk expression. The yield of the leaves was obtained by subtracting the stalk yield from 

the total biomass yield. The water content (fresh weight basis) was calculated by 

subtracting the dry weight from the fresh weight and then dividing the difference by the 

fresh weight. The water accumulation in the biomass is the amount of water sequestered 

in the biomass. In the case of the stalk, the water accumulation was calculated by 
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multiplying the water content of the stalk by the fresh stalk yield. The water 

accumulation of the leaves was calculated by multiplying the water content of the leaves 

by the fresh leaves yield. Then, the water accumulation of the stalk and the leaves were 

added to yield the water accumulation in the whole aboveground biomass. The dry yield 

of the stalk and that of the leaves were calculated by subtracting the water accumulation 

in the stalk and that in the leaves from the fresh stalk yield and the fresh leaves yield 

respectively. The total dry biomass yield was calculated by adding the dry yield of the 

stalk and that of the leaves. 

2.3.5. Statistical analysis 

The data were analyzed using the Proc mixed model in SAS 9.2 (SAS Institute 

Inc., Cary, NC). Significant differences were assumed for p≤0.05. The year, the soil type, 

and the N rate were considered the main fixed factors, whereas the block (repeat) was 

classified as a random variable. For the Proc Mixed model, the estimation method was 

the Restricted Maximum Likelihood (REML). When a significant difference was found 

based on the year or the soil type, the test was repeated for each year and each soil type 

separately. Means were separated and grouped by letter by using the macro developed by 

Saxton  (1998). Significant differences are assumed for p≤0.05. The data were graphed 

and fitted into a model using Excel 2007 (Microsoft Corp, Redmond, WA) spreadsheet 

software.  The best fit was chosen based on the highest coefficient of determination (R
2
). 

The Pearson coefficient was calculated using the Proc Corr procedure in SAS to 

determine the linear correlation between variables.  
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2.4. Results  

2.4.1. Initial soil fertility summary 

There was a significant difference between the characteristics of the soil types 

studied (Table 2.2). Generally, the soil in the loam and the sand were more similar, 

whereas the clay constituted a separate block. The pH of all the soil types was alike 

(Table 2.2). The neutralizable acidity of the clay soil (2.3 meq/100g) was almost double 

that of the other soil types. In general, the average organic matter content of the clay soil 

(3.7 %) was 4 to 6 times higher than that in the loam and the sand respectively. This 

implied that, based purely on organic matter, the clay would be expected to supply more 

mineralizable N during the season than the other soils. The calcium content of the clay 

was 4 and 9 times higher than that of the loam and the clay respectively. Moreover, the 

Mg content in the clay was 8 to 11 times greater than that from the loam and the sand 

respectively (Table 2.2). The K content in the loam and the sand was almost one-third 

that of the clay. In contrast, P was the main nutrient that was lacking in the clay soil. It 

averaged 26.1 mg kg
-1

 on the clay compared to 43.1 and 32.7 mg kg
-1

 in the loam and the 

sand respectively (Table 2.2). Knowing the importance of P for plant growth, the lower P 

content in the clay coupled with its low oxygen availability may be a problem for the 

growth of the plants. The cation exchange capacity (CEC) of the clay was 3 to 6 times 

higher than that on loam and sand respectively (Table 2.2). This suggested the nutrients 

applied on the sand and the loam will be more easily lost by leaching than nutrients 

applied to the clay as they may not have many cations to hold on. The nutrient content in 

the soil varied along the years (Table 2.2).   
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 Table 2.2: Initial soil characteristics at Portageville and Clarkton, Missouri, in 2008 and 2009. 

Variable 
2008 2009 Average 

Clay† Loam Sand Clay Loam Sand Clay Loam Sand 

pHs 6.0 6.1 5.1 6.1 5.5 6.0 6.0 5.8 5.6 

N.A. (meq/ 100g) 2.6 1.2 1.6 1.9 2.3 1.7 2.3 1.8 1.7 

OM (%) 4.1 1.4 0.6 3.2 0.9 0.6 3.7 1.1 0.6 

CEC (meq/ 100g) 40.6 8.9 4.8 34.3 10.3 6.2 37.7 9.6 5.7 

P Bray I  (mg kg-1) 24.1 37.6 29.1 28.4 48.6 35.1 26.1 43.1 32.7 

Ca  (mg kg-1) 5183.9 1322.3 408.7 4473.1 1180.9 648.0 4852.2 1251.6 552.3 

Mg  (mg kg-1) 1339.3 90.5 108.3 1132.5 226.8 120.6 1242.8 158.6 115.7 

K  (mg kg-1) 340.1 137.8 85.8 231.5 78.7 120.6 289.4 108.3 106.7 

†: The soil was analyzed at the beginning of the growing season. The P content of the clay is lower than 

that of the other soil. 

 

2.4.2. Weather summary 

The daily precipitation did not depend on the year (p=0.095), nor on the soil type 

(p=0.86). However, the temperature, the vapor pressure, the maximum wind speed, and 

total solar radiation significantly varied along the years (Table 2.3). The minimum, 

maximum and average temperature did not significantly vary across the location. 

However, the maximum wind was the only variable that differed across the soil type. In 

general, the speed on the wind was higher in the sand than in the other soil types. 
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Table 2.3: Weather summary from growing seasons at Portageville and Clarkton, Missouri, in 2007-2009. 

Weather Year Apr May Jun Jul Aug Sep 

Total 

Monthly 

Precipitation 

(mm) 

2007 70.9 66.3 44.6 72.8 20.9 124.1 

2008 143.8 93.1 35.2 67.1 45 74.1 

2009 139.9 171.2 69.9 106.6 54.9 119.5 

Maximum 

Air 

Temperature 

(°C) 

2007 19.9 28.8 32.1 31.3 35.9 30 

2008 19.1 25.6 32 32.9 30.8 28.2 

2009 20.7 24.8 32.5 30 30 27.6 

Minimum 

Air 

Temperature 

(°C) 

2007 8 16.8 19.7 20 22.5 17.8 

2008 8.3 14.1 20.5 21.6 19.8 16.2 

2009 9.3 15.4 20.8 20.1 18.7 17.2 

Average Air 

Temperature 

(°C) 

2007 14 22.6 25.8 25.6 28.8 23.5 

2008 13.8 20 26.2 26.9 24.9 21.8 

2009 14.8 20.1 26.5 24.8 24 21.8 

Total Solar 

Radiation 

(MJ/M²) 

2007 20 20.9 21.8 23.6 22.2 16.2 

2008 16.5 17.8 21 20.8 18.9 15.1 

2009 16 16.5 21.1 18.8 20.3 13.8 

Vapor 

Pressure 

(KPA) 

2007 0.7 1.1 2.1 2.3 2.4 2 

2008 1.2 1.6 2.1 2.5 2.3 1.9 

2009 1.2 1.8 2.3 2.2 2.3 2.1 

Vapor 

Pressure 

Deficit 

(KPA) 

2007 1.1 1.7 1.3 1.1 1.7 1 

2008 0.5 0.8 1.4 1.2 0.9 0.8 

2009 0.6 0.7 1.3 1 0.8 0.6 

 

 

2.4.3. Corn grain yield  

Corn yield consists of the grain and stover biomass. For the production of biofuel 

from corn, the grain is currently the feedstock mostly used. Because of that, the 

measurement on the grain was the focus of this experiment. The grain yield of corn 

significantly depended on many factors. These include the year (p<.0001), the N rate 

(p<.0001), and the soil type (p<.0001) (Table 2.4, 2.5). During the 3 years of the 

experiment, corn responded to N fertilization on all soil types (Table 2.5). In all years and 

all soil types, the lowest grain yield was obtained in the control plots (0 kg N ha
-1

). 
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However, the increase of the N rate did not always improve the grain yield. Table 2.6 

shows the separation of the means. In general, corn grain yield ranged from 1.29 Mg ha
-1

 

to 12.88 Mg ha
-1

 (Table 2.6). The highest value was obtained in the loam in 2007 with 

179 kg N ha
-1

, whereas the lowest yield was recorded in 2009 in the loam in the control 

plots. In 2008, corn yields were greater in the loam than in any other soil types.  That 

year, the lowest value was recorded in the clay. In 2008, grain yield in the loam varied 

between 6.03 Mg ha
-1 

and 11.27 Mg ha
-1

, whereas that of the clay varied between 1.6 Mg 

ha
-1 

to 5.3 Mg ha
-1

.  

The N rate applied to obtain the maximum yield in 2008 was 224 kg N ha
-1 

in 

both the clay and the sand soil types, compared to 134 kg N ha
-1 

in the loam. In general, 

for the same N rate applied in 2008, the grain yield in the loam is almost twice that of the 

sand and more than twice that of the clay. In 2009, the clay soil type was flooded by rain 

during the young age of the seedlings. This led to a poor density stand because many 

plants died from the excessive water. By the time the field dried out, it was too late to 

replant new seeds to make up that the poor stand. This led to an erratic yield. Therefore, 

the yield of the 2009 clay soil was not considered in the statistical analysis as it would 

bias the output. However, when assessing the production risk associated with corn growth 

on different soil types, the data will be used. The grain yield in 2009 ranged from 1.29 

Mg ha
-1 

to 9.09 Mg ha
-1 

across all soil types. The yield on the loam that year varied from 

1.3 Mg ha
-1 

to 6.9 Mg ha
-1

, almost half what was recorded in 2008 in the same soil type. 

In contrast to 2008, at any given N rate in 2009, the sand yielded more grain than the 

loam. In general, the maximum yield in 2009 was obtained with the application of 224 

and 269 kg N ha
-1 

on the loam and the sand respectively. However, based on the mean 
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separation of the 2009 yield data (Table 2.6),  the yield obtained with the application of 

224 kg N ha
-1 

is not statistically different than that of the application of 90 kg N ha
-1

 (5.81 

Mg ha
-1

) on the loam. In addition, the application of 179 kg N ha
-1

 on the clay produced a 

grain which belonged to the same group as what 224 or 269 kg N ha
-1 

yielded (6.94 Mg 

ha
-1 

and 6.85 Mg ha
-1 

respectively).  Furthermore, the application of 45 kg N ha
-1 

on the 

loam was not sufficient to produce a yield (3.1 Mg ha
-1

) similar to that obtained on the 

control plot on sand (3.81 Mg ha
-1

).  

 
Table 2.4: Impact of the year, soil type and the N rate on the response of the biomass variables in 

Portageville and Clarkton, 2007-2009. 

Crop Variable 
Year 

(Y) 

Soil Type 

(S) 

N rate 

(N) 
Y*S N*Y S*N S*N*Y 

Corn Corn grain **** **** **** **** * ns ns 

Sweet 

Sorghum 

Sorghum 

fresh total 

biomass 

**** **** **** **** ns ns ns 

Fresh stalk 

yield 
**** **** **** **** ns ns ns 

Fresh leaf 

yield 
**** **** ns **** ns ns ns 

Stalk 

expression 
ns **** ns ns ns ns ns 

Water 
content stalk 

**** **** ns *** ns ns ns 

Water uptake 

stalk 
**** **** **** **** ns ns ns 

Water uptake 

leave 
** **** ns * ns ns ns 

Water uptake 

whole 

biomass 

**** **** **** **** ns ns ns 

Dry leaf 

yield 
**** **** ns **** ns ns ns 

Dry stalk 

yield 
**** **** **** **** ns ns ns 

Total dry 

biomass 

yield 

**** **** **** **** ns ns ns 

†: p<0.0001: ****; p<0.001: ***; p<0.01: **; p<0.05: *; p>0.05: ns (non significant). 
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Table 2.5: Impact of the N rate on the response of different corn and sweet sorghum biomass variables at 

Portageville, and Clarkton, 2007-2009. 

Crop Variable 
2007 2008 2009 

Loam Loam Sand Clay Loam Sand Clay 

Corn Corn Grain ****† * **** **** **** **** 
 

Sweet 

sorghum 

Sorghum Total 

Fresh Biomass 
ns ns ns ns ns ns ** 

Fresh Stalk Yield ns ns ns ns * ** ** 

Fresh leave yield ns ns ns ns ns ns ns 

Stalk expression ns ns ns ns ns ns * 

Water content 

stalk 
ns ns ns ns ns ns * 

Water uptake 

stalk 
ns ns ns ns * * ** 

Water uptake 

leaves 
ns ns ns ns ns ns ns 

Water uptake 
whole biomass 

ns ns ns ns * * ** 

Dry leave yield ns ns ns ns ns * ns 

Dry stalk yield ns ns ns * * ** ** 

Total dry 

biomass yield 
ns ns ns * * * ** 

†: P<0.0001: ****; p<0.01: **; p<0.05: *; p>0.05: ns (non significant). 

 

 
Table 2.6: Mean separation of the grain yield of corn grown in Portageville and Clarkton, MO, 2007-2009. 

  2007† 2008 2009 

N rate  Loam Loam Sand Clay Loam Sand 

---kg ha-1-- -----------------------------------Mg ha-1------------------------------------ 

0 3.60c 6.03b 2.04d 1.60e 1.27c 3.81c 

45 8.40b 6.02b 3.72c 2.30de 3.10b 6.27b 

90 10.94b 8.55ab 4.64bc 3.47bcd 5.81a 7.80ab 

134 12.70a 11.27a 5.81a 3.13cd 6.35a 7.81ab 

179 12.88a 10.93a 5.36ab 4.62ab 6.78a 8.11a 

224 11.42ab 8.95ab 6.13a 5.30a 6.94a 8.62a 

269 11.56b 9.29ab 5.73ab 4.13abc 6.85a 9.05a 

†:  The small letter indicates the difference within each column for p=0.05. The clay was flooded in 2009 

and its yield was erratic. 
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2.4.4. Sweet sorghum fresh biomass 

The year, the soil type, and the N rate applied have a significant effect on the total 

fresh biomass yield of sweet sorghum (p<.0001) (Table 2.4, 2.5). The only interaction 

that was significant was that between the soil type and the year. In general, the loam and 

the sand never showed a significant response to the total biomass yield (p>0.05). In 

contrast, the impact of nitrogen was clearly significant on the clay of 2009 (p=0.002). 

During the years of the study, the average total fresh biomass varied between 28 Mg ha
-1 

to 91.6 Mg ha
-1

. The highest value was obtained in 2008 on the loam, whereas the lowest 

yield was recorded on the clay in 2009 (Table 2.7). The response of the fresh biomass to 

N fertilization on the clay that year was polynomial (Figure 2.1). Figures 2.2 and 2.3 

showed how the biomass is distributed between the leaves and stalk according to the soil 

type, the year and the N rate.  

N fertilization did not affect the stalk yield in either 2007 or 2008. However, that 

effect was significant in all soil types in 2009. In 2009, the maximum stalk yield in the 

clay (54.9 Mg ha
-1

) and the loam (45.7 Mg ha
-1

) was obtained with the application of 134 

kg N ha
-1

. In those 2 soil types, the control plots recorded the lowest stalk yield. Table 2.8 

shows the mean separation for the 2009 stalk yield data. In the sand, 45 kg N ha
-1 

produced the highest stalk yield (56.6 Mg ha
-1

) in 2009. Particularly, the stalk yield was 

positively correlated with the N rate on the loam and the sand in 2009 (Figure 2.4). That 

year, the yield on the clay was higher than that of the loam. N fertilization did not affect 

the fresh leaves yield from any soil type (Figure 2.3).  
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Figure 2.1: Relationship between the N fertilization rate and the total fresh biomass yield of sweet sorghum 

on the clay in 2009 at Portageville, MO. 

The  impact of N of the total fresh biomass was significant only in clay 2009. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.2: Impact of N rate and the year on the average fresh biomass production from sweet sorghum 

across all soil type at Portageville, and Clarkton, 2007-2009.  

The stalk accounted for more than 85% of the fresh total biomass. The biomass yield is the average 

obtained across all soil types. The highest biomass yield was obtained in 2008. N fertilization did not affect 

the leaves yield, but that of the stalk, particularly in 2009.  
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Figure 2.3: Impact of  N rate on the average fresh biomass production from sweet sorghum at Portageville, 

and Clarkton, MO, 2007-2009.  

The biomass yield depended on the soil type. In the sand, less biomass was put in the leaves. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.4: Impact of N on the fresh sweet sorghum stalk yield in 2009 on the loam and the clay soil at 
Portageville, and Clarkton, MO, 2007-2009. 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5: Proportion of stalk in whole biomass of sweet sorghum at Portageville, and Clarkton, MO, 

2007-2009. 

The partitioning of the biomass between the leaves and the stalk depended on the soil type. 
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The partitioning of the total biomass between the leaves and the stalk did not vary 

between the years or because of N fertilization; instead, it depended on the soil type. For 

instance, the stalk expression (stalk yield divided by total biomass yield) significantly 

depended on the soil type (p<.0001), and not on the year (p=0.11) or the N rate (p=0.13). 

In the sand, sweet sorghum put 92.9% of its biomass in the stalk whereas in the clay, that 

ratio is 87.3% (Figure 2.3). In the clay soil of 2009, the N rate had a significant impact on 

the stalk expression (p=0.02), improving stalk expression (Figure 2.6).  

 

Table 2.7: Total fresh biomass of sorghum 

Soil 

Type 2007 2008 2009 

  --------------- Mg ha-1-------------- 

Clay   60.65 49.3 

Loam 45.59 91.61 39.7 

Sand   38.98 46.11 

 

 
Table 2.8: Mean separation of sweet sorghum fresh stalk yield at Portageville, and Clarkton, MO, in 2009. 

N rate 
Soil type 

Clay Loam Sand 

---- kg ha-1--- ----------------------- Mg ha-1-------------------- 

0 22.87 c 21.63 c 35.27 c 

22 33.76 bc 29.16 bc 38.33 bc 

45 37.73 abc 27.88 bc 56.94 a 

67 46.05 ab 41.95 a 49.33 ab 

90 52.21 a 35.73 abc 39.25 bc 

112 53.68 a 41.41 ab 46.2 abc 

134 57.56 a 45.68 a 41.10 bc 

The impact of  N fertilization rate on the stalk yield was significant only in 2009. That year, the stalk yield 

in the loam soil was the lowest. 
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Figure 2.6: Stalk expression on clay 2009.  

On the other soil type the effect of N was not significant. The application of N in the clay soil favored the 

stalk production at the expense of that of the leaves. 

 
Table 2.9: Water accumulation in sweet sorghum biomass at harvest in Portageville, and Clarkton, MO, 

2007-2009.  

Soil 

type 

Whole biomass (stalk + leaves) Leaves Stalk 

2007 2008 2009 2007 2008 2009 2007 2008 2009 

  ----------------------------------------------------- Mg ha-1---------------------------------------------------- 

Clay   45.05 34.04   3.81 3.06   41.24 30.98 

Loam 29.17 64.16 28.33 2.45 4.03 2.84 26.72 60.12 25.49 

Sand   27.94 33.64   1.31 1.48   26.64 32.16 

In general, 90-96% of the total water in the biomass was found in the stalk. 

 

 

2.4.5. Water uptake in sweet sorghum biomass 

In contrast to corn, sweet sorghum biomass contains a lot of water at harvest. 

Thus, water accumulation in the biomass can affect the transportation costs as well as the 

storage as discussed in more detail in the chapter on sweet sorghum sugar production. 

Overall, 90% to 95.6% of the total water in the biomass was in the stalk. The highest ratio 

was obtained in the sand. Every year, the sorghum grown in the sand put more water in 

the stalk than that planted in any other soil type. In general, the proportion of water put in 

the leaves did not significantly vary along the years. As an example, on the clay in 2008 

and 2009, 91.5% and 91% of the water respectively was recorded in the stalk at harvest. 
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Furthermore, on the sand, that ratio was 95.3 % in 2008 compared to 95.6% in 2009. In 

contrast, the proportion of the total amount of water that sorghum put on its stalk in the 

loam was  slightly lower in 2009 (90%) compared to 93.7% in 2008. The water uptake of 

the stalk at harvest was not significantly affected by nitrogen fertilization except in 2009. 

Nevertheless, the impact of the soil type and the year were significant (Table 2.4). The 

water uptake in the stalk ranged from 15.6 Mg ha
-1 

to 69.54 Mg ha
-1

. The highest value 

was obtained from the loam in 2008 whereas the lowest values were recorded on the 

same soil type in 2009. From 2008 to 2009, the water uptake on the clay decreased 

whereas that on the sand increased. The water uptake on the loam in 2007 and 2009 were 

similar (Table 2.9). In 2009, the application of N increased the amount of water 

accumulated in stalk. The lowest values were obtained in the control plots (Figure 2.7). 

That year, the maximum water uptake was observed on the sand (42.2 Mg ha
-1

), whereas 

the loam recorded the lowest value (15.6 Mg ha
-1

).  The water uptake on the loam and the 

clay in 2009 linearly increased as the N rate also increased (Figure 2.7). The 

proportionality was higher on the clay than on the loam.  

The water content of sweet sorghum stalk at harvest is significantly dependent on 

the year, the soil type, and the N rate. However, it was only on the clay in 2009 that the N 

application had a significant impact (p=0.03) on the water content of the stalk. The stalk 

water content ranged from 66.7% to 77.8%. In general, the water content of the stalk was 

lower on the loam than on either the sand or the clay (Figure 2.8). A farmer would not be 

able to plant and harvest his whole farm on the same day.  A lot of the differences in 

tissue moisture at harvest was due to range in planting dates, rainfall, and irrigation 

amounts.  
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Figure 2.7:  Water accumulation in sorghum stalk at harvest in 2009. 

In 2009, the application of N increased the amount of water accumulated in stalk. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.8: Water content of sorghum stalk at harvest. 

The water content of the stalk did not vary much across the soil type. 
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2.4.6. Sweet sorghum dry biomass 

The sorghum dry biomass yield was significantly affected by the year and the soil 

type (Table 2.4, 2.5). The impact of the N on the dry yield is generally more pronounced 

in the stalk (p<.0001) than in the leaves (p=0.46). The only time that a significant effect 

of N on the dry leaves yield was encountered was on the sand 2009 (p=0.02). The impact 

of N on the dry stalk yield from the clay was always statistically significant during the 

course of this study with a more pronounced effect in 2009 (p=0.002) as compared to 

2008 (p=0.026). In 2009, the stalk dry yields were improved with the application of N in 

all soil types (Table 2.5, 2.10). The dry stalk yield varied between 3.1 to 5.9 times that of 

the leaves. Unlike what was found on the clay, variability between the years was not 

significant in the loam and the sand. Each year, the stalk accounted for about 82% of the 

total dry biomass on the loam compared to 85.2% on the sand. On the clay, the stalk 

accounted for 75.5% of the total dry biomass in 2008 compared to 82.7% in 2009. Table 

2.11 shows the average dry biomass yield per soil type. It ranged from 11.04 Mg ha
-1 

to 

27.46 Mg ha
-1

. The dry biomass yield of the loam was much lower in 2009 as compared 

to the other years. In contrast, the total dry biomass yield on the sand increased from 

2008 to 2009 whereas on the clay, it did not change. The dry stalk yield varied between 

9.44 Mg ha
-1 

and 22.53 Mg ha
-1

, whereas that of the leaves ranged from 1.6 to 4.93 Mg 

ha
-1

. The greatest dry stalk yield was recorded on the loam and on the sand in 2008. In 

general, the dry stalk yield on the clay was positively correlated with N, whereas that 

relationship was observed only in 2009 on the loam (Figure 2.9, 2.10). 
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Table 2.10: Dry stalk yield response of sorghum to N fertilization in 2009 

  
 Soil type 

N rate (kg ha-1) 

0 22 45 67 90 112 134 

 --------------------------------------- Mg ha-1-------------------------------------- 

Clay 5.82 9.70 10.71 13.90 13.73 15.66 16.17 

Loam 6.03 8.24 8.15 11.34 9.86 12.37 14.42 

Sand 9.31 9.87 14.52 13.10 10.00 11.40 10.57 

The dry stalk yield was four to six times that of the leaves. N fertilization improved the stalk dry yield in 

2009. 

 

Table 2.11: Sweet sorghum dry biomass yield at harvest. 

Soil 

type 

Dry stalk yield  Dry leaf yield  Total dry biomass 

2007 2008 2009 2007 2008 2009 2007 2008 2009 

  -------------------------------------------- Mg ha-1------------------------------------------------------- 

Clay   11.78 12.15   3.82 2.55   15.59 14.7 

Loam 13.42 22.53 10.4 3.01 4.93 2.24 16.42 27.46 12.64 

Sand   9.44 11.13   1.6 1.98   11.04 13.11 

The dry biomass yield varied across the years. 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Dry stalk response of sorghum to N fertilization in 2009. 
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Figure 2.10: Relationship between dry stalk yield and N on clay 2008. 

 

2.5. Discussion   

During the two years of this study, the average fresh biomass yield of sweet 

sorghum ranged from 39 Mg ha
-1 

to 91.6 Mg ha
-1

 (Table 2.7). The maximum yield in this 

study was a little higher than that obtained under limed Wynnville silt loam in Alabama 

(64.6 Mg ha
-1

) with 180-90-120 (kg ha
-1

) NPK fertilization (Soileau and Bradford, 1985). 

In Texas, Monk et al. (1984) obtained an average fresh sweet sorghum biomass yield of 

89.6 Mg ha
-1

. The total fresh biomass from sugarcane averaged 150 Mg ha
-1 

(Patzek and 

Pimentel, 2005), suggesting that sugarcane can produce more biomass than sweet 

sorghum. Unfortunately, because of its longer growing cycle and the weather constraints, 

sugarcane cannot be grown in Missouri. It needs more than year to mature.  

The sweet sorghum stalk and leaf expression is a good indicator of the 

partitioning of the biomass between stalk and leaves. The dry stalk:whole biomass ratio 

and the dry leaf:whole biomass expression obtained in our study over the years averaged 
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0.88 and 0.12. Monk et al. (1984) obtained values where the dry stalk, the dry leaves and 

the dry panicles occupied 73.4%, 21.7% and 4.9% of the total dry weight respectively.  

The removal of the head increases the accumulation of the sugars in the juice in 

the stalk as the seeds will not be there to serve as a sink. The sweet sorghum fresh stalk 

yield obtained in our study ranged from 21.6 to 82.7 Mg ha
-1

. In Indonesia, the fresh stalk 

yield reached 65.9 Mg ha
-1 

with the Wray variety (Tsuchihashi and Goto, 2004). In a field 

trial in Nebraska (Ricaud and Arceneaux, 1990), sweet sorghum cv. M81E stalk yielded 

up to 51.4 Mg ha
-1

. That is the same variety we used, but in a in a completely different 

soil type and weather condition.  The previous authors obtained the highest biomass yield 

of M81E with the application of 201-0-89 kg ha
-1

 (N-P2O5-K2O). In addition, the total 

biomass (stalk + leaves + seeds) yield they recorded was 68.3 Mg ha
-1 

with a stalk 

expression of 0.85 which corresponded to a stalk yield of 58.2 Mg ha
-1

; the leaves and the 

tops were 9.1% and 5.7% of the total biomass yield respectively. In general, our sweet 

sorghum biomass results concurred very well with results obtained by other authors. 

The dry biomass obtained over the 3 years in our study varied between 11 and 

27.5 Mg ha
-1

 (Table 2.11) which encompassed the 18.1 Mg ha
-1 

found previously 

(Soileau and Bradford, 1985). The higher value we obtained as compared to that of 

Soileau and Brandford (1985) can be explained by the higher fertility of our soil. For 

instance, the organic matter of the silt loam soil described in Soileau and Brandford 

(1985) paper averaged 0.9% within the first 0-30 cm soil depth against 1.4% within the 

first 61 cm in our case the year the highest yield was obtained.  

In Texas, the total dry matter production by sweet sorghum M81E varied between 

11.5 and  15.6 Mg ha
-1

 (Tamang, 2010). That yield is less than the 18-32 Mg ha
-1 

reported 
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by Wu et al. (2010). In Croatia, the dry biomass yield varied between  26.7 and 29.3 Mg 

ha
-1

 (Macesic  and Darko, 2008). These yields matched with the range recorded in our 

study. Sugarcane can produced more biomass than sweet sorghum, with a record of 80 

Mg dried biomass per hectare (Elawad et al., 1980). The dry stalk yield of M81E in 

Texas varied between  8 and 15 Mg ha
-1 

(Tamang, 2010).  That yield is much lower than 

the 31.1 Mg ha
-1 

reported by Propheter et al. (2010) in Kansas. The variation was 

explained by the difference in precipitation (Tamang, 2010). 

In general, our results showed that N fertilization of sweet sorghum grown after 

cotton and soybeans had no significant effect (P >0.05) on the biomass yield on the loam 

and the sand. However, on the clay, N fertilization always increased the yield. When 

grown after corn, sweet sorghum responded to N fertilization on the loam. The absence of 

sweet sorghum biomass response to N fertilization recorded in our study can be explained 

by the low N requirement of sweet sorghum and the high initial fertility of the loam soil 

on which the experiment was conducted. In contrast, in the same field, corn grain 

responded to N application (P<0.0001). The response of corn to N is not surprising. 

Indeed, many studies already proved the dependence of corn grain yield on N application. 

In our experiment, the initial fertility of our soil was not enough to obtain the maximum 

yield of corn. These responses of  sweet sorghum and corn to N application demonstrates 

the N efficiency of sweet sorghum, but also illustrates the need of paying particular 

attention to the N requirement of different sweet sorghum cultivars under different soil 

type. The yield of sweet sorghum and corn were lower on the clay probably because of 

the fine structure of that soil and the lack of oxygen that reduced the growth of the roots. 

The fact that in 2009, the flooding affected the growth of corn in contrast to that of sweet 
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sorghum suggested that, sweet sorghum may be apparently a sturdier plant and can stand 

the flooding better than corn. Indeed, in the case of flooding, plants lack oxygen. This 

suggested that sweet sorghum will produce better biomass on clay even under flooding 

conditions which can kill corn. Based on our data, sweet sorghum can be cultivated on 

marginalized soil for biofuel production where corn would fail. However, under clay, N 

application will be always required no matter which crop is planted.  

In general, our results showed that corn grain yield varied between 1.29 Mg ha
-1 

to 12.88 Mg ha
-1

. Other authors obtained a corn grain yield of 11 Mg ha
-1 

in the US 

(Heckman et al., 2003). In our study, the N fertilization significantly increased the grain 

yield.  That result corroborates with that of other authors (Dhugga, 2007). The biomass 

improvement recorded with the application of N may be generally explained by the 

involvement of N in many metabolism pathways related to amino, nucleic and organic 

acid synthesis, and plant growth in general (Zhao et al., 2005; Zhao et al., 2003). Visual 

observation showed that corn has fewer roots than sorghum (Photo 2.2). The shortest 

roots were observed in the clay (Photo 2.3). That may limit their penetration into the clay 

and therefore affect the biomass yield. Because on the loam the roots are much bigger 

and longer, they can better uptake nutrients and water from soil, hence a higher biomass 

yield. That may explain why the sorghum yield in the clay is very dependent on the N 

rate, as the plant cannot go deeper to take nutrients and water, and therefore relies on the 

N provided by the fertilizer. Gallais and Hirel (2004) proved that N uptake by plants can 

depend on the root systems. 
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Photo 2.2: Roots of corn and sweet sorghum in the field at Portageville, MO.  
Corn (right) produced less roots than sweet sorghum (left). (Photo Roland Holou, Portageville, MO 

September 2009). 

 

Furthermore, growing sweet sorghum after soybeans in a rotation system reduced 

its N need and therefore its response to N (Yamoah et al., 1998a). So, it may be 

unnecessary to fertilize sweet sorghum with N if it is rotated with soybeans. An 

investigation in Nebraska (Clegg, 1982) showed that soybean fixation could account for 

up to 76 kg N ha
-1 

which would be available for sweet sorghum if following a 

soybean/sorghum rotation system. So, an adequate cropping system involving sweet 

sorghum and soybeans would be another management practice to reduce the production 

costs of sorghum as a biofuel crop. 

Another factor that affects the response of sorghum to N is the water availability 

(Yamoah et al., 1998a). In dry conditions, the response of sorghum to N was higher than 

that in wet conditions (Yamoah et al., 1998a). Therefore, although sweet sorghum is said 

to be drought tolerant, to obtain the best yield from it, it is necessary to provide the plant 

with a sufficient amount of water.  
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Photo 2.3: Shape of sweet sorghum root in loam, sand and clay soil in the field. 

In the clay soil, the nodal roots of sweet sorghum are shorter, whereas in the loam soil they are longer and 

stronger. The change in root architecture can partially explain the different response to N according to the 

soil type. (Photo Roland Holou, Portageville, MO September 2009).  

 

It was recently proven that plants can use proteins as a source of nitrogen even 

without the help of the microorganisms that decompose the proteins (Paungfoo-

Lonhienne et al., 2008). They do that by (1) secreting some enzymes into the root 

environment in order to digest the proteins in the soil, or (2) by directly up taking the 

proteins in the soil through endocytosis (Paungfoo-Lonhienne et al., 2008). Maybe, sweet 

sorghum is using a similar mechanism to satisfy its nitrogen needs. With that in mind, we 

can explain the unusual result that sorghum grown on the loam in 2009 responded to N.  

It was shown that plants can secrete certain types of proteins through their roots in 

response to a specific microorganism in their surrounding environments (De-la-Peña et 
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al., 2008). Corn has a high C:N ratio. It is known that plant residues that have a  high C:N 

ratio have a slow rate of decomposition (Quemada and Cabrera, 1995). This slow 

decomposition can allow microorganisms in the soil to sequester the N, therefore, 

preventing the plant from taking it up. A similar response was observed when corn was 

fertilized by fatty oil waste with a C:N ratio of 90 to 1 (Rashid and Voroney, 2004). 

According to these previous authors, the immobilization of the nitrogen in the soil 

decreased its availability to plants. It is possible that the immobilization of N by 

microorganisms in the loam soil in 2009 changed the micro fauna and prevented sweet 

sorghum from secreting certain proteins that may have helped to improve its N uptake. 

This situation may have limited the growth of the roots and/or forced sweet sorghum to 

take the N provided by the fertilizer explaining why the sorghum grown on the loam soil 

in 2009 responded to N.  

Nitrification is the biological process though which nitrate is produced from 

ammonium. Nitrification contributes to 70% of N lost from fertilizer (Subbarao et al., 

2009). Several biological nitrification inhibitors were recently found in the root exudates 

of sorghum (Subbarao et al., 2009; Subbarao et al., 2008). The most dominant biological 

nitrification inhibitors found in sorghum exudates was sorgoleone which blocks the 

activity of nitrosomonas (Guntur et al., 2009; Subbarao et al., 2009), a main 

microorganism that carries out the reaction of nitrification with the help of nitrobacter. 

The biological nitrification inhibitors have the ability not only to prevent nitrification, but 

also to reduce the release of nitrous oxide in the air (Subbarao et al., 2009). Therefore, the 

biological nitrification inhibitors have a positive impact on global warming; that is  

because nitrous oxide are a highly dangerous greenhouse gas (Crutzen et al., 2007; 
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Subbarao et al., 2009). The blocking of nitrification can decrease the loss of N and 

therefore augment the N available to plants for uptake (Subbarao et al., 2006). As stated 

in the introduction, nitrous oxide is a dangerous greenhouse gas which can cause 300 

times the amount of damage that carbon dioxide can create (Crutzen and Ehhalt, 1977). 

N2O can stay in the air and potentially threaten the climate for 100 years after its 

emission (Prather et al., 2001). By 100 years from now, the amount of nitrous oxide in 

the air is predicted to quadruple (Hofstra and Bouwman, 2005). So, the increase of sweet 

sorghum growth will help decrease the amount of that dangerous gas in the atmosphere. 

In general, 1% of the N applied through fertilization is lost go into the air in the form of 

NO2 (Crutzen et al., 2007). Considering the amount of N applied to crops and the lifespan 

of NO2, the reduction of greenhouse gases generate by sweet sorghum can be very 

significant.  

In contrast to sweet sorghum, insignificant and undetectable biological 

nitrification inhibition activity was detected with corn (Subbarao et al., 2009), suggesting 

that corn may use nitrogen less efficiently than sweet sorghum. Knowing that the N 

fertilization rate of corn very high, the negative environmental impact associated with its 

growth may be worse than sweet sorghum then. In other words, because of its high N 

demand and its undetectable biological nitrification activity, corn will certainly cause 

more greenhouse gases than sweet sorghum. 

Unlike N fertilization, our results proved that the effect of the year on sweet 

sorghum biomass was highly significant (p<0.001). This highly significant impact of the 

year could be explained by the variations of the climate (Table 2.3). The ambient 

temperature is known to affect the biomass production of sorghum (Yamoah et al., 
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1998b; Yamoah et al., 1998c). The difference between the soil type may be explained by 

their mineral composition, structure (Table 2.2). Finally, because of the high N efficiency 

on sweet sorghum, a careful study of the sorghum genome may reveal genes that control 

N use efficiency in plants. That is why for biotechnology experiments involving the 

transfer of genes related to N efficiency such as those done by Oliverira et al (2002) and 

Good et al. (2007a), it will be important to pay some attention to sweet sorghum. Over 

the years, the selective breeding of corn has improved its yield by 50-60% (Duvick and 

Cassman, 1999), suggesting that with time, the breeding of sweet sorghum can 

potentially increases it biomass yield. The breeding of short sweet sorghum hybrids with 

high sugar production will be highly important to avoid falling and facilitate harvest. That 

was successfully done with grain sorghum, and can hopefully be achieved with sweet 

sorghum as well. 

2.6. Conclusion 

In summary, our results proved that the biomass yield from corn and sweet 

sorghum depended on the soil type and the N fertilization. In general, N fertilization of 

sweet sorghum grown after cotton and soybeans had no significant effect (P >0.05) on the 

biomass yield on the loam and the sand. However, on the clay, N fertilization always 

increased the yield. When grown after corn, sweet sorghum responded to N fertilization 

on the loam. We also observed that corn responded to N rate in the same field that sweet 

sorghum did not, suggesting that sweet sorghum may have another mechanism to uptake 

N from the soil. Sweet sorghum roots system and biological nitrification inhibitors may 

play a significant role in its response to N fertilization. The analysis of the juice obtained 

from the stalk and the potential ethanol yield obtained under each N rate will give 
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complementary support to whether it is necessary to fertilize sweet sorghum when 

growing it for biofuel production feedstock. Surely, under certain conditions, such as 

very poor soil, sweet sorghum will require N application before yielding its maximum 

productivity. Also, in order to keep the soil at its initial fertility instead of degrading it, a 

minimum N rate of fertilization will be required for sweet sorghum. This minimal N 

recommendation will certainly depend not just on the initial soil fertility or the N uptake 

by sweet sorghum, but also on which part of the biomass is removed from the field 

during harvest. For instance, nutrient removal will vary whether the entire sweet sorghum 

biomass will be exported from the field, or whether just the stalk or just the juice will be 

exported. In general 67 kg N ha
-1 

yielded the optimum sweet sorghum biomass whereas a 

minimum of 134 kg N ha
-1 

was required to get the maximum corn grain.  



 

66 

 

3. Juice, Sugar and Bagasse Response of Sweet 

Sorghum (Sorghum bicolor (L.) Moench cv. M81E) 

to N Fertilization and Soil Type  

3.1. Abstract   

Sweet sorghum is a promising biofuel crop that can be grown in many climates 

around the world. The objective of this research was to determine the optimum nitrogen  

fertilizer rate for producing sweet sorghum juice, sugar and bagasse on loam, sand and 

clay soils. The study was conducted in Portageville and Clarkton, Missouri. Seven 

nitrogen fertilization rates were applied ranging from 0 to 134 kg N ha
-1

. Regardless of 

the soil and year, the juice content of sweet sorghum stalk extracted with a hydraulic 

press averaged 69% by weight. Significant differences were found between years with 

juice yield ranging from 22907 to 61555 L ha
-1

. The soil and N rate also significantly 

impacted the juice yield (p<.0001). The pH and the density of the juice were not affected 

by the soil or N. The sugar content (Brix) of the juice varied between 9 and 22%. On 

average, N fertilization improved the sugar content of the juice. The year and the soil 

significantly affected the sugar content. A negative correlation existed between the sugar 

content and the juice yield of sweet sorghum. Generally, the lowest sugar content was 

found in the clay soil and the impact of the N fertilization on juice sugar content was 

most pronounced in the clay. The juice sugar yield ranged between 1.4 and 12.2 Mg ha
-1

, 

with significant differences found between years, N rate, and soil. N fertilization always 

increased the sugar yield in the clay soil, whereas in loam soil, a significant sugar 
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response was recorded when the sweet sorghum was planted after corn.  The average 

juice water content was 84% by weight. The dry bagasse yield fluctuated between 2.7 and 

15.5 Mg ha
-1 

with significant difference found with N rate, soil type and year. If sweet 

sorghum is grown after soybean or cotton, its N requirement will be lowered. In most 

cases, a minimum of 67 kg N ha
-1 

was required to produce optimum juice, sugar and 

bagasse yield in sweet sorghum. 

3.2. Introduction  

In 40 years, the world is predicted to be depleted of fossil fuel oil (Dhugga, 2007). 

Renewable energy forms are seen as a sustainable solution to the energy crisis (Rooney et 

al., 2007; Zuurbier and van de Vooren, 2008). Research on biofuel crops started in the 

US in the 1970s, a period during which the vulnerability of the US oil security was 

exposed (Murray et al., 2009; Shapouri et al., 2002a; Sticklen, 2007). Biofuel is expected 

to reduce the reliance on petroleum oil, decrease the dependence on oil producing 

countries, and improve farmers‘ incomes (Propheter, 2009; Szulczyk et al., 2010). In 

addition, biofuel production costs are low and it can help reduce greenhouse gas emission 

(Szulczyk et al., 2010). Bioethanol is a biofuel that can be produced from a broad source 

of feedstock including sweet sorghum, sugarcane, sugar beet, cassava, corn grain, corn 

stover, grain sorghum, and cellulosic biomass (Patzek, 2006; Propheter, 2009; Zuurbier 

and van de Vooren, 2008). Although many of these crops are being studied for their 

nutritional value, interest is being raised worldwide to produce bioethanol from sweet 

sorghum (Kangama and Rumei, 2005; Zhao et al., 2009). Sweet sorghum is a C4 plant 

(Sipos et al., 2009), characterized by a high photosynthetic activity. Although originally 
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from Africa (Gnansounou et al., 2005), sweet sorghum can be grown in temperate regions 

(Sree et al., 1999). For more than 100 years, syrup and molasses have been produced 

from sweet sorghum in America (Gnansounou et al., 2005; Worley et al., 1992). Sweet 

sorghum is resistant to drought (Steduto et al., 1997; Tesso et al., 2005), to salinity and to 

flooding (Almodares et al., 2008; Netondo et al., 2004). It is able to produce a lot of 

biomass and use nitrogen efficiently (Gardner et al., 1994). The production costs of 

biofuel from sweet sorghum are cheaper than that from sugarcane (Tamang, 2010). Sweet 

sorghum stalk consists of 49 to 56% juice (Tsuchihashi and Goto, 2004). Up to 95% of 

the total soluble sugar in sweet sorghum biomass is found in the stalk (Zhao et al., 2009). 

In China, sweet sorghum stems contain 15 to 50% of the soluble sugars, with the highest 

sugar content obtained 40 days after anthesis (Zhao et al., 2009). Molasses contains 50% 

of the sugars (Gnansounou et al., 2005). Sugars in sweet sorghum juice can be measured 

with a Brix refractometer which gives the percent of total sugars in juice by a weight 

basis.  Sucrose is the main sugar in sweet sorghum juice and makes up 85% of the total 

sugars (Woods, 2000).  

Some experiments have been done testing the sugar yields of sweet sorghum. The 

results showed that sweet sorghum sugar yields ranged between 1.6 and 13.2 Mg ha
-1

, 

with significant variations observed across years and regions (Jackson et al., 1980; 

Propheter, 2009; Reddy et al., 2007a; Tamang, 2010; Zhao et al., 2009). The juice sugar 

content depended on the plant stage of development because at the early development 

stage, fructose is more abundant, whereas sucrose is dominant after heading (Sipos et al., 

2009). At maturity, the sweet sorghum juice sugar content ranged from 10 to 25 Brix 

(Reddy et al., 2007a; Ritter et al., 2010). At ICRISAT (International Crops Research 
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Institute for the Semi-Arid-Tropics), the worldwide headquarter of sorghum research, 

sweet sorghum juice yield ranged from 16.8 to 27.2 kL ha
-1 

(Reddy et al., 2007a).  

After the juice is squeezed from sweet sorghum stalk, the solid material that is left 

is called bagasse. Bagasse can be converted into ethanol (Sipos et al., 2009). For instance, 

500 liters of ethanol is produced from each tonne of sugarcane bagasse (Reddy et al., 

2007a). The sugars in sweet sorghum juice are more reducible and less crystallizable than 

that in sugarcane (Reddy et al., 2007a), suggesting that sweet sorghum can be more easily 

converted into ethanol than sugarcane.  

Biofuel from sweet sorghum can be produced from the sugary juice, the leaves, 

and the bagasse. In China, the ethanol yield from sweet sorghum sugars reached 5414 L 

ha
-1

 (Zhao et al., 2009), whereas in the US, it ranged from 3100 to 9920 L ha
-1

 

(Propheter, 2009; Smith and Buxton, 1993). In Greece, up to 9000 L of ethanol per 

hectare was recorded (Sakellariou-Makrantonaki et al., 2007). A recent comparative 

study of the ethanol production from corn, sorghum, switchgrass (Panicum virgatum), big 

bluestem (Andropogon gerardii), and Miscanthus (Miscanthus x giganteus) in Kansas 

showed that, sweet sorghum produced the highest ethanol yield: 9920 L ha
-1

 (Propheter, 

2009). The conversion of the sweet sorghum cellulose and hemicelluloses into ethanol 

yielded up 11796 and 6591 L ha
-1 

respectively (Zhao et al., 2009), suggesting that the 

conversion of the cellulosic biomass of sweet sorghum can generate an additional 

significant amount of ethanol. That may be why Monti and Venturi  (2003) concluded 

that the conversion of the bagasse into ethanol is necessary to maximize the ethanol yield 

from sweet sorghum.  
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In general, very little is known about the agronomical practices that can help 

improve biofuel production from sweet sorghum. However, some effort has been made to 

improve biofuel production from sweet sorghum. Increasing the density of sweet 

sorghum decreased the sugar content and the juice extraction ratio, but increased the yield 

of the juice and sugar (Broadhead and Freeman, 1980). These data suggested that 

growing sweet sorghum in 52.5 cm rows can significantly increase the sugar yield as 

compared to the conventional row spacing of 105 cm. In addition, the best date to harvest 

the plant in order to get the best sugar fermentation efficiency has been studied 

(Tsuchihashi and Goto, 2004). Thirdly, it has been shown that the use of manure can 

increase the yield and the quality of sweet sorghum juice (Changade et al., 2006). 

Usually, nitrogen is the fertilizer applied most often to increase crops yield. The N 

requirement by sweet sorghum depends on the initial fertility of the soil (Tamang, 2010). 

The evaluation of the effect of urea on the sugar yield by sweet sorghum has been the 

focus of a recent study in Texas (Tamang, 2010). In that study, N fertilization did not 

always improve sugar yield from sweet sorghum. Besides its beneficial effects, N has 

some detrimental effects as well. Excessive nitrogen fertilization can diminish the soluble 

carbohydrates in sweet sorghum (Almodares et al., 2009). Moreover, the excess use of N 

can harm the economics of farmers, and also the environment (Bolck, 1984; Rashid and 

Voroney, 2005). N can be lost by volatilization once applied to plants and become a 

dangerous greenhouse gas 300 times worse than carbon dioxide (Crutzen and Ehhalt, 

1977; Crutzen et al., 2007; Ruser et al., 1998; Stehfest and Bouwman, 2006). Therefore, 

to sustain biofuel production from sweet sorghum, particular attention needs to be paid to 

the nitrogen fertilization (Karp and Shield, 2008). Understanding the response of sweet 
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sorghum to N application will have many implications for the maximization of profits 

such as the reduction of fertilizers costs, the minimization of the negative environmental 

impacts associated with the release of nitrous oxide from N fertilizers, the reduction of N 

leaching, and others. Unfortunately, when it comes to the impact of N fertilization on the 

juice, sugar and bagasse yields in different soil conditions, data are tremendously lacking 

in the US, particularly in Missouri. Nevertheless, this kind of information is needed to 

advance the use of sweet sorghum as a biofuel crop.   

We hypothesized that the optimum juice production and sugar yield in sweet 

sorghum depends on the N fertilization rate and the soil. The objective of this research 

was to determine the impact of the soil properties and N fertilization rate on sweet 

sorghum juice, sugar, pH, density, and water content and bagasse production from sweet 

sorghum. 

3.3. Material and Methods 

3.3.1. Experimental design  

The research was carried out in South East Missouri over a three year period 

(2007-2009) on three soil types: a Tiptonville silt loam (fine-silty, mixed, superactive, 

thermic Oxyaquic Argiudolls), a Sharley clay (Vertisol, aquerts, epiaquerts, chromic, 

very fine, smectitic, thermic), and a Malden sandy loam (entisols, psamment, 

udipsamments, typic, mixed, thermic). The loam and the clay soil is located in Lee Farm 

near Hayward (36
o

25‘N, 89
o

41‘W), whereas the sand is at Clarkton (36
o
27‘N 89

o
58‘W). 

The sites are 28 km apart. During the first year of the experiment, only the loam soil type 

was studied. The following two years, the research was extended to all three soil types. 
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The soils used in 2007 and in 2008 had been planted with cotton and with soybean 

respectively in the preceding year. In 2009, the sorghum in the clay soil came after 

soybean; that planted in the loam soil succeeded corn and that in the sand soil was after 

cotton. Seven to ten days after the seeds were planted (Table 3.1), soil samples were 

taken in each field. Four samples were randomly taken. In all years, corn was grown as a 

check for the sorghum response to N. The sweet sorghum variety used was M81E. The 

experimental design was a randomized complete block with four repeats.  

 

Table 3.1: Planting date, irrigation summary of sweet sorghum in Portageville and Clarkton, 2007-2009. 

Date 

2007 ---------------2008-------------- ------------------2009-------------- 

Loam Loam Clay Sand Loam Clay Sand 

Planting  5/8/07 5/19/08 5/21/08 5/21/08 5/20/09 5/19/09 5/15/09 

Harvest  10/8/07 10/3/08 10/3/08 10/3/08 10/16/09 10/16/09 10/16/09 

 

Each block consisted of seven N treatments: 0, 22, 45, 67, 90, 112, 135 kg N ha
-1

. 

Each of the N rate treatment corresponded to a plot. Each plot consisted of 4 rows which 

were 76.2 cm apart from each other. Sorghum seeds were planted in early May at a 

density of 296,516 seeds ha
-1

. A few days after planting, both crops received 2 

applications of atrazine (2-chloro-4-ethylamine-6-isopropylamino-S-triazine) at 1.1 kg 

ha
-1 

active ingredient to kill weeds in the field. The applications were 2 weeks apart. 

Additionally, the field was regularly hoed as needed to reduce weed invasion. Three 

weeks after planting, the appropriate N rate of each plot was broadcast applied by hand 

using ammonium nitrate as the nitrogen source.  

Ammonium nitrate (17% nitrate nitrogen, 17% ammonium nitrogen) was chosen because 

it does not have the potential for ammonia volatilization like urea simplifying the test by 

minimizing ammonia losses and removing that uncertainty. The field was irrigated as 
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needed. The sandy soil was irrigated with linear move sprinkler irrigation, whereas the 

loam and the clay soil were furrow irrigated.  Five furrow irrigations (76.2 mm water 

applications) per year were made on the loam and clay and 6 to 8 sprinklers (25.4 mm 

applications) per year were made on the sand.  

3.3.2. Biomass harvest and juice squeezing  

The sweet sorghum heads were removed a month before the harvest of the stalk. 

Therefore, no seeds were harvested at the end of the season and whenever ―sweet 

sorghum biomass‖ is mentioned in our results, we are referring only to the stalk and 

leaves. If we were not interested in sugar in the juice, we probably would not have 

removed the head. Four and a half months after germination, sweet sorghum was 

harvested using a hay sickle mower. In each plot, 1.83 m in the two center rows were 

chosen and the whole biomass was harvested. The fresh weight was taken in the field 

immediately after harvest. One plant was sampled, and then was cut, and separated into 

leaves and stalk. The fresh weight of the corresponding leaves and stalk were 

automatically taken. These samples were later dried in an oven until their weight ceased 

changing. At that time, the biomass was considered completely dry. From the dried 

samples, the water content of the biomass was calculated. Knowing the spacing between 

each row, the number of rows per hectare was determined. Then, using the weight of the 

biomass harvested within the 1.83 m previously measured, the biomass yield per hectare 

was determined.  

Immediately after harvest, one plant from each plot was cut into pieces of 

approximately 1-2 nodes long. These stalks were frozen immediately after cutting for 

later analysis of their sugar content. On average, 272±57g of stalk was ground using a 
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Thomas Wiley Laboratory mill (Model ED-5). Before the stalk was ground, it was cut 

into smaller pieces using a kitchen knife. Between the grinding of two different samples, 

the grinder was washed with water and cleaned in order to avoid mixing the juice and the 

bagasse of different samples. A clean brush was used to remove any bagasse that stuck 

onto the sieve of the blades or the miller. The weight of a ground sample was taken 

before squeezing. On average, 45±8g of the ground samples were randomly chosen and 

squeezed with a hydraulic plant sap press (Spectrum Technologies, Inc., Plainfield, IL). 

The sample was placed in a metal cylinder and a 35 mm diameter plunger exerted 

pressure with a two Mg hydraulic jack (CARQUEST Inc., New Castle, IN) to extract the 

juice (Photo 3.1). During the squeezing, the juice was collected and sealed in a 100 ml 

plastic tube. The ground stalk was squeezed until juice ceased coming out. After the juice 

was harvested, the sugar content (Brix) and the pH were immediately measured. The Brix 

was measured using a Digital Hand-held "Pocket" Refractometer PAL (Atago Co., Ltd., 

Japan), whereas the pH was determined using a portable pH meter. Between two different 

samples readings, the refractometer and the pH meter were cleaned with deionized water 

and dried with a paper towel. A sample of juice was weighed and its volume was 

determined by pouring it into a graduated transparent cylinder. These numbers were used 

to determine the density of the juice. The rest of the juice was automatically frozen for 

further biochemical analysis. The bagasse (the solid material left after the juice is 

squeezed) was carefully collected in an envelope, weighed, and dried. By subtracting the 

weight of the bagasse from that of the stalk squeezed, the weight of the juice in that stalk 

was assessed. The drying of the bagasse continued until its weight became constant 



 

75 

 

3.3.3. Juice, bagasse, and sugar yield determination 

The juice extraction ratio was determined as: 

Juice extraction ratio (%) = (Stalk weight squeezed - Bagasse weight obtained) /Stalk 

weight squeezed * 100 

The stalk yield was calculated as previously described in the biomass section. The 

juice yield was calculated using the formula: 

Juice yield (kg ha
-1

) = Fresh stalk yield (kg ha
-1

) * Juice extraction ratio (%) 

 

The density of the juice was determined by dividing the weight of the sampled 

juice by its volume. The volume of juice obtained per hectare was calculated by 

considering the juice yield and the density. Knowing how much bagasse was collected 

from a specific weight of stalk, the bagasse expression was calculated as:  

Fresh bagasse expression (%) = 100 - Juice extraction ratio (%) 

Then, the fresh bagasse yield (kg ha
-1

) was calculated based on the fresh stalk 

yield: 

 Fresh bagasse yield (kg ha
-1

) = Fresh stalk yield (kg ha
-1

) * Fresh bagasse 

expression (%) 

After the bagasse was dried, the water content in the fresh bagasse (%) was 

determined as: 

Water content bagasse (%) = (Bagasse fresh weight - Bagasse dry weight)/Bagasse fresh 

weight*100 

 

The water accumulation (kg ha
-1

) in the bagasse was calculated as: 
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Water accumulation (kg ha
-1

) = Fresh bagasse yield (kg ha
-1

) * Water content of 

the bagasse (%) 

 

The dry bagasse yield was calculated as: 

Dry bagasse yield (kg ha
-1

) = Fresh bagasse yield (kg ha
-1

) - Water accumulation 

in the bagasse (kg ha
-1

) 

The fresh stalk yield and the water accumulation in the stalk were calculated as 

previously described in the biomass section. Knowing that the water in the stalk is the 

sum of the water in the juice and that in the bagasse, the water accumulation (kg ha
-1

) in 

the juice was calculated as follows: 

Water accumulation in juice (kg ha
-1

) = Water accumulation in stalk (kg ha
-1

) - 

Water accumulation in the bagasse (kg ha
-1

) 

The water content of the juice was calculated as: 

Water content of the juice (%) = Water accumulation in juice (kg ha
-1

)/ Juice yield (kg ha
-

1
)*100 

The sugar yield was calculated by multiplying the juice yield by the Brix as done by 

previous authors (Broadhead and Freeman, 1980; Reddy et al., 2007b; Soileau and 

Bradford, 1985; Tsuchihashi and Goto, 2004). In other words,  

 

Sugar yield (kg ha
-1

) = Juice yield (kg ha
-1

) * Brix 

3.3.4. Statistical analysis 

To determine the impact of the independent variables on the measured variables, 

the data were submitted to the Proc mixed model in SAS 9.2 (SAS Institute Inc., Cary, 
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NC). Significant differences were set for p≤0.05. The year, the soil type and the N rate 

were considered as fixed factors, whereas the block (repeat) was classified as random 

variable. The estimation method was the Restricted Maximum Likelihood (REML). 

When a significant difference was found based on the year or the soil type, the test was 

repeated for each year and each soil type separately. Means were separated and grouped 

by letter by using the macro developed by Saxton  (1998). Significant differences are 

assumed for p≤0.05. The data were graphed and fitted into a model using Excel 2007 

(Microsoft Corp, Redmond, WA) spreadsheet software. The regression equation with the 

highest R
2 

was considered as the best. The Pearson coefficient was calculated using the 

Proc Corr procedure in SAS to determine the linear correlation between variables.  
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Photo 3.1: Grinding of stalk, squeezing juice, and Brix measurement of sweet sorghum stalk. 

A: sweet sorghum stalk. B: grinder. C: squeezing of the juice. D: measuring of sugar with Brix 

refractometer. E: bagasse. (Photo Roland Holou, Portageville, MO, January 2009). 

 

Table 3.2: Initial soil characteristics at Portageville and Clarkton, Missouri, in 2008 and 2009. 

Variable 
2008 2009 Average 

Clay Loam Sand Clay Loam Sand Clay Loam Sand 

pHs 6 6.1 5.1 6.1 5.5 6 6 5.8 5.6 

N.A. (meq/ 

100g) 
2.6 1.2 1.6 1.9 2.3 1.7 2.3 1.8 1.7 

OM (%) 4.1 1.4 0.6 3.2 0.9 0.6 3.7 1.1 0.6 

CEC (meq/ 

100g) 
40.6 8.9 4.8 34.3 10.3 6.2 37.7 9.6 5.7 

P Bray I 

(mg kg-1) 
24.1 37.6 29.1 28.4 48.6 35.1 26.1 43.1 32.7 

Ca 

(mg kg-1) 
5183.9 1322.3 408.7 4473.1 1180.9 648 4852.2 1251.6 552.3 

Mg  

(mg kg-1) 
1339.3 90.5 108.3 1132.5 226.8 120.6 1242.8 158.6 115.7 

K (mg kg-1) 340.1 137.8 85.8 231.5 78.7 120.6 289.4 108.3 106.7 

P was the main nutrient that was lacking in the clay soil.  
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3.4. Results  

3.4.1. Soil and weather summary 

Generally, the clay soil was different from the loam and sand soils which were 

more similar. The pH of all the soil types was similar (Table 3.2). The neutralizable 

acidity of the clay soil (2.3 meq/100g) was nearly double that of the sand and loam. Also, 

the organic matter, Mg, and K content were higher in the clay. The cation exchange 

capacity (CEC) of the clay was also higher than that of loam and sand, suggesting that the 

nutrients applied on the sand and the loam will be easily lost by leaching whereas in clay, 

they may stay longer in the soil. Of all the nutrients tested, P was lower in the clay 

averaging 26.1 mg kg
-1

 on the clay, versus 43.1 and 32.7 mg kg
-1

 in the loam and sand 

respectively (Table 3.2). Nutrient content and some soil characteristics varied during the 

course of the study (Table 3.2). 

The weather had varied results. Temperature, vapor pressure, maximum wind 

speed, and total solar radiation significantly varied along years (Table 3.3). However, the 

daily precipitation did not depend on the year (p=0.095), nor on the soil type (p=0.86). As 

might be expected, the minimum, maximum and average temperature did not 

significantly vary across the location. In addition, the maximum wind was the only 

variable that differed across the soil type.  
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Table 3.3: Weather summary from growing seasons at Portageville and Clarkton, Missouri, in 2007-2009. 

Weather Year Apr May Jun Jul Aug Sep 

Total 

Monthly 

Precipitation 

(mm) 

2007 70.9 66.3 44.6 72.8 20.9 124.1 

2008 143.8 93.1 35.2 67.1 45 74.1 

2009 139.9 171.2 69.9 106.6 54.9 119.5 

Maximum 

Air 

Temperature 

(°C) 

2007 19.9 28.8 32.1 31.3 35.9 30 

2008 19.1 25.6 32 32.9 30.8 28.2 

2009 20.7 24.8 32.5 30 30 27.6 

Minimum 

Air 

Temperature 

(°C) 

2007 8 16.8 19.7 20 22.5 17.8 

2008 8.3 14.1 20.5 21.6 19.8 16.2 

2009 9.3 15.4 20.8 20.1 18.7 17.2 

Average Air 

Temperature 

(°C) 

2007 14 22.6 25.8 25.6 28.8 23.5 

2008 13.8 20 26.2 26.9 24.9 21.8 

2009 14.8 20.1 26.5 24.8 24 21.8 

Total Solar 

Radiation 

(MJ/M²) 

2007 20 20.9 21.8 23.6 22.2 16.2 

2008 16.5 17.8 21 20.8 18.9 15.1 

2009 16 16.5 21.1 18.8 20.3 13.8 

Vapor 

Pressure 

(KPA) 

2007 0.7 1.1 2.1 2.3 2.4 2 

2008 1.2 1.6 2.1 2.5 2.3 1.9 

2009 1.2 1.8 2.3 2.2 2.3 2.1 

Vapor 

Pressure 

Deficit 

(KPA) 

2007 1.1 1.7 1.3 1.1 1.7 1 

2008 0.5 0.8 1.4 1.2 0.9 0.8 

2009 0.6 0.7 1.3 1 0.8 0.6 

 

3.4.2. Juice yield, pH and density  

The juice extraction ratio is a good indicator of the partitioning of the stalk 

biomass between the juice and the bagasse. Over the three years of the study, the juice 

expression averaged 68.8±6.1% by weight. In general, the juice extraction ratio did not 

depend on the N rate (p=0.21) or on the soil (p=0.41), but instead on the year (p<.0001). 

The only year that the ratio was highly affected by the N rate was in 2007 (p=0.02). The 

year when the highest proportion of the stalk consisted of juice was in 2008 (73%). Table 

3.4 shows the juice extraction ratio according to the year.   
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The density of sorghum juice is important to assess some economic implications 

related to transportation of the juice. If the juice is too dense, the trucker will reach the 

maximum weight allowed for the truck before loading all the juice. Although neither the 

N rate nor the soil type affected the density of the sorghum juice, significant variation 

was observed between the years (p<.0001) (Table 3.4). The pH of sorghum juice is one of 

the few variables that stayed constant regardless of the year or the soil type.  In general, it 

averaged 5.3 ±0.19. 

The sweet sorghum stalk is very rich in juice. The variation in the yield of that 

juice between the years was statistically significant (p<.0001). The highest juice yield 

was obtained in 2008 and the lowest in 2007 (Table 3.4). The soil type and the N rate 

highly impacted the juice yield (p<.0001). A significant interaction was also found 

between the effect of the year and that of the N rate on the juice yield (p<.0001). Table 

3.4 and Table 3.5 present the average juice yield and the impact of the soil type in each 

year. Indeed, when grown after cotton (loam 2007) or soybean (loam 2008), the N 

fertilization did not improve the juice yield (p=0.73 in 2007; p=0.29 in 2008). However, 

when sweet sorghum followed corn in the rotation system (loam 2009), it required N 

fertilization to improve its juice yield (p=0.04). This suggested that the importance of the 

rotation system on the necessity of N fertilization of sweet sorghum. In the sand, the 

impact was significant only in 2009 (p=0.04) compared to p=0.16 in 2008. In general, the 

sweet sorghum juice on the clay responded to N (p=0.06 in 2008 compared to p=0.005 in 

2009). Moreover, although the 2009 clay was planted in soybeans in 2008, sweet 

sorghum still responded to N fertilization. Indeed, a minimum of 90 kg N ha
-1 

was 

required in clay to get the maximum juice yield. This suggested that the rotation system 
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by itself is not sufficient to avoid the juice response to N; instead the soil type also needs 

to be adequately chosen. To put it in different words, the rotation system by itself is not 

sufficient to determine the amount of N to get the maximum juice yield; instead the soil 

type must also be considered. The response of the juice yield to N fertilization was linear 

in most circumstances when a significant response was found (Figure 3.1). The response 

of the volume or that of the weight of the juice to N fertilization followed the same 

pattern. Furthermore, there was a negative correlation between the density and the juice 

yield (r=-0.35, p<.0001). In other words, as the yield of the juice increased, it also 

became less dense.  

 

 

 

 

 

 

 

 

Figure 3.1: Relationship between juice yield and N rate in 2009.  

Each point in the graph is the average of 4 replicates. N application increased the juice yield on the clay and 

the loam in 2009. In the regression equations shown in the graph, y and x are in kg ha-1. 

 

3.4.3. Water content and water accumulation in sweet sorghum juice  

The juice obtained from the sorghum stalk contains many molecules other than 

sugars. Water is the most predominant. Overall, water contributes up to 83.6% of sweet 

sorghum juice weight.   
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Table 3.4: Summary of the juice, sugar, and bagasse yield from sweet sorghum in Portageville, and 

Clarkton across all N rates, 2007-2009. 

Variable 
Clay Loam Sand 

2008 2009 2007 2008 2009 2008 2009 

Density  

(g ml-1) 
0.95 1.03 0.99 0.98 1.04 0.94 1.04 

pH Juice 5.23 5.21 5.28 5.32 5.33 5.34 5.35 

Brix 10.69 14.68 18.89 14.2 16.69 14.68 16.03 

Juice 

extraction 

ratio (%) 

74.64 69.13 62.85 73.02 67.32 71.08 71.53 

Water 
content 

Bagasse (%) 

46.36 47.51 47.42 46.52 45.82 46.19 47.64 

Volume juice 

yield 41825.92 28955.86 26326.31 61554.82 22906.85 27286.48 29764.62 

(L ha-1) 

Water 

accumulation 

in bagasse  
(kg ha-1) 

6290.82 6250.01 7123.73 10308.67 5541.48 4817.39 5934.02 

Dry bagasse 

yield 7167.61 6900.89 7779.91 11931.9 6439.64 5614.32 6425.97 

(kg ha-1) 

Sugar yield 

(kg ha-1) 
4224.05 4493.05 4749.71 8573.26 4023.19 3770 4909.23 

Water 

accumulation 

in juice  

(kg ha-1) 

34952.79 24729.22 19596.59 49814.83 19948.44 21818.03 26224.88 

Water 

content juice 

(%) 

88.43 82.85 77.96 82.49 83.71 85.03 84.68 

 

The average water accumulation in sweet sorghum juice over the 3 years, 

considering all soil types and N rates together, was 28.4 Mg ha
-1

. The maximum amount 

of water accumulated in juice extracted from one hectare of sorghum reached 69.5 Mg. 

When the juice has too much water, the sugars can be degraded by microorganisms. 
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Indeed, the abundance of water will lay a good environment for a devastative microbial 

activity or enzymatic reaction. One way to reduce the water content of the juice is to cook 

it and let the water evaporate. This practice is commonly used by farmers making 

sorghum syrup or molasses from sweet sorghum. Some farmers claimed that the 

terminology molasses is much more appropriate for sugarcane. The longer the juice is 

cooked, the less its water content will be. Lower water content gives longer lifespan to 

the juice. The energy used to cook the juice, and consequently the cost associated with it, 

will depend on the initial water content of that juice and on the target final water content. 

In addition to prolonging the lifespan of the juice, cooking can have another economical 

implication. Indeed, to fulfill their needs, industrial plants have to buy and transport the 

sorghum juice from far. So, as the water in the juice is not the material of interest, it is 

better to reduce its amount in the juice. One may be interested in studying the economical 

risks associated with cooking the juice to reduce its water content, or transporting it prior 

to cooking. The best option for plants or farmers may be to cook the juice. Furthermore, 

if not cooked, the juice usually ferments, developing some pathogens that can harm the 

yeast required for fermentation of the juice into ethanol. 

Published data related to water content and accumulation in sweet sorghum juice 

is lacking. The impact of the soil or the N rate on the water content of sorghum juice is 

also missing. That it is why it is important to reflect on that data here. The water 

accumulation in sorghum juice was highly dependent (p<.0001) on the year, N rate, and 

soil type. The interaction between the effect of the soil and that of the year was also 

significant (p<.0001). Moreover, the impact of N fertilization on the water accumulation 

of the juice was significant in all soil in 2009 (Table 3.5). In contrast to the water 
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accumulation, the water content of the juice did not depend on the N rate (p=0.85), 

depending instead on the year (p<.0001) and on the soil type (p=0.0009) (Table 3.5). 

Tables 3.4 presents the average water content per year and soil. Table 3.5 summarizes the 

impact of N according to the year and the soil type. A significant interaction was also 

found between the effects of the year and the soil type. In the clay, the water content of 

the juice decreased as the N rate went up, this suggested that other molecules 

accumulated in the juice. One molecule that probably accumulated, as explained earlier, 

is the sugar which content increased with the application on N when sweet sorghum was 

grown in clay. Table 3.6 details the mean separation of the water accumulation in the 

juice for the year and the soil type where a significant impact was observed.  

 

Table 3.5:  Impact of N fertilization rate on the juice, sugar, and bagasse production from sweet sorghum. 

Variable† 
2007 2008 2009 

Loam Loam Sand Clay Loam Sand Clay 

Sugar yield ns ns ns * * * ** 

Water 

accumulation 

in juice 

ns ns ns ns * * ** 

Water 

content juice 
ns ns ns ** ns ns ns 

Dry bagasse 

yield 
*** ns ns ns ns ns * 

†: p<0.001 : *** ; p<0.01: **; p<0.05: *; p>0.05: ns (non significant). 

 

3.4.4. Sugar content and yield 

During the years of the study, the average sugar content in sorghum juice was 

improved with the application N (p=0.0096). Significant differences were also found 

according to the year (p<.0001) and the soil type (p<.0001). There was a significant 
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interaction (p=0.03) between the effect of the N rate and the year. The Brix varied 

between 9.1 and 21.6; the highest values were obtained in 2007, the year the lowest juice 

yield was obtained. On average, the lowest sugar content was found in the clay (Table3. 

4).  Table 3.4 and 3.5 present the mean values of the Brix and how the N rate or the soil 

type affected the sugar content of the juice. 

The Brix obtained in 2008 did not depend on N (p>0.05). However the effect of N 

was significant only in 2007 (p=0.048) on the loam and in 2009 on the clay (p=0.022). In 

clay, the correlation between the Brix and the N rate was significant (r=0.62, p=0004) 

and the regression that fit the data is presented in Figure 3.2. In 2009, the application of a 

minimum of 45 kg N ha
-1 

was enough to significantly improve the sugar content of the 

sugar as compared to the value obtained in the control plots. That year, the Brix on the 

loam also was positively correlated to the N rate (r=0.44, p=0.04). 

The sugar in sweet sorghum can be used to make ethanol.  The sugar in the juice 

is the least expensive to convert to liquid fuel. For decades, the M81E variety has been 

grown mainly for sorghum syrup in the US and in other countries. Generally, the sugar 

yield ranged between 1.4 Mg ha
-1 

and 12.2 Mg ha
-1

 according to the N rate. Significant 

differences were observed between years (p<.0001) as well as between the N rate 

(p<.0001) and the soil type (p<.0001). The highest average yield (8.6 Mg ha
-1

) was 

recorded in 2008 on the loam (Table 3.4). Significant interaction was also found between 

the effect of the year and that of the soil type. Although the clay always responded to N 

fertilization, the impact in 2009 was more pronounced (p=0.007) than that of 2008 

(p=0.03). Furthermore, a significant response was recorded in the loam only in 2009 

(p=0.4). That year, the sorghum on the loam was planted following corn in the rotation 
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system compared to soybean in 2008 and cotton in 2007. This supported the results from 

the juice yield data and suggested that, when grown after corn, the N requirement by 

sorghum will be very high.  

The impact of the N rate on the sugar yield was also significant in the sand 2009 

(p=0.02); however the data did not fit any regression model. The mean separations of the 

sucrose yield according to the N rate for the soil type that responded to N are shown in 

Table 3.7. The sugar response to N fertilization in the clay (2008-2009) and the loam (in 

2009) fit a polynomial regression (Figure 3.3).  

In general, sweet sorghum juice became more dense as the sugar content 

increased (r=0.27, p=0.002). A significant correlation was also found between the water 

accumulation in the juice and the sucrose yield (r=0.89, p<.0001) indicating that water 

uptake from the soil is a driving force for sugar production in sweet sorghum. In dry 

environments, the sugar yield will be limited. Table 3.4 and 3.7 present the average 

sucrose yield obtained each year according to soil type. 

 

Table 3.6: Mean separation of water accumulation in sweet sorghum juice. 

N fertilization rate 

Water accumulation in juice  † 

Clay 2008 Clay 2009 Loam 2009 Sand 2009 

---- kg ha-1---- -------------------------------- Mg ha-1--------------------------------------- 

0 26. 9 bc 13.7 c 12.9 c 21.4 c 

22 25.9 c 18.5 bc 17.1 bc 23.8 bc 

45 30.1 abc 22.1 abc 14.3 c 34.9 a 

67 41.4 a 25.7 ab 2.0 a 29.1 ab 

90 41.0 ab 30.9 a 20.3 abc 23.0 bc 

112 37.3 abc 30.5 a 23.5 ab 28.4 abc 

134 41.9 a 31.6 a 23.6 ab 25.0 bc 

†:  Number followed by the same letter are not statistically different within each column for  p≤0.05. 
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Table 3.7: Mean separation of the sucrose yield in 2009 and on clay 2008. 

N rate 
Sugar † 

Clay 2008 Clay 2009 Loam 2009 Sand 2009 

----------------------------------------------------------- kg ha-1------------------------------------------------------------- 

0 3020.6 b 1991.4 c 2173.0 d 3948.7 d 

22 3129.6 b 3277.0 bc 3439.6 bcd 4314.6 cd 

45 3641.2 ab 4251.0 ab 2911.1 cd 6035.0 a 

67 5050.3 a 4618.9 ab 4522.7 abc 5698.7 ab 

90 4961.3 a 5540.3 a 3943.5 abcd 4454.9 cd 

112 4510.5 ab 5985.9 a 5054.2 5467.1 abc 

134 5254.9 a 5796.6 a 5152.9 a 4634.0 bcd 

†:  Number followed by the same letter are not statistically different within each column for  p≤0.05. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Relationship between N rate and the sugar content on the clay.  
The N application improved the sugar content mostly in the clay soil. Each point on the graph is the 

average of four replicates. 
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Figure 3.3: Relationship between sugar yield and N rate.  
Each point for the clay regression is an average of two years. N fertilization always improved the sucrose 

yield from the juice on the clay; whereas on the loam it depended on the rotation system. In years where 

sorghum is grown after corn, the N application is required. 

 

3.4.5. Bagasse yield  

The bagasse is the main co-product remaining after juice is squeezed from the 

stalk of sweet sorghum. The fresh bagasse expression did not vary with the soil type 

(p=0.41) or the N rate (p=0.21), but with the year (p<.0001). The trends according to the 

soil type and the year are presented in Table 3.4. In 2007, the ratio depended on N rate 

(p=0.02). On average, the bagasse expression was high in 2007 (37.2%) and low in 2008 

(27.1%) (Table 3.4). In 2009, it was 30.7%. Over the three years, the bagasse expression 

averaged 31.2% of the fresh stalk. The water content of the bagasse (46.9 ±4%) did not 

change over the course of this study (p=0.16), nor did the impact of the soil type (p=0.51) 

or the N rate (p=0.28). 

 The fresh bagasse yield ranged from 4.9 Mg ha
-1 

to 28.9 Mg ha
-1 

with significant 

differences (p<.0001) found with the year, the soil type and the N rate. A significant 
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interaction was also observed between the effects of the N rate and that of the year on the 

fresh bagasse production. The average bagasse yield for each soil type is presented in 

Table 3.4. The fresh bagasse response to N in the clay was always significant as opposed 

to that obtained in the sand. The trend changed for the loam which had a significant 

response in 2007 (p=0.0085). In the clay, the application of nitrogen improved the fresh 

bagasse yield and the best regression model that fits the model is described in Figure 3.4. 

Above 67 kg N ha
-1

, the improvement of the fresh bagasse yield was not significant.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4:  Relationship between the fresh bagasse yield and N rate on the clay. 

 

Although the stalk was squeezed to release the maximum amount of juice, some 

water was still found in the fresh bagasse. For storage purposes, it may be crucial to dry 

the fresh bagasse. Another alternative would be to leave the bagasse in the field until it 

dries before removing it. This option may be risky because it is dependent on the weather 

conditions. The energy input and the cost associated with the drying will depend on the 

amount of water present in the bagasse. Up to this point, information on the water 

accumulation in sweet sorghum bagasse is lacking. So, the knowledge of the water 

accumulation in the bagasse is very necessary. The amount of water present in the sweet 

bagasse immediately after squeezing the juice significantly (p<.0001) depended on the 

y = -0.4919x2 + 124.62x + 8137.5
R² = 0.92

0
20
40
60
80

100
120
140
160
180

0 50 100 150Fr
es

h
 b

ag
as

se
 y

ie
ld

 (M
g 

h
a-1

)

N rate (kg N ha-1)



 

91 

 

year, the N rate, the soil type. Significant interaction was found between year and soil 

type (p<.0001) and between year and N rate (p=0.008). In general, 4.8 Mg to 10.3 Mg of 

water can be found in the bagasse collected on one hectare of sweet sorghum. The most 

significant impact of N on the water accumulation of the bagasse was observed in 2007 

(p=0.0006) in the loam soil type and in 2009 in the clay (p=0.021). Those years 

corresponded to when the lowest juice yield was obtained in each of those soil types. The 

bagasse water accumulation data from the clay soil was fit using a polynomial regression:  

y=-0.2886x
2
 + 62.526x + 3972.4 (R² = 0.72) (Figure 3.5) 

With y the water accumulation (Mg ha
-1

) in the bagasse and X the N rate (kg ha
-1

). 

 

 

 

 

 

 

 

 

Figure 3.5: Relationship between the water accumulation in bagasse and the N rate on clay 2008. 

 

The constant force applied to the squeezed stalk to extract the juice was enough to 

remove most of the free water. That was why neither the year nor the N rate had an 

impact on the bagasse water content. The high water content in the bagasse implied that 

despite the use of a powerful squeezer, juice was still left in the bagasse. Washing the 

bagasse with water may get most of the sugars out of the stalk. Unfortunately, it may not 

be easy for farmers to wash the bagasse in the field to achieve such a goal with current 
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harvesters. The design of new type of harvester furnished with some type of washer may 

help to wash the bagasse in the field. Unfortunately, this strategy may add to the cost of 

the harvesting and may remove more nutrients from the field. An economical analysis 

needs to be done to determine if it is worthwhile to wash the bagasse in the field or 

whether it is enough to use an appropriate juice squeezer to get the maximum juice out of 

the stalk. The analysis of the bagasse sugar content will determine how much sugar was 

left in the bagasse and if it will be worth it to spend more energy and means to persuade 

farmers to pull those sugars out of the bagasse. 

The dry bagasse production from sorghum fluctuated between 2.7 Mg ha
-1 

and 

15.5 Mg ha
-1

. The average values across the soil types and the years are reported in Table 

3.4 and the impact of N rate is in Table 3.5. Overall, the dry bagasse was 15.9±2.6% of 

the fresh stalk yield. In fact, the dry bagasse amounted for 10 % to 25.3% of the fresh 

stalk. Overall, the dry bagasse yield significantly depended on the year (p<.0001), the soil 

type (p<.0001), and the N rate (p<.0001). A significant interaction was found between the 

year and the soil type (p<.0001). Particularly, in the clay soil type of 2009, the impact of 

N was more pronounced (p=0.01). The highest bagasse yield was obtained in 2008 in the 

loam (11.9 Mg ha
-1

). The lowest yield was recorded in the sand (Table 3.4). Bagasse 

production in the clay did not vary between the years. In general, the dry bagasse yield of 

the clay was better with the application of N (Figure 3.6).  
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Figure 3.6: Relationship between dry bagasse and N rate on the clay 2009.  

The N fertilization improved the dry bagasse yield on the clay. In the regression equation shown in the 

graph, y and x are in kg ha-1. 

 

3.5. Discussion  

Our results showed that regardless of the soil type and the year, the juice content 

of sweet sorghum stalk is 68.8±6.1%. Significant differences were found across the year. 

The juice yield varied between 22907 and 61555 L ha
-1

. The soil type and the N rate 

highly impacted the juice yield (p<.0001). In Texas, the juice yield ranged from 17.3 Mg 

ha
-1

 to 22.2 Mg ha
-1 

(Tamang, 2010). If converted into liter (assuming a juice density of 1 

as found in our study), that juice yields in Texas are much lower than ours. However, in 

Kansas, the juice of sweet sorghum averaged  30.8-34.8 Mg ha
-1 

(Propheter, 2009). That 

yield is higher than then obtained in Texas, but still lower than ours. These results 

suggested that sweet sorghum juice yield may depend on the region. Additionally, N 

fertilization did not also improve the juice yield in the study done in Texas (Tamang, 

2010). The juice of sweet sorghum is rich in fermentable sugars, whereas that of 

sugarcane is rich in crystallizable sugars (Reddy et al., 2007a). As the pH of the soil did 

not change it was not surprising to find that the pH of the sweet sorghum juice did not 
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vary significantly from the average of 5.3. In addition, we found that the density of sweet 

sorghum juice was not affected by the soil type or the N rate, maintaining a density 

similar to that of water at 1 g mL
-1

.  

Our results showed that the sugar content (Brix) varied between 9.1 and 21.6. In 

Alabama, the Brix number of sweet sorghum juice ranged from 15.3 to 16.8 (Soileau and 

Bradford, 1985), whereas in India, Reddy et al. (2007b) obtained an average Brix number 

of 18.1. Nevertheless, both authors left the heads on the plant and therefore the sugars 

were lower than if the heads were removed. Seeds in the head store the sugar from the 

plant. By removing the heads, the sugar stays in the stalk and does not go to the stores in 

the seeds. Thus, the sugar content is higher if the heads are removed. The advantage of 

this strategy is that the accumulation of sugars in the juice of the stalk facilitates their 

conversion into ethanol. In the seeds, the sugars are in the form of starch, so energy will 

be required before breaking down the bonds between the amylose and the amylopectin to 

free them in the form of monosaccharides which will be fermented into ethanol by yeast. 

In the stalk juice, the sugars are free. Thus, the sugars in the juice have fewer covalent 

linkages and can be fermented to produce ethanol with less energy input. In contrast, in 

corn, the sugars are branched in a form of starch that needs more energy to break them.  

On average, the sugar content recorded in our results fits the range obtained in previous 

studies. The average Brix value of sugarcane juice is 16 (Patzek and Pimentel, 2005). 

Other scientists observed that the sucrose content of sugarcane varied between 8 and 17% 

(Tewari and Irudayaraj, 2003; Wheals et al., 1999). These results suggested that sweet 

sorghum juice may be richer in sugars than that of sugarcane. Sweet sorghum is mainly 

rich in sucrose which contributes about 85 % of the total sugars (Woods, 2000). In the 
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early stages of sweet sorghum development, fructose is more abundant but as the plant 

develops, sucrose is dominant after heading (Sipos et al., 2009). Other authors observed 

that, sucrose accumulated in the stalk after the internodes ceased growing (Hoffmann-

Thoma et al., 1996). 

Our results proved that on average, nitrogen fertilization improved the sugar 

content of the juice. The year and the soil type significantly affected sugar content. We 

found a negative correlation between the sugar content and the juice yield of sweet 

sorghum. Generally, the lowest sugar content was found in the clay. The impact of the N 

fertilization rate on the sugar content of the juice was more pronounced in the clay.  

The impact of nitrogen on sweet sorghum sugar content is controversial. For 

instance, one group (Galani et al., 1991) found that the application of N increased the 

sugar content in sweet sorghum, whereas another study (Almodares et al., 2009) observed 

that the application of N decreased the sugar content in sweet sorghum juice. Soileau et 

al. (1985) found that under Wynnville silt loam soil, NPK fertilization did not 

significantly affect the Brix reading and the sugar production of sweet sorghum. 

However, these last authors recorded that, liming with a dolomitic limestone had a 

significant impact on the total fermentable sugar of sweet sorghum juice extracted from 

the stalk. Moreover, the impact of the liming on the Brix number was inconsistent from 

year to year (Soileau and Bradford, 1985). Our results provide some explanation to why 

the impact of the nitrogen fertilization can vary across year, soil and N rate. 

Our results showed that the juice sugar yield ranged between 1.4 and 12.2 Mg ha
-

1
. We observed significant differences between years, the N rate, and the soil type. We 

also found that, N fertilization always increased the sugar yield in the clay soil, whereas 
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in the loam, a significant sugar response was recorded only if the sweet sorghum was 

planted after corn. The highest sugar yield obtained by Soileau et al. (1985) was 2902 kg 

ha
-1 

with the application of 180-30-120 kg ha
-1 

NPK liming, whereas under the same 

conditions, the highest sugar yield obtained on the nonlimed soil was 1791 kg ha
-1

. In 

general, the sugar yield obtained by Soileau et al. (1985) is lower than ours. The 

difference can be partially explained by the fact that they did not remove the head from 

the plants and also by the soil type. Therefore, some of the sugars have been translocated 

into the seeds. For instance, they obtained grain yields up to 2906 kg ha
-1 

and 2563 kg ha
-

1 
on the limed and the nonlimed soils respectively. The starch content of sweet sorghum 

grain ranged from 39 to 48% (Zhao et al., 2009). The starch of the grains can be 

converted into sugars and therefore can potentially add to their reported sugar yields. 

However, converting sugars into ethanol is easier when the sugars are in the form of juice 

than when they are in the form of starch. Therefore, cutting the heads from the plants to 

accumulate the sugars in the juice of the stalk, as done in our study, may be the best 

option to produce ethanol from sweet sorghum. Throughout the literature, sweet sorghum 

sugars yield ranged between around 1.6 and 13.2 Mg ha
-1

, with significant variations 

observed across years (Jackson et al., 1980; Propheter, 2009; Reddy et al., 2007a; 

Tamang, 2010; Zhao et al., 2009). These data concurred with ours. In Kansas, up to 4.8 

Mg ha
-1

 of fermentable sugar was recently obtained from sweet sorghum (Propheter, 

2009).  In Texas, the sugar yield ranged from  1560 to 2200 kg ha
-1

, but N fertilization 

did not improve the sugars (Tamang, 2010). However, these authors observed that the 

sugar yield depended on the year.  
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The sucrose content of sugarcane stalk is 20% (Karp and Shield, 2008), which is 

lower than that of sweet sorghum. The nitrogen fertilization applied to produce sugar 

from sugarcane ranged from 100 to 275 kg N ha
-1 

(Karp and Shield, 2008), suggesting 

that the cost associated with the N supply will be very high. The total sugar yield 

obtained with sugarcane averaged 11.4 Mg ha
-1 

(Patzek and Pimentel, 2005). This sugar 

yield is lower than the maximum we obtained with sweet sorghum. 

Our results showed that the average juice water content was 84%. The average 

water accumulation in sweet sorghum juice across all soil types, N rate and years was 

28.4 Mg ha
-1

. The water accumulation in the juice depended on the year, N rate, and soil 

type. One way to reduce that water content of the juice would be to cook it and let the 

water evaporate. This practice has been used by farmers making sorghum syrup or 

molasses from sweet sorghum. The reduction of the water content in the juice will 

increase its lifespan. However, the energy to cook the juice may add to the production 

cost. Nevertheless, the prolongation of the juice lifespan can reduce the transportation 

cost. The best option may be to cook the juice.  

We observed that on average, sweet sorghum stalk contains 27.1 to 37.2% of 

bagasse. The water content of the bagasse averaged 46.9% and it did not change over the 

course of our study. The fresh bagasse yield recorded in our study ranged from 4.9 to 

28.9 Mg ha
-1 

with significant differences found with the year, the soil type and the N rate. 

Above 67 kg N ha
-1

, the improvement of the fresh bagasse yield was not significant. The 

amount of water in the sweet sorghum bagasse we studied significantly depended on the 

year, the N rate, and the soil type. We found 4.8-10.3 Mg of water in the bagasse 

collected in one hectare of sweet sorghum. Our data showed that, sweet sorghum dry 
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bagasse yield fluctuated between 2.7 and 15.5 Mg ha
-1

. Overall, the dry bagasse was 

15.9% of the fresh stalk yield and it significantly depended on the year, and the soil. Dry 

bagasse of sweet sorghum recently obtained in Texas ranged from 8 to 13.9 Mg ha
-1 

(Tamang, 2010). This author also found that the impact of N on the bagasse yield 

depended on the year. These data concurred with ours. The total sugar bagasse yield from 

sugarcane averaged 10 Mg ha
-1 

(Patzek and Pimentel, 2005). That bagasse yield is lower 

than the maximum we obtained with sweet sorghum, suggesting that in the right 

conditions, sweet sorghum can produce more bagasse than sugarcane.  

 Sweet sorghum bagasse is also rich in sugars (Gnansounou et al., 2005). In 

China, it is proven that 87% of the total sugar in the stalk can end up in the juice 

(Gnansounou et al., 2005), suggesting that about 13% of the sugar will be in the bagasse. 

However, because of the squeezing of the juice, the sugar content of the bagasse is lower 

than that of the juice (Almodares et al., 2009). These authors found that the application of 

N can improve the nutritional quality of the bagasse. The conversion of the bagasse into 

ethanol significantly improves the economic value of the use of sweet sorghum for 

biofuel production (Gnansounou et al., 2005). That bagasse can also be returned to the 

field to fertilize it or used to feed animal. The chapter on nutrient removal describes the 

nutrient removal by the bagasse. We also have data on the nutritional quality of sweet 

sorghum bagasse, but will detail those results in the future. 

Our results showed that a significant difference existed between the juice, sugar 

and bagasse yield across the years. These differences may be due to changes in the 

weather. Other researchers also observed significant differences with the sugars and 

ethanol yield from sweet sorghum across years (Zhao et al., 2009). This situation can 
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affect the productivity of ethanol plants throughout the years. The significant variation in 

sugar yield across years suggested that the risk associated with ethanol production may 

be high. Therefore, a biofuel plant may find it difficult to get material to process into 

ethanol in years of biomass shortage; in contrast, years of high biomass yield may create 

a feedstock oversupply to the biofuel plant. This implied that a technology may be 

needed to appropriately store the juice or the sugars in the year of oversupply. The Sweet 

Sorghum Ethanol Association which is aiming at promoting the production of ethanol 

from sweet sorghum need to be promoted. 

Ethanol from sweet sorghum can be produced from the juice, the leaves, and the 

bagasse. Generally, the juice is the predominant material used. Since the sugars are 

already free in the juice, yeast is usually added directly to the juice in the fermentation 

process. In addition, the free sugars in the juice reduce the cost of processing it into 

ethanol. In contrast, the starch in corn grain needs to be broken down into free sugars 

before the yeast can ferment it into ethanol. The breakdown of the sugars is even more 

complex when in the form of cellulose. In the case of cellulose, the structure into which 

the sugars are organized is not easily breakable and it will cost more energy to get 

fermentable sugars. Hence the conversion of leaves or bagasse into cellulosic ethanol is 

harder and more expensive than that of the juice.   

In summary, the fertilization rate to produce juice, sugar and bagasse from sweet 

sorghum will depend on the soil type, and the year. If sweet sorghum is grown after 

soybean or cotton the N requirement will be lowered. In most cases, a minimum of 67 kg 

N ha
-1 

is required to obtain the maximum sugar yield. Compared to other plants such as 

switchgrass, the high sugar from juice, the high dry biomass yields from bagasse and 
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good nitrogen efficiency make sweet sorghum an excellent crop for ethanol or 

gasification. The question that is still not answered is whether sweet sorghum bagasse 

should be used for ethanol production, or returned to the field as fertilizer, or used to feed 

animals? The answer to that question needs to address each component separately before, 

then comparing the different options to choose the best. In the future we will extend the 

analysis to those aspects.   

3.6. Conclusion  

The soil and the N rate highly impacted the juice yield (p<.0001). We found that 

on average, nitrogen fertilization improved the sugar content of the juice; and a negative 

correlation exist between the sugar content and the juice yield of sweet sorghum. 

Generally, the lowest sugar content was found in the clay whereas the highest was in the 

loam. The impact of the N fertilization rate on the sugar content of the juice was more 

pronounced in the clay. We showed that nitrogen fertilization always increased the sugar 

yield in the clay soil, whereas in the loam, a significant sugar response was recorded only 

if the sweet sorghum was planted after corn. We observed that on average, sweet 

sorghum stalk contained 27.1 to 37.2% of bagasse. Our results showed that a significant 

difference existed between the juice, sugar and bagasse yield across years, and we linked 

that difference to the changes in the weather. In summary, the fertilization rate to produce 

juice, sugar and bagasse from sweet sorghum depended on the soil, and year. If sweet 

sorghum is grown after soybean or cotton the N requirement may be reduced. In most 

cases, a minimum of 67 kg N ha
-1 

was required to obtain the maximum sugar yield. The 

question that is still not answered is whether sweet sorghum bagasse should be used for 

ethanol production, or returned to the field as fertilizer, or used to feed animals? The 
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hauling distance to the nearest processing facility is an important factor which will vary 

by individual farmer. The answer to that question should first address each component 

separately before, deciding the best overall option.  
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4. Impact of Nitrogen Fertilization and the Soil Type 

on Nutrient Removal by Sweet Sorghum (Sorghum 

bicolor (L.) Moench cv. M81E) Grown for Biofuel 

Production  

4.1. Abstract  

This study extended from 2007 to 2009 in Portageville, Southeast Missouri, in a 

soybean/cotton/corn rotation in order to provide nutrient removal information by sweet 

sorghum (cultivar M81E) biomass, and to better understand and manage the biofuel 

feedstock production from that plant. The objective of the research was to (1) determine 

the effect of the soil type and the N fertilizer application rate on sweet sorghum crop 

removal of N, P, K, Ca, Mg, Zn, Cu, Fe, and Mn, and to (2) determine the partitioning of 

these nutrients between the stalk, the leaves, the juice, and the bagasse on three soils 

(loam, clay, sand). Sweet sorghum removed in its whole aboveground biomass 179-355 

kg N ha
-1

, with 66-83 % of that removal found in the stalk. In general, the N removal was 

not affected by the N fertilization rate or the year, but by the soil type. The juice removed 

61-73% of the N sequestered in the stalk. K removal was 83-350 kg ha
-1

, and it 

significantly depended on the year and soil, but not on the N rate. About 80% of the total 

aboveground K was in the stalk, compared to 60-67% in the juice. The highest K removal 

was obtained in the loam soil, whereas the lowest in the sand soil. P removal was 7.8 kg 

ha
-1 

in the sand compared to 13.3 kg ha
-1 

in either the loam or the clay. The stalk removed 

70 to 76 % of the total P uptake. The juice and the bagasse removed almost equal amount 

of P. The other nutrients removal was: 2-18 kg Ca ha
-1

, 13-28 kg Mg ha
-1

, 3.1-5.5 kg Fe 
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ha
-1

, 0.4 to 4.2 kg Zn ha
-1

, 1.1-1.9 kg Mn ha
-1

, 0.2-0.5 kg Cu ha
-1

. Our results suggested 

that in most cases the micronutrient removal was minimal and was significantly affected 

by the year, the soil type and N rate. While considering the average nutrient removal in 

juice, bagasse, stalk, leaves and whole biomass across all soil type, N rate and year, it 

appears that returning the leaves and the bagasse to the field at harvest will decrease most 

nutrients by at least half. In contrast, even if only the juice is used to produce biofuel, 

more than 65% of the total K will still be removed, suggesting that there is little room to 

reduce K removal.  

4.2. Introduction  

More than 37% of the world‘s energy demand is satisfied with petroleum (US-

DOE, 2002), produced in the Persian gulf (Gnansounou et al., 2005). Unfortunately, the 

fossil oil is not renewable and is emptying, whereas the human population keeps growing 

(Dhugga, 2007; Parrish and Fike, 2005b), causing therefore a serious disparity 

cumulating in an energy crisis. Unfortunately, most countries have to import their oil. For 

instance, in 2005, more than 85% of the oil used in the US were from fossils and were 

mostly imported (Parrish and Fike, 2005b). The production of biofuels such as ethanol is 

seen as a means to free many countries from foreign oil dependency (Zuurbier and van de 

Vooren, 2008). Research on biofuel crops started in the US in the 1970s (Shapouri et al., 

2002a) because the vulnerability of the US oil's security was exposed (Bothast and 

Schlicher, 2005; Dhugga, 2007). In the US, the federal government is aiming at satisfying 

25 % of the national energy need with renewable energy by 2025 (English et al., 2008); 

whereas in Europe, the strategy was to replace at least 8% of engine fuels with renewable 

energy such as bioethanol and biodiesel as soon as possible (Gnansounou et al., 2005).  
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Currently, sweet sorghum is one of the most promising bioethanol crops in the 

world (Tamang, 2010), and increasing interest is being raised worldwide to use that plant 

for biofuel production (Amaducci et al., 2004; Antonopoulou et al., 2008; Gnansounou et 

al., 2005; Monti and Venturi, 2003; Patzek and Pimentel, 2005; Reddy et al., 2008; 

Sakellariou-Makrantonaki et al., 2007; Zhao et al., 2009). Although sorghum is from the 

north east part of Africa, mainly from Sudan (Grenier et al., 2004), it can be grown in 

temperate regions (Sree et al., 1999) and is the fifth most grown crop in the world (Sato 

et al., 2004). It is cultivated in more than 95 countries in the world for diverse uses, and it 

grows very well on unfertile and dry soils where corn cannot grow (Sakellariou-

Makrantonaki et al., 2007). The water requirement of sorghum is about half that of corn 

and one fourth that of sugarcane (Tamang, 2010). Before 1950, 90% of the sweet 

sorghum grown in the US was used as forage (Undersander et al., 1990). 

One main concern for farmers who consider growing sweet sorghum is how the 

production will affect nutrient removal in their fields. That is because the use of sweet 

sorghum as a biofuel feedstock can deplete the soil of potential nutrients such as N, P, 

and K (Propheter, 2009). To compensate for the nutrients removed by the feedstock, 

farmers may need to apply additional fertilizers. The amount and the type of fertilizer 

required to maintain optimum fertility levels in a field will depend on which plant organ 

is harvested and removed from the field. In others words, depending on whether the 

whole biomass including leaves, or just the stalk, or just the leaves, or only the juice, or 

any combination of them is used, the amount of nutrients removed from the field will 

differ. Consequently, the fertilization required will vary based on the factors explained 

above. In 2009, Case IH conducted a field test in Whiteville, Tennessee, evaluating a 
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modified commercial sugar cane harvester for gather sweet sorghum stalk billets  

(Lawson, 2010). With this system, farmers would have the option of removing only stalk 

material and returning leaves to the field. Peter Guenther, owner of Muddy Pond Farm at 

Crossville, Tennessee, attached a sugar cane mill to the rear of a sugar cane harvester to 

extract the sweet sorghum juice ―on-the-go‖ in the field to make sorghum syrup (Peter 

Guenther, Personal communication, 2008). Although harvesting with this equipment was 

very slow, no stalks or leaves were removed from the fields. This would impact the 

amount of fertilizer that needs to be applied to compensate for crop removal.  

The N removal by sweet sorghum is 62% that of grain sorghum (Bean et al., 

2008). In Africa, the ability of the sorghum to uptake N from the soil depended on the 

varieties (Maranville et al., 2002). In that continent, sorghum grows well in poor soils 

with less N fertilization (Shapiro et al., 1993). The sorghum cultivars that matured early 

removed more N than those that matured late (Kamoshita et al., 1998). When forage 

sorghum is cut for silage to feed livestock, all the biomass is removed. It is known that 

sweet sorghum can remove up to 112 kg N ha
-1

, 9.8 kg P ha
-1 

and 83.8 kg K ha
-1 

in its 

biomass (Undersander et al., 1990). The evaluation of the nutrient removal by sweet 

sorghum M81E was recently done in Kansas (Propheter, 2009; Propheter and 

Staggenborg, 2010) and in Texas (Tamang, 2010). In Kansas, the total N removed by 

sweet sorghum aboveground biomass ranged from 171 to 202 kg N ha
-1 

compared to 137-

205 kg N ha
-1 

for corn in the same field (Propheter, 2009). The P removal by sweet 

sorghum aboveground biomass was 20-49 kg P ha
-1 

compared to 32-54 kg P ha
-1 

for corn 

(Propheter, 2009). K removal by sweet sorghum aboveground biomass was 300-347 kg K 

ha
-1 

compared to 131-182 kg K ha
-1 

for corn (Propheter, 2009). These data suggested that 
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the N removal of sweet sorghum and corn are similar, whereas corn may remove more P 

than sweet sorghum. The amount of K removed in sweet sorghum aboveground biomass 

was almost twice that of corn (Propheter, 2009). However, the nutrients removed by the 

sweet sorghum grain is minimal: 20-28 kg N ha
-1

, 5-7 kg P ha
-1

, and 7-8 kg K ha
-1 

(Propheter, 2009), suggesting therefore that the removal of the stalk and the leaves of 

sweet sorghum may be sufficient to deplete the soil from a significant amount of 

nutrients.  

Liming increased the Mg, Mn and K content in sweet sorghum biomass (Soileau 

and Bradford, 1985). These authors also found that the effect of the liming on the P and 

Ca content of the leaves was significant. More recently, the application of urea 

significantly increased the N uptake by sweet sorghum in Texas (Tamang, 2010).  

Sweet sorghum stalk N contents ranged from 92 to 180 kg N ha
-1 

in Iowa  

(Anderson et al., 1997). Because of the deep rooting system of sweet sorghum, soil 

samples to determine how much K and P fertilizer to apply should be collected from 1 to 

1.5 meter depth(Stevens and Holou, 2010). Unfortunately, this amount of sampling will 

be difficult for farmers  because it will demand more time, labor and financial resources 

(Stevens and Holou, 2010). According to the Missouri Extension Service (Brown, 2004),  

soil test levels for all types of sorghum should be maintained above 50 kg P ha
-1

 (Bray 1 

extraction solution), whereas K extracted using ammonium acetate solution should be 

above 246 x 5.6 CEC (cation exchange capacity) per ha.  Furthermore, Brown (2004) 

estimated the P and K removal by sorghum silage as: 

P removal (kg ha
-1

) = 1.0051 x Fresh silage yield (Mg ha
-1

) 

K removal (kg ha
-1

) = 4.15 x of Fresh silage yield (Mg ha
-1

) 
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To our knowledge, little is known so far about the nutrient removal and 

partitioning in sweet sorghum biomass grown for biofuel production. The recent study on 

nutrient removal by sweet sorghum in Kansas (Propheter and Staggenborg, 2010) did not 

assess the impact of N fertilization or soil type on the nutrient removal. Moreover, very 

little is still known on the nutrient removal in sweet sorghum juice (Propheter, 2009). 

However, this knowledge is important for developing nutrient management plans for 

fields. For instance, the comparison of the cost of the nutrient removed by leaves, juice, 

and bagasse with the potential ethanol that can be produced from each of them can help 

decide on the best way to use these biomass components. That may be why a recent study 

in Kansas showed that the knowledge of the nutrient removal along with the ethanol yield 

is critical in the logistical analyses that can help identify and improve the best  biofuel 

crops (Propheter, 2009).  

Nitrogen is the main fertilizer used to improve crops production. Its use in 

agriculture is predicted to triple by 2050 (Subbarao et al., 2009). N can have a detrimental 

impact on the environment, including water contamination, damage to human health, 

greenhouse gas emission and others (Crutzen et al., 2007; Schepers et al., 1991; Subbarao 

et al., 2006). With the projected increase of sweet sorghum to produce biofuel feedstock, 

N fertilization may be an issue. We hypothesis that (1) the N fertilization of sweet 

sorghum increases the nutrient removal by sweet sorghum, (2) the nutrient removal by 

sweet sorghum depends on the soil type, and (3) the return of sweet sorghum bagasse and 

leaves to the soil can significantly decrease nutrient removal. A study was begun to 

provide nutrient removal information that will help better understand and manage the 

biofuel production from sweet sorghum. The objective of this test was to determine the 
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effect of the soil type and the N fertilizer application rate on sweet sorghum crop removal 

of N, P, K, Ca, Mg, Zn, Cu, Fe, and Mn. Particular attention was given to the partitioning 

of the nutrient removal in the sweet sorghum stalk, leaves and juice. 

4.3. Material and methods  

4.3.1. Experimental design  

The research was carried out in Southeast Missouri over a three year period 

(2007-2009) on three soil types: a Tiptonville silt loam (fine-silty, mixed, superactive, 

thermic Oxyaquic Argiudolls), a Sharley clay (Vertisol, aquerts, epiaquerts, chromic, 

very fine, smectitic, thermic), and a Malden sandy loam (entisols, psamment, 

udipsamments, typic, mixed, thermic). The loam and the clay soil is located in Lee Farm 

near Hayward (36
o

25‘N, 89
o

41‘W), whereas the sand is at Clarkton (36
o
27‘N 89

o
58‘W). 

The sites are 28 km apart. During the first year of the experiment, only the loam soil type 

was studied. The following two years, the research was extended to all three soil types. 

The soils used in 2007 and in 2008 had been planted with cotton and with soybean 

respectively in the preceding year. In 2009, the sorghum in the clay soil came after 

soybean; that planted in the loam soil succeeded corn and that in the sand soil was after 

cotton. In all years, corn was grown as a check for the sorghum response to N. The sweet 

sorghum cultivar used was M81E. The experimental design was a randomized complete 

block with four repeats. Each block consisted of seven N treatments: 0, 22, 45, 67, 90, 

112, 135 kg N ha
-1

. Each of the N rate treatment corresponded to a plot. Each plot 

consisted of four rows which were 76.2 cm apart from each other. Sorghum seeds were 

planted in early May (Table 4.1) at a density of 296,516 seeds ha
-1

. Seven to ten days 

after planting, both crops received two applications of atrazine (2-chloro-4-ethylamine-6-
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isopropylamino-S-triazine) at 1.1 kg ha
-1 

active ingredient to kill weeds in the field. The 

applications were two weeks apart. Additionally, the field was regularly hoed as needed 

to reduce weed invasion. Three weeks after planting, the appropriate N rate of each plot 

was broadcast applied by hand using ammonium nitrate as the nitrogen source. 

Ammonium nitrate (17% nitrate-N, 17% ammonium-N) was chosen because it does not 

have the potential for ammonia volatilization like urea simplifying the test by minimizing 

ammonia losses and removing that uncertainty. The field was irrigated as needed. The 

sandy soil was irrigated with linear move sprinkler irrigation whereas the loam and the 

clay soil were furrow irrigated. Five furrow irrigations (76.2 mm water applications) per 

year were made on the loam and clay and 6 to 8 sprinklers (25.4 mm applications) per 

year were made on the sand. More details on the soil type are given in Table 4.2. 

 

Table 4.1: Planting and  harvest date of sweet sorghum in Portageville and Clarkton, MO, 2007-2009. 

Date 

2007 ---------------2008-------------- ------------------2009-------------- 

Loam Loam Clay Sand Loam Clay Sand 

Planting  5/8/07 5/19/08 5/21/08 5/21/08 5/20/09 5/19/09 5/15/09 

Harvest  10/8/07 10/3/08 10/3/08 10/3/08 10/16/09 10/16/09 10/16/09 

 

4.3.2. Biomass harvest and juice squeezing 

The sweet sorghum heads were removed a month before the harvest of the stalk. 

Therefore, no seeds were harvested at the end of the season and whenever ―sweet 

sorghum biomass‖ is mentioned in this biomass paper, we are referring only to the stalk 

and leaves. If we were not interested in sugar in the juice, we probably would not have 

removed the head. Four and a half months after germination, sweet sorghum was 

harvested using a hay sickle mower. In each plot, 1.83 m in the two center rows were 

chosen and the whole biomass was harvested. The fresh weight was taken in the field 
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immediately after harvest. Five to ten plants were sampled, and then was cut, and 

separated into leaves and stalk. The fresh weight of the corresponding leaves and stalk 

were automatically taken. These samples were later dried in an oven until their weight 

ceased changing. At that time, the biomass was considered completely dry.  From the 

dried samples, the water content of the biomass was calculated. Knowing the spacing 

between each row, the number of rows per hectare was determined. Then, using the 

weight of the biomass harvested within the 1.83 m previously measured, the biomass 

yield per hectare was determined.  

Immediately after harvest, one plant from each plot was cut into pieces of 

approximately 1-2 nodes long. These stalks were frozen immediately after cutting for 

later analysis of their sugar content. On average, 272±57g of stalk was ground using a 

Thomas Wiley Laboratory mill (Model ED-5). Before the stalk was ground, it was cut 

into smaller pieces using a kitchen knife. Between the grinding of two different samples, 

the grinder was washed with water and cleaned in order to avoid mixing the juice and the 

bagasse of different samples. A clean brush was used to remove any bagasse that stuck 

onto the sieve of the blades or the miller. The weight of a ground sample was taken 

before squeezing. On average, 45±8g of the ground samples were randomly chosen and 

squeezed with a hydraulic plant sap press (Spectrum Technologies, Inc., Plainfield, IL). 

The sample was placed in a metal cylinder and a 35 mm diameter plunger exerted 

pressure with a two ton hydraulic jack (CARQUEST Inc., New Castle, IN) to extract the 

juice. During the squeezing, the juice was collected and sealed in a 100 ml plastic tube.  

The ground stalk was squeezed until juice ceased coming out. A sample of juice was 

weighed and its volume was determined by pouring it into a graduated cylinder. These 
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numbers were used to determine the density of the juice. The rest of the juice was 

automatically frozen for further biochemical analysis. The bagasse (the solid material left 

after the juice is squeezed) was carefully collected in an envelope, weighed, and dried.  

By subtracting the weight of the bagasse from that of the stalk squeezed, the weight of 

the juice in that stalk was assessed. The drying of the bagasse continued until its weight 

became constant.  

4.3.3. Juice and bagasse yield 

The juice extraction ratio was determined as: 

Juice extraction ratio (%) = (Stalk weight squeezed - Bagasse weight obtained) /Stalk 

weight squeezed*100 

The stalk yield was calculated as previously described in the biomass section. The 

juice yield was calculated using the formula: 

Juice yield (kg ha
-1

) = Fresh stalk yield (kg ha
-1

)* Juice extraction ratio (%) 

The density of the juice was determined by dividing the weight of the sampled 

juice by its volume. The volume of juice obtained per hectare was calculated by 

considering the juice yield and the density. Knowing how much bagasse was collected 

from a specific weight of stalk, the bagasse expression was calculated as:  

Fresh bagasse expression (%) = 100 - Juice extraction ratio (%) 

Then, the fresh bagasse yield (kg ha
-1

) was calculated based on the fresh stalk 

yield: 

Fresh bagasse yield (kg ha
-1

) = Fresh stalk yield (kg ha
-1

) * Fresh bagasse expression (%) 

After the bagasse was dried, the water content in the fresh bagasse (%) was 

determined as: 
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Water content bagasse (%) = (Bagasse fresh weight - Bagasse dry weight)/Bagasse fresh 

weight*100 

The dry bagasse yield was calculated as: 

Dry bagasse yield (kg ha
-1

) = Fresh bagasse yield (kg ha
-1

) - Water accumulation in the 

bagasse (kg ha
-1

) 

The results about the bagasse and juice yield are detailed in the chapter on sugar 

production. 

4.3.4. Soil and biomass nutrient analysis 

Seven to ten days after the seeds were planted, soil samples were taken in each 

field. Four samples were randomly taken. At each station, soil was taken at four different 

depth: 0-15 cm, 15-30 cm, 30-45 cm and 45-60 cm. These soils were dried in an oven and 

analyzed for their nutrient content. Soil organic matter content was measured by the loss 

on ignition method (Storer, 1984). Soil pHsalt was measured with a glass electrode in 

0.01M CaCl2 salt solution and neutralizable acidity was measured in Woodruff buffer 

solution (Brown and Rodiguez, 1983; Woodruff, 1967). Potassium, calcium, magnesium, 

were extracted in 1N ammonium acetate and measured on the atomic absorption 

spectrophotometer, Model 2380; Perkin-Elmer; Wellesley, MA (Thomas, 1982). 

Phosphorus was measured colorimetrically using Bray-1 extraction solution (Bray and 

Kurtz, 1945). Nitrate was determined using a 0.025M aluminum sulfate extraction and 

ion specific electrode. Ammonium was measured with a 2M KCl extraction idophenole 

blue colorimetric determination. Zinc, iron, manganese, and copper were extracted using 

the nonequilibrium extraction method with DTPA (Lindsay and Norvell) and measured 

on the atomic absorption spectrophotometer. CEC was calculated by summing the 
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neutralizable acidity with the K, Mg, and Ca concentration in meq/100g soil (Brown and 

Rodiguez, 1983). Sulfate sulfur was extracted with 2M acetic acid solution and then 

measured with a BaSO4 turbid metric system (Brown and Rodiguez, 1983).  

Biomass samples were dried, ground, digested with a Hach Digesdahl (Ames, IA) 

using H2SO4 and H2O2. The various elements in the biomass tissue were analyzed by the 

same methods as soil. The cations were analyzed by atomic absorbance 

spectrophotometer whereas the N was by idophenol blue. The nutrient uptake (kg ha
-1

) in 

the leave, the stalk, and the bagasse was calculated by multiplying their yield by their 

nutrient content. The nutrient uptake in the whole biomass was obtained by summing the 

nutrient uptake of the leaves and the stalk. The nutrient uptake in the juice was obtained 

by subtracting the nutrient uptake in the bagasse from that of the stalk.  

4.3.5. Statistical analysis 

To determine the impact of the independent variables on the measured variables, 

the data were submitted to the Proc mixed model in SAS 9.2 (SAS Institute Inc., Cary, 

NC). Significant differences were set for p≤0.05. The year, the soil type and the N rate 

were considered as fixed factors, whereas the block (repeat) was classified as random 

variable. The estimation method was the Restricted Maximum Likelihood (REML). 

When a significant difference was found based on the year or the soil type, the test was 

repeated for each year and each soil type separately. Means were separated and grouped 

by letter by using the macro developed by Saxton  (1998). Significant differences are 

assumed for p≤0.05. The data were graphed and fitted into a model using Excel 2007 

(Microsoft Corp, Redmond, WA) spreadsheet software. The Pearson coefficient was 
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calculated using the Proc Corr procedure in SAS to determine the linear correlation 

between variables.  

 

Table 4.2: Initial soil characteristics at Portageville and Clarkton, Missouri, in 2008 and 2009. 

Variable 

2008 2009 Average 

Clay Loam Sand Clay Loam Sand Clay Loam Sand 

pHs 6 6.1 5.1 6.1 5.5 6 6 5.8 5.6 

N.A.  

(meq/ 100g) 2.6 1.2 1.6 1.9 2.3 1.7 2.3 1.8 1.7 

OM (%) 4.1 1.4 0.6 3.2 0.9 0.6 3.7 1.1 0.6 

CEC  

(meq/100g) 40.6 8.9 4.8 34.3 10.3 6.2 37.7 9.6 5.7 

P Bray I  

(mg kg-1) 24.1 37.6 29.1 28.4 48.6 35.1 26.1 43.1 32.7 

Ca (mg kg-1) 5183.9 1322.3 408.7 4473.1 1180.9 648 4852.2 1251.6 552.3 

Mg (mg kg-1) 1339.3 90.5 108.3 1132.5 226.8 120.6 1242.8 158.6 115.7 

K (mg kg-1) 340.1 137.8 85.8 231.5 78.7 120.6 289.4 108.3 106.7 

 

 

4.4. Results 

4.4.1. Soil and weather summary 

Generally, the clay soil was different from the loam and sand soils which were 

more similar. The pH of all the soil types was similar (Table 4.2). The neutralizable 

acidity of the clay soil (2.3 meq/100g) was nearly double that of the sand and loam. Also, 

the organic matter, Mg, and K content were higher in the clay. The cation exchange 

capacity (CEC) of the clay was also higher than that of loam and sand, suggesting that the 

nutrients applied on the sand and the loam will be easily lost by leaching whereas in clay, 

they may stay longer in the soil. Of all the nutrients tested, P was lower in the clay 

averaging 26.1 mg kg
-1 

on the clay, versus 43.1 and 32.7 mg kg
-1

 in the loam and sand 

respectively (Table 4.2). Nutrient content and some soil characteristics varied during the 

course of the study (Table 4.2). The weather had varied results. Temperature, vapor 
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pressure, maximum wind speed, and total solar radiation significantly varied along years 

(Table 4.3). The daily precipitation did not change significantly between Portageville and 

Clarkton (p=0.86). As might be expected, the minimum, maximum and average 

temperature did not significantly vary across the location. In addition, the maximum wind 

was the only variable that differed across the soil type. Clarkton was more windy because 

of the surrounding fields are larger with fewer trees along the borders.  

 

Table 4.3: Weather summary in the growing seasons averaged across locations at Portageville and 

Clarkton, Missouri, in 2007-2009. 

Weather Year Apr May Jun Jul Aug Sep 

Total 

monthly 

precipitation 

(mm) 

2007 70.9 66.3 44.6 72.8 20.9 124.1 

2008 143.8 93.1 35.2 67.1 45 74.1 

2009 139.9 171.2 69.9 106.6 54.9 119.5 

Maximum 

daily air 

temperature 

(°C) 

2007 19.9 28.8 32.1 31.3 35.9 30 

2008 19.1 25.6 32 32.9 30.8 28.2 

2009 20.7 24.8 32.5 30 30 27.6 

Minimum 

daily air 

temperature 

(°C) 

2007 8 16.8 19.7 20 22.5 17.8 

2008 8.3 14.1 20.5 21.6 19.8 16.2 

2009 9.3 15.4 20.8 20.1 18.7 17.2 

Average 

daily air 

temperature 

(°C) 

2007 14 22.6 25.8 25.6 28.8 23.5 

2008 13.8 20 26.2 26.9 24.9 21.8 

2009 14.8 20.1 26.5 24.8 24 21.8 

Total daily 

solar 

radiation 

(MJ/M²) 

2007 20 20.9 21.8 23.6 22.2 16.2 

2008 16.5 17.8 21 20.8 18.9 15.1 

2009 16 16.5 21.1 18.8 20.3 13.8 

Vapor 

pressure 

(KPA) 

2007 0.7 1.1 2.1 2.3 2.4 2 

2008 1.2 1.6 2.1 2.5 2.3 1.9 

2009 1.2 1.8 2.3 2.2 2.3 2.1 

Vapor 

pressure 

deficit 

(KPA) 

2007 1.1 1.7 1.3 1.1 1.7 1 

2008 0.5 0.8 1.4 1.2 0.9 0.8 

2009 0.6 0.7 1.3 1 0.8 0.6 
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4.4.2. Nitrogen uptake by sweet sorghum 

Nitrogen was the most removed nutrient in sweet sorghum biomass (includes 

stalks and leaves). Generally, its uptake did not significantly change across years 

(p=0.23) (Table 4.4). A significant year x soil interaction was found. The average sweet 

sorghum dry biomass over three years varied between 11 and 27.5 Mg ha
-1

. Generally, N 

fertilization did not significantly affect N uptake in the whole biomass (p=0.35) (Table 

4.4), except in the clay soil in 2009 (p=0.014) (Table 4.5). In 2009, sweet sorghum N 

uptake on the clay increased linearly as N rate increased (Figure 4.1). Sharkey clay soil 

has poor internal drainage and denitrification may have occurred due to excessive rainfall 

in May 2009. The soil type significantly affected the N removal in the whole biomass 

(p<.0001). In general, the average N uptake by sweet sorghum aboveground biomass 

varied between 179 and 355 kg ha
-1

, which was 1.5 to 3 times more than the highest N 

rate applied. That is more than twice the average N uptake by corn grain in the loam soil 

which ranged between 65 and 188 kg N ha
-1

 (see paper on corn nutrient uptake for 

detail). This suggested that sweet sorghum utilized N mineralized from soil organic 

matter and the sorghum roots are very efficient in taking up soil N. Moreover, although 

sweet sorghum did not generally respond to the N fertilizer, the amount of N removed in 

its biomass was large. In order to compensate this high removal, N fertilizer may be 

needed in future years in a continuous sorghum cropping system. Rotating with a legume 

crop such as soybean would help. Otherwise, this system of biofuel production with 

sweet sorghum might degrade the soil and therefore jeopardizing its sustainability. The 

highest N removal was measured on the loam soil, whereas sorghum on the sand soil 

removed the least amount of N (Table 4.6). The partitioning of the N uptake between the 

leaves and the stalk depended on the soil. In general, sweet sorghum grown on the sand 
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soil put 83% of its N uptake in the stalk compared to 66% in the stalk on the clay soil. In 

the loam soil, 78% of the aboveground N uptake went into the stalk. On the clay and 

loam soil, this ratio did not vary between years.  On the clay soil, in 2008, 46% of the N 

went into the stalk compared to 73% in 2009. The impact of the N fertilization rate on the 

N uptake depended on the plant organ (p<.0001). For instance, the impact of N rate on N 

uptake was significant on the stalk 2009 only. This suggested that the significant impact 

the N rate had on the whole biomass N uptake in clay 2009 was due to the change in the 

stalk N uptake. Partitioning of the N uptake in the stalk between the juice and the bagasse 

was different. Generally, the bulk of the N uptake in the stalk was found in the juice 

(Table 4.6). Indeed, 61-73% of the N sequestered in the stalk was present in the juice 

squeezed, with the highest value obtained in the sand soil and the lowest in the clay soil. 

This suggests that N removal can be high even if just the juice is taken out of the field to 

produce biofuel. In general, the N content of the juice range from 0.22-0.47% according 

to the soil type (Table 4.6). In contrast, the dry bagasse N content varied between 0.67-

1.28%. The N content of the leaves was the highest (1.7-2.5%) according to the soil type. 

(Table 4.6).  

 

Table 4.4: Effect of year, soil and N rate on the nutrient uptake in sweet sorghum aboveground biomass 

harvested at Portageville and Clarkton, Missouri, in 2007, 2008, and 2009. 

Effect† N P K Ca Mg Zn Fe Mn Cu 

Year (Y) ns ns ***** ***** * ***** *** ***** ***** 

N rate (N) ns ns ns *** ** * *** ns ***** 

Soil type (S) ***** ** ***** ***** **** ***** ***** ***** ***** 

Y*N ns ns ns ns * ns ns *** ***** 

Y*S ***** ns ***** ***** ns ***** ** ***** ***** 

N*S ns ns ns ns ns * * ns ns 

Y*N*S ns ns ns ns ns * ns ns ns 

†: *****: p<0.0001; ****p=0.0001 ; ***: p<0.001, **: p<0.01; *: p<0.05; ns (non significant) : p>0.05. 
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Table 4.5: Effect of N fertilization rates on the nutrient uptake in leaves, stalks, whole biomass of sweet 

sorghum according to the soil type and the year at Portageville and Clarkton, Missouri in 2007, 2008, and 

2009. 

Soil 

type 

Nutrient 

uptake  

Leaves Stalk Aboveground 

(kg ha-1) 2007 2008 2009 2007 2008 2009 2007 2008 2009 

                      

Loam N ns† ns  ns  ns  ns ns  ns ns  ns  

  P ns  ns  ns  ns  * ns  * ns  ns  

  K ns  ns  ns  ns  ns  ns  ns ns  ns  

  Ca ** ns  ns  ns  ns  ns  *** ns  ns  

  Mg ** ns  ns  ns  ns  ns  * ns  ns  

  Zn  ns ns  ns  * ns  ns  * ns  ns  

  Fe ** ns  ns   ns ns  * * ns  ns  

  Mn * ns  ns  **** ns  ns  **** ns  ns  

  Cu  ns ns  ns  ** * ns  ** * Ns 

Sand N   ns  ns    ns  ns    ns  ns  

P   ns  ns    ns  ns    ns  ns  

K   ns  ns    ns  ns    ns  ns  

Ca   ns  ns    ns   ns   ns  ns  

Mg   ns  ns    ns  ns    ns  ns  

Zn   ns  ns    ns  ns    ns  ns  

Fe   ns  **   ns  ns    ns  * 

Mn   ns  ns    ns  ns    ns  ns  

Cu   ns  ns    ns  ns    ns  ns  

Clay N   ns  ns    ns  *   ns  * 

P   ns  ns    ns  **   ns  * 

K   ns  ns    ns  ns    ns  ns  

Ca   ns  ns    ns  ns    ns  ns  

Mg   ns  ns    ns  ns    ns  ns  

Zn   ns  ns    * *   * * 

Fe   ns  ns    ** **   ns ** 

Mn   ns  ns     ns  *   ns  * 

Cu   ns  ns    * *   *  ns 

†: ****: p<0.0001; ***: p<0.001, **: p<0.01; *: p<0.05; ns (non significant) : p>0.05. Only the loam was 

studied in 2007. The following year, the experiment was extended to the clay and the sand soils. Nitrogen 

fertilization did not affect the nutrient uptake in the sand. 

  



 

119 

 

Table 4.6: Concentration and total uptake of macronutrients and micronutrients in sweet sorghum leaves, 

stalk, whole plant, bagasse and juice from plots averaged across N rates and years in 2008, and 2009 at 

Portageville and Clarkton, Missouri. 

Nutrients 

Soil 

type 

Nutrient content Nutrient uptake  

  Bagasse Juice Leaves Stalk Bagasse Juice Leaves Stalk 

Whole 

Biomass 

  -----------Macronutrients (%) ----  -----------------------kg ha-1----------------------- 

N Clay 0.67 0.22 2.07 1.05 49.18 75.53 63.78 124.71 188.49 

  Loam 1.28 0.47 2.45 1.84 104.9 171.6 78.8 276.5 355.3 

  Sand 0.71 0.38 1.7 1.48 39.5 108.7 30.45 148.2 178.69 

K Clay 0.38 0.45 1.5 1.59 26.39 155.5 50.23 181.84 232.08 

  Loam 0.36 0.38 1.21 1.01 28.38 138 45.29 166.3 211.6 

  Sand 0.31 0.18 0.92 0.69 17.46 50.89 16.52 68.35 84.87 

P Clay 0.04 0.018 0.12 0.08 3.12 6.27 3.99 9.38 13.37 

  Loam 0.06 0.013 0.1 0.07 4.98 4.76 3.47 9.74 13.21 

  Sand 0.04 0.014 0.1 0.06 1.97 3.98 1.87 5.96 7.83 

Ca Clay 0.01 0.012 0.23 0.04 0.7 4.31 7.12 5.01 12.13 

  Loam 0.03 0.013 0.31 0.05 2.41 4.69 10.52 7.1 17.62 

  Sand 0.01 0.002 0.03 0.01 0.66 0.69 0.61 1.35 1.95 

Mg Clay 0.03 0.015 0.22 0.06 2.35 5.1 7.29 7.45 14.74 

  Loam 0.05 0.03 0.3 0.11 4.19 11.02 10.05 15.21 25.26 

  Sand 0.04 0.026 0.4 0.1 2.34 7.46 7.32 9.8 17.12 

  --------Micronutrients (µg g-1)------  -----------------------kg ha-1----------------------- 

Zn Clay 27 50.63 101.84 168.99 0.2 1.76 0.38 1.96 2.34 

  Loam 30.11 14.72 53.3 44.04 0.24 0.54 0.21 0.78 0.99 

  Sand 29.97 2.05 106.37 22.7 0.17 0.06 0.17 0.23 0.4 

Fe Clay 245.18 51.01 614.19 297.98 1.79 1.77 1.96 3.56 5.52 

  Loam 272.19 25.1 286.29 212.1 2.23 0.92 0.94 3.15 4.09 

  Sand 296.88 28.35 296.39 256.28 1.78 0.8 0.51 2.58 3.09 

Mn Clay 53.82 12.48 101.94 68.09 0.36 0.43 0.33 0.79 1.12 

  Loam 65.38 27.75 96.64 85.68 0.52 1.01 0.37 1.54 1.9 

  Sand 51.88 21.82 128.38 94.87 0.3 0.62 0.22 0.92 1.14 

Cu Clay 17.93 3.94 27.92 21.72 0.12 0.14 0.09 0.26 0.35 

  Loam 33.11 4.71 24.77 25.48 0.27 0.17 0.09 0.44 0.53 

  Sand 16.08 3.98 17.09 21.25 0.1 0.11 0.03 0.21 0.24 

The nutrient removal depended on the soil type and on the organ removed. Returning the leaves and the 

bagasse to the field will significantly reduce the nutrient removal. 
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Figure 4.2. Relationship between P uptake and N fertilization rate in clay 2009. P removal by sweet 

sorghum was increased by N rate. 

 
 

 

 

4.4.3. Potassium uptake by sweet sorghum 

Potassium is the second largest nutrient removed in sweet sorghum biomass. Its 

removal varied according to the year (p<.0001) and soil (p<.0001) (Table 4.4, 4.5). A 

significant interaction was found between year and soil.  N application did not change the 

K uptake (p=0.57) (Table 4.4). In the whole biomass, K uptake varied between 83 and 

350 kg ha
-1

. The highest removal was recorded in the loam 2008, which corresponded to 
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Figure 4.1: Relationship between N fertilizer applied and N uptake in aboveground dry 

biomass on clay 2009. In clay, N rate increased the N uptake on sorghum biomass.   
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the year and the soil type where the highest sugar was recorded during the course of this 

study (Table 4.7). This suggested that the uptake of K may be crucial for sugar 

production. The lowest K removal was consistently found in the sand (Table 4.6), which 

is almost one-third of what was removed on the other soils. So, on the sand, the ability of 

sweet sorghum to uptake K is very limiting. Almost 80% of the K removed in the whole 

biomass was found in the stalk. The bulk of the K uptake is in the juice (Table 4.6). 

Indeed, the amount of K present in the juice was 60-67% of the total removal. In other 

words, bagasse removed just 14-26% of the K present in the stalk (Table 4.6). The 

partitioning of the K uptake between the leaves, stalk, juice and bagasse is showed in 

Table 4.6. 

4.4.4. Phosphorous uptake by sweet sorghum 

The P uptake in sweet sorghum aboveground biomass did not depend on the year 

(p=0.12), nor on the N rate (p=0.37). However the effect of soil was highly significant 

(P=0.0014) (Table 4.4). Overall, the P uptake was limiting on the sand with only 7.8 kg 

ha
-1 

put in the whole biomass compared to 13.3 kg ha
-1 

in either the loam or the clay 

(Table 4.6). Knowing that the P content of the clay soil was the lowest (Table 4.2), and 

considering that the P uptake by sweet sorghum is the highest in the clay, we can deduce 

that the ability of sweet sorghum to uptake P in its biomass is not related to just the P 

content of the soil. Otherwise, the P uptake in the clay should be lower than that in the 

sand.  

P uptake in the loam in 2009 was higher than that of the precedent year (Table 

4.7). In general, the N application did not affect the P uptake in the whole biomass 

(p=0.37). The exception occurred in the clay 2009 where the application of N improved 
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the P uptake in the stalk and consequently in the whole aboveground biomass (Figure 

4.2). On average, 70-76% of the P uptake was found in the stalk (Table 4.6). The 

partitioning of the P found in the stalk between the juice and the bagasse depended on the 

soil. In the loam, the P uptake in the stalk was equally split between the juice and the 

bagasse (Table 4.6). However, on the clay and the sand, 67% of the nutrient in the stalk 

ended up in the juice (Table 4.6). In general, the highest P content was found in the 

leaves (0.1-0.12%) whereas the lowest was in the juice (0.013-.0018%) (Table 4.6).  

4.4.5. Calcium uptake by sweet sorghum 

Significant variation existed in the calcium uptake by sweet sorghum according to 

the year (p <.0001), the N rate (p <.0001) and the soil type (p <.0001) (Table 4.4). The 

highest Ca uptake was recorded in 2008. In general, the calcium uptake ranged from 2 to 

18 kg ha
-1

. The sweet sorghum grown on the sand removed the least Ca, whereas on the 

loam, the removal was the highest (Table 4.6, 4.7). Among all the nutrients analyzed 

during the course of this study, Ca was the only one which was more sequestered in 

leaves than in the stalk from harvest samples collected on the loam and the clay (Table 

4.6). In contrast, in the sand, sweet sorghum put 69% of its Ca in the stalk. The 

partitioning of the Ca between the juice and the bagasse depend on the soil (Table 4.6). In 

general, 51-86% of the Ca present in the stalk ended up in the juice. In average, the 

impact of N on the calcium uptake was significant (p=0.008) only on the leaves in the 

loam 2007 (Table 4.5).  
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Table 4.7: Sweet sorghum nutrient uptake in total aboveground biomass by soil and year averaged across N 

fertilizer rate applied at Portageville and Clarkton, Missouri, in 2007, 2008 and 2009. 

Nutrient 

Nutrient uptake 

Clay Loam Sand 

2008 2009 Mean 2007 2008 2009 Mean 2008 2009 Mean 

-------------------------------------------------- kg ha-1---------------------------------------- 

N 118.36 264.02 188.49 387.16 399.11 249.88 355.58 156.36 202.74 178.69 

P 12.96 13.82 13.37 12.52 13.08 13.69 13.05 4.99 10.89 7.83 

K 279.23 181.3 232.08 121.57 349.88 137.27 214.5 83.23 86.63 84.87 

Ca 12.5 11.72 12.13 15.22 22.75 13.65 17.73 1.54 2.4 1.95 

Mg 16.17 13.2 14.74 28.15 23.56 22.47 24.87 17.61 16.59 17.12 

Zn 4.18 0.36 2.34 0.53 1.89 0.43 1.03 0.43 0.37 0.4 

Fe 5.63 5.4 5.52 3.42 5.08 3.48 4.08 3.09 3.08 3.09 

Mn 0.9 1.36 1.12 1.13 3.56 0.77 1.98 1.39 0.87 1.14 

Cu 0.32 0.38 0.35 0.49 0.82 0.23 0.55 0.3 0.19 0.24 

The uptake of most nutrient depended on the year and on the soil type. 

 

4.4.6. Magnesium uptake by sweet sorghum 

The average magnesium removal by sweet sorghum varied between 13-28 kg ha
-1

 

(Table 4.6). A significant impact was found with the effect of the soil type (p=0.0001), 

the year (p=0.02) and the N rate (p=0.002) on the Mg uptake in the whole aboveground 

biomass (Table 6.4). In general, the highest Mg removal was observed in the loam (Table 

4.7). The sand and the clay removed almost the same amount (Table 4.6, 4.7).  Mg was 

mostly found in the juice. Indeed, 24-32% of the total Mg in the stalk was found in the 

bagasse and the rest extracted in the juice. In the loam of 2007, N rate affected the total 

Mg removal in whole aboveground biomass (p=0.01) by changing its uptake by the 

leaves (p=0.01) as opposed to that in the stalk (p=0.083) (Table 4.5). The Mg content of 

the leaves is more than three times that of the stalk (Table 4.6). This may indicate that 

sweet sorghum required more Mg in its leaves than in its stalk. Considering the Mg 

content in the soil (Table 4.2), it is clear that the Mg uptake in sweet sorghum biomass 

does not depend  only on the soil Mg content. 
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4.4.7. Iron uptake by sweet sorghum 

Fe is the most removed micronutrient in sweet sorghum biomass. During the 

course of this study, 3.1-5.5 kg ha
-1 

of Fe was up taken in the aboveground biomass 

(Table 4.6). About 65-84% of the total Fe was found in the stalk (Table 4.6). The Fe 

content of the leaves is higher than that of the stalk. The Fe removed in the clay and the 

sand did not change with the years as opposed to that in the loam (Table 4.7). Significant 

impact was found with the soil type (p<.0001), and the N rate (p=0.0005) (Table 4.4). 

The impact of N of the Fe uptake in the biomass was significant in most cases, but the 

trends varied according to year (Table 4.5).  

4.4.8. Zinc uptake by sweet sorghum 

Zn removal in sweet sorghum aboveground biomass was dependent on the year 

(p<.0001), the soil (p<.0001), and the N rate (p=0.017) (Table 4.4). The Zn uptake ranged 

from 0.37 kg ha
-1 

to 4.18 kg ha
-1

. The highest Zn uptake was found in clay in 2008, 

whereas the lowest was obtained on the same soil in 2009. On the clay, the N rate 

improved Zn uptake in the stalk in both year (Figure 4.5). The Zn uptake in 2009 is very 

much lower than that in 2008 (Table 4.7). The inability of the sweet sorghum to take up 

Zn in 2009 may have contributed to lower the biomass yield and consequently the biofuel 

yield of that year compared to that of the precedent year on the clay. In the loam, a 

significant impact of N on the Zn uptake found with the stalk in 2007. This suggested that 

the Zn availability for sweet sorghum does not depend only on the soil, but also on the 

history of that soil. Moreover, the Zn uptake on the loam 2009 was almost one-fourth of 

that obtained in the precedent year. The partitioning of the Zn uptake between the juice 

and the bagasse depended on the soil (Table 4.6). In general, on the sand 75% of the Zn 
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removed by the stalk was present in the bagasse compared to 10 and 31% for the clay and 

loam respectively. This implies that sweet sorghum has a mechanism to adjust its Zn 

removal and partitioning according to the soil type. Consequently, the economical 

implication related to the nutrient removal will depend on the soil type. 

 

  

 

           

 
 

  

     

   

   

     

   
 

  

     

   

   

     

   

4.4.9. Manganese uptake by sweet sorghum 

Mn is one of the least removed nutrients. Usually, its removal was affected by the 

year and the soil type (Table 4.4). Generally, 1.14-1.9 kg ha
-1 

of Mn was removed in the 

total aboveground biomass. Although the Mn content of the leaves is higher than that of 

the stalk (Table 4.6), the total amount of Mn up took in the stalk was almost up to 4 times 

that mobilized in the leaves (Table 4.6). The proportion of the stalk Mn that ended up is 

the juice varied between 54.6-67.4%.  

4.4.10. Copper uptake by sweet sorghum 

Among the nutrient analyzed during this project, Cu is the least removed, ranging 

from 0.24-0.52 kg ha
-1

 in the total biomass. Like the other nutrients, variation was found 

with the year, the soil type. The effect of the N rate was significant only on the stalk 

(Table 4.5). The loam got the highest value. The Cu content per soil type, per year is 

showed on Table 4.6 and 4.7.  

2008:  y = -0.0002x2 + 0.0382x + 2.2772
R² = 0.81

2009:  y = -2E-05x2 + 0.0051x + 0.0875
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Figure 4.3: Relationship between Zn uptake in stalk and N rate on clay. 
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4.5. Discussion  

In general, except for primary macronutrients (N, P, K), our results confirmed our 

hypothesis that N fertilization of sweet sorghum increases nutrient removal.  We showed 

that the soil type had an effect on the nutrient removal by sweet sorghum. Finally, we 

proved that the return of sweet sorghum bagasse and leaves to the soil can significantly 

decrease the nutrient removal suggesting that tools for harvesting sweet sorghum without 

removing the bagasse and leaves is important. Our results confirmed that N is the most 

removed nutrient in sweet sorghum biomass and, on average, its uptake in the 

aboveground biomass varied between 179 and 355 kg ha
-1

. The N removal significantly 

depended on the soil type. More interesting, sweet sorghum N removal did not depend on 

the N rate although the crop removed more than 3 times the maximum amount of N 

applied. The lack of N uptake response of sweet sorghum to N fertilization is probably 

not because sweet sorghum needs less nitrogen, but rather sweet sorghum may have other 

mechanisms to extract the N from the soil. The sweet sorghum N removal recorded in our 

study is higher than the average reported for  sugarcane which was 195 kg N ha
-1 

(Patzek 

and Pimentel, 2005). Since sweet sorghum removed more N from the field than 

sugarcane, it is possible that sweet sorghum may have a mechanism to uptake the N from 

the soil while sugarcane may not.  
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Photo 4.1: Roots of corn and sweet sorghum in the field at Portageville, MO.  

Corn is at the right, whereas sweet sorghum at left. Stronger and deeper root system may help sweet 

sorghum to better uptake nutrients and water from the soil than corn. (Photo Roland Holou, Portageville, 

MO, September 2009). 

 

Microorganisms are known to help some plants use N in the soil, but recent 

evidence has shown that some plants use proteins in the soil as N sources (Paungfoo-

Lonhienne et al., 2008). Two mechanisms for the process is (1) secreting protein 

digesting enzymes into the soil, or (2) using endocytosis to directly move the soil proteins 

into the plant (Paungfoo-Lonhienne et al., 2008). It is likely that sweet sorghum uses one 

of these two methods to satisfy its demand for N. On the other hand, sugarcane is able to 

significantly compensate its N removal by capturing N2 from the atmosphere (Boddey, 

1995; Urquiaga et al., 1992). This nitrogen fixation by sugarcane may be why that plant 

has been grown in Brazil for many centuries without significant nitrogen application 

(Patzek and Pimentel, 2005). To our knowledge, this kind of atmospheric N2 fixation has 

not been found in sweet sorghum yet. In addition, the amount of N that the plant can 

uptake by soil proteins depends entirely on the soil. Therefore, N fertilizer will be needed 

to maintain healthy amounts of N for the plants in the soil. As sweet sorghum uptakes 

significant amount of N from the soil regardless of whether N has been added, the goal of 
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N fertilization is to replace the N that has been removed by the crop, rather than to 

improve N uptake. This N management will be critical to sustain the biofuel production 

from sweet sorghum. Otherwise, the current generation may produce sweet sorghum 

biomass and sugar without much N input, but future generations will have to deal with 

poor soil as most of the N will be depleted; therefore jeopardizing the sustainability of the 

biofuel system.  

Our results showed that in the loam soil, sweet sorghum removed the highest 

amount of N, whereas on the sandy soil the removal was at the minimum. This implied 

that the N rate applied to the field will depend on the soil type.  Although loam is usually 

a rich soil, higher N fertilizer may be needed to compensate the N removal from the 

higher biomass yields of sweet sorghum. Moreover, N will be critical in a continuous 

sorghum/corn rotation system. Based on the N removal in the total aboveground biomass, 

a minimum of 179 kg N ha
-1 

may be required if the whole biomass will be used for 

biofuel. That N fertilization rate was more than the dose required to produce the 

maximum corn grain in our study. Rotating with a legume crop such as soybean would 

help reduce that amount. Our results showed that, 66-83% of the total N uptake is 

generally found in the stalk. Therefore, stripping the leaves in the field may reduce the N 

removal by at least 17%. We observed that sweet sorghum juice removed 61-73% of the 

N sequestered in the stalk. This suggested that the return of the bagasse will significantly 

reduce the N removal. These data confirmed our hypotheses. However, as the bagasse 

can be used to produce ethanol for gas or even feed animals, an economic analysis needs 

to be done to estimate its best use.  
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The maximum N removal by sweet sorghum in Alabama was 119 kg ha
-1 

(Soileau 

and Bradford, 1985). In Texas, the N uptake by sweet sorghum M81E varied between 21 

and 166 kg N ha
-1

, with no significant effect of the N fertilization rate (Tamang, 2010). 

However, the impact of the year was highly significant. These N removal amounts are 

lower than that obtained in our study. This difference may be explained by the 

geographical region, the soil type and the biomass production. Nevertheless, the N 

removed by sweet sorghum is 62% that of grain sorghum, or forage sorghum (Bean et al., 

2008). Nitrogen content in a plant was also proved to depend on the spacing (Seginer, 

2004). This suggested that the nutrient removal of sweet sorghum may change with 

variations in the plant density. 

Nitrification contributes 70% of N lost from fertilizer, but some inhibitors of 

nitrification have been identified in the root exudates of sorghum (Subbarao et al., 2009; 

Subbarao et al., 2008). Among the identified inhibitors sorgoleone was found to be the 

dominant inhibitor. Sorgoleone blocks the activity nitrosomonas (Guntur et al., 2009; 

Subbarao et al., 2009), which, in collaboration with  nitrobacter, carries out the 

nitrification reaction. Therefore, the high N uptake by sweet sorghum regardless of the 

year and the N rate may be explained by its ability to inhibit biological nitrification and 

consequently economize N in the soil. 

K removal ranged between 83 and 350 kg ha
-1

. The highest K removal we 

obtained was in the loam soil (122-350 kg K ha
-1

), whereas the lowest was in the sand 

soil (83-87 kg K ha
-1

). In the middle was the clay soil which removed between 181 and 

279 kg ha
-1 

of K from the soil (Table 4.6, 4.7). From these data, it is clear that the need 

for fertilization with K will depend significantly on the soil. In a separate experiment, the 
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K uptake recorded in Alabama was 102 kg ha
-1 

(Soileau and Bradford, 1985) further 

supporting the need for adjustment of K fertilization rates based on the regions or the soil 

type. Over the course of our study, the highest K removal was found in the year and the 

soil type where the highest sugar yield was observed. This suggested that K may be 

critical for sugar production, and may have limited sugar production by sweet sorghum in 

the sand. Generally, about 80% of the total aboveground K obtained in our study was in 

the stalk. Our juice contained 60-67% of the total K. Therefore, even if only the juice is 

used to produce biofuel, a significant amount of K will still be removed, whereas 

returning the leaves to the soil may reduce the K removal by 20%. So, for K, farmers will 

need to add fertilizer to off-set the removal even if an effective harvester is invented that 

takes juice from the field. The high K removal by sorghum biomass may be explained by 

the high requirement of K for plant development. Potassium is required for good 

translocation of photosynthesis product to their sinks (Reddy and Zhao, 2005). In general 

the application of N increased the biomass yield by sweet sorghum (Almodares et al., 

2006) and consequently the nutrient removal. Generally, K is the main cation found in 

plants (Schachtman and Shin, 2007).   

The P removal obtained in our study significantly depended on the year and soil, 

but not on the N fertilization rate. However, its removal significantly depended on the 

soil type. The lowest P removal was recorded in the sand (7.8 kg ha
-1 

in the aboveground 

biomass) whereas the loam and the clay soil took up 13.3 kg ha
-1

. The stalk removed 70 

to 76% of the total P uptake. In general, P removal by the juice and the bagasse was 

almost equal. The maximum P removal by sweet sorghum in Alabama was 11 kg P ha
-1 



 

131 

 

(Soileau and Bradford, 1985). That P uptake is close to the maximum recorded in our 

study, confirming that sweet sorghum does not remove much P from the soil.  

According to the Missouri Extension Service (Brown, 2004),  "soil test levels for 

all types of sorghum should be maintained above 50 kg P ha
-1

" (Bray 1 extraction 

solution). That P recommendation is more than 4 to 6 times the P removal recorded 

during the course of our study. In addition, according to (Brown, 2004), the P and K 

removal by all sorghum should be: 

P removal (kg ha
-1

) = 1.0051 * Fresh silage yield (Mg ha
-1

) 

K removal (kg ha
-1

) = 4.15 * of Fresh silage yield  (Mg ha
-1

) 

The average sweet sorghum total fresh biomass recorded in our study ranged from 

28 to 91.6 Mg ha
-1

. Based on that biomass yield and the equation above (Brown, 2004), 

the P removal by the sweet sorghum studied in our experiment should range from 28 to 

92 kg P ha
-1

, whereas the average K removal should vary between 116 and 380 kg K ha
-1

. 

The P removal based on that formula (Brown, 2004) is 2 to 7 times higher than the real 

measurement obtained in our study. However, the K estimation based on that formula 

(Brown, 2004) is nearly the same as the values we obtained in our study. These data 

suggest that the equation established (Brown., 2004) for Missouri may not apply for 

sweet sorghum. It overestimates the P and K removal. The bias is larger for the P 

estimation than for K. In the future we will develop the equations that should be used to 

properly estimate nutrient removal of sweet sorghum based on biomass yield. 

The Ca uptake found in our study varied between 2 and 18 kg ha
-1

, and it was 

significantly affected by the year, N rate, and soil type. In the sand soil, Ca removal was 

the lowest, whereas the highest removal was found in the loam soil. Ca was the only 
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nutrient which was generally sequestered more in leaves than in the stalk, maybe because 

Ca is not mobile. In other words, once Ca reached the leaf, it does not move. On average, 

51-86% of the Ca present in the stalk ended up in the juice.  

We found that the magnesium removal by sweet sorghum was 13-28 kg ha
-1

, with 

significant differences observed depending on the soil type, the year, and the N rate. 

Magnesium was mostly found in the juice as only 24-32% of the total stalk Mg was in the 

bagasse; suggesting that the return of the bagasse to the soil will not change much of the 

Mg removal. However, the return of the leaves to the field will significantly decrease Mg 

removal as the leaf Mg content was more than 3 times that of the stalk. 

In general, our results proved that the effect of N, the year, and the soil type on 

nutrient uptake was significant for most micronutrients. That effect was much more 

pronounced on the stalk than on the leaves. During the course of or study, Fe was the 

most removed micronutrient in sweet sorghum as 3.1-5.5 kg Fe ha
-1 

was found in the 

aboveground biomass, with significant differences observed between  soil types and the 

N rate according to the year. The stalk removed 64.6-83.5% of the total Fe, suggesting 

that stripping the leaves will return more than 16% of the total Fe removed to the soil. 

The highest Fe removal was observed in the clay, whereas the lowest on the sand.   

We observed that the removal of Zn was affected by year, the soil type, and the N 

rate. Usually, we found 0.37 to 4.18 kg Zn ha
-1 

in the whole biomass. Our results showed 

that the Zn availability for sweet sorghum does not depend only on the soil, but also on 

the history of that soil and that sweet sorghum has a mechanism to adjust its Zn removal 

and partitioning according to the soil type. The Zn removal in the clay is 6 times that in 

the sand, suggesting that the depletion of Zn will be greater in the clay. 
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We recorded that Mn removal was 1.14 and1.9 kg ha
-1

 according to the year and 

the soil type. The Mn content of the leaves was higher than that of the stalk. On average, 

54.6-67.4% stalk Mn was found in the juice. The Mn removed in the loam was almost 

twice that removed in either the clay or the sand. Finally, we found that Cu removal in 

the total biomass was 0.24-0.52 kg ha
-1

 depending on the year, the soil type, and N rate.  

Cu removal in the loam was almost twice that in either the clay or the sand. 

In the case of sugarcane, the amount of nutrients removed from the field depended 

on how the bagasse was managed (Ando et al., 2001). Perhaps, that is why only the stalks 

of sugarcane are recommended for removal from the field (Patzek and Pimentel, 2005). 

Liming increased the Mg, Mn and K content in sweet sorghum biomass (Soileau and 

Bradford, 1985). These authors also found that the effect of the liming on the P and Ca 

content of the leaves was significant. While considering the average nutrient removal in 

juice, bagasse, stalk, leaves and whole biomass across all soil types, N rates and years 

(Table 4.8), it appears that the return of the leaves and the bagasse back to the field will 

cut the N and P, Mg, Fe, Mn and Cu removal by more than half. Ca and Zn removal will 

also be reduced by about half if only the juice is exported. In contrast, even if only the 

juice was used, a significant amount of K will still be removed, suggesting that there is 

little room to reduce K removal. Considering the molecular weight of each nutrient, the 

amount of fertilizers that need to be applied to compensate the removal is determined in 

Table 4.9.  
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Table 4.8: Average nutrient removal in juice, bagasse, stalk, leaves and whole biomass across all soil type, 

N rate and year (2007-2009) at Portageville, Clarkton and Lee Farm, Missouri. 

Nutrient 

type 

Nutrient removal 

Bagasse Juice Leaves Stalk 
Whole 

Biomass 

--------------------- kg ha-1 ---------------------------- 

N 64.5 118.6 57.7 183.1 240.8 

K 24.1 114.8 37.3 138.8 176.2 

P 3.4 5 3.1 8.4 11.5 

Ca 1.3 3.2 6.1 4.5 10.6 

Mg 3 7.9 8.2 10.8 19 

Zn 0.2 0.8 0.3 1 1.2 

Fe 1.9 1.2 1.1 3.1 4.2 

Mn 0.4 0.7 0.3 1.1 1.4 

Cu 0.2 0.1 0.1 0.3 0.4 

Data are average of three years and three soil type. The amount of  nutrients removal in bagasse, juice, stalk 

and leaves is highly different. 

 

In summary, we determined the effect of the soil type and the N fertilizer 

application rate on sweet sorghum crop removal of N, P, K, Ca, Mg, Zn, Cu, Fe, and Mn. 

We found that the partitioning of the nutrient removal between sweet sorghum stalk, 

leaves and juice, and bagasse was significant. Based on our study, the stripping of 

sorghum leaves in the field and the return of the bagasse to the field will significantly 

decrease the amount of nutrients removed. However, as the leaves and the bagasse can 

also be used to produce biofuel or feed animals, an economical analysis may be needed in 

the future to determine the best use of the bagasse and the leaves. For instance, sweet 

sorghum bagasse has been used not only forage for animal but also as fertilizer (Negro et 

al., 1999). Today, it is burned to produce energy (Monti and Venturi, 2003), or used to 

fabricate papers (Belayachi and Delmas, 1997). Nevertheless, the use of a harvester that 

strips leaves and drops them in the field needs to be explored.  Because of their minimum 

removal in sweet sorghum, farmers may not worry about micronutrient compensation.  
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When sweet sorghum biomass is processed in a power plant, the solid material that is left 

over after the ethanol is produced is called vinasse. It will be beneficial to return that 

vinasse to the soil to compensate for some nutrients. 

4.6. Conclusion 

In general, except for primary macronutrients (N, P, K), our results showed that N 

fertilization of sweet sorghum increased nutrient removal. The soil type also had an effect 

on the nutrient removal by sweet sorghum. In the loam soil, sweet sorghum removed the 

highest amount of N, whereas on the sandy soil the removal was at the minimum. This 

implied that the N rate applied to the field to compensate the removal will depend on the 

soil type. The average nutrient removal depended on the organ removed from the field, 

and Table 4.8 gives the average across all soil type and N rate. Finally, we proved that the 

return of sweet sorghum bagasse and leaves to the soil can significantly decrease the 

nutrient removal, suggesting that tools for harvesting sweet sorghum without removing 

the bagasse and leaves is important. Based on the N removal in the total aboveground 

biomass, a minimum of 179 kg N ha
-1 

may be required if the whole biomass will be used 

for biofuel. Rotating with a legume crop such as soybean would help reduce that amount. 

The amount of fertilizer required to compensate for nutrients removal is summarized in 

Table 4.9. 
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Table 4.9: Equivalent fertilizers that correspond to each nutrient removed by sweet sorghum in 

Portageville, Clarkton, MO.  

Nutrients 
Soil 

type 

Equivalent fertilizers to compensate nutrient 

uptake† 

Bagasse Juice Leaves Stalk 
Whole 

biomass 

 
 -------------------- kg ha-1 ------------------------- 

Macronutrients 

NH4NO3 

Clay 281.2 431.8 364.7 713 1077.7 

Loam 599.8 981.1 450.5 1580.8 2031.4 

Sand 225.8 621.5 174.1 847.3 1021.6 

K2O 

Clay 63.6 374.6 121 438.1 559.1 

Loam 68.4 332.5 109.1 400.7 509.8 

Sand 42.1 122.6 39.8 164.7 204.5 

P2O5 

Clay 14.3 28.7 18.3 43 61.2 

Loam 22.8 21.8 15.9 44.6 60.5 

Sand 9 18.2 8.6 27.3 35.9 

CaO 

Clay 1 6 10 7 17 

Loam 3.4 6.6 14.7 9.9 24.7 

Sand 0.9 1 0.9 1.9 2.7 

MgO 

Clay 3.9 8.5 12.1 12.4 24.4 

Loam 6.9 18.3 16.7 25.2 41.9 

Sand 3.9 12.4 12.1 16.3 28.4 

Micronutrients 

ZnO 

Clay 0.2 2.2 0.5 2.4 2.9 

Loam 0.3 0.7 0.3 1 1.2 

Sand 0.2 0.1 0.2 0.3 0.5 

Fe2O3 

Clay 5.1 5.1 5.6 10.2 15.8 

Loam 6.4 2.6 2.7 9 11.7 

Sand 5.1 2.3 1.5 7.4 8.8 

MnO2 

Clay 0.6 0.7 0.5 1.3 1.8 

Loam 0.8 1.6 0.6 2.4 3 

Sand 0.5 1 0.3 1.5 1.8 

CuO 

Clay 0.2 0.2 0.1 0.3 0.4 

Loam 0.3 0.2 0.1 0.6 0.7 

Sand 0.1 0.1 0 0.3 0.3 

†: The equivalent fertilizer was calculated by considering the nutrient removal for each mineral and the 

molecular weight of the fertilizers that contain them. Farmers should be concerned with the compensation 

of  NPK.  
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5. Impact of the Nitrogen Fertilization on the Kernel 

Composition and the Nutrient Removal by Corn [Zea 

mays (L)] grown for Biofuel Production 

5.1. Abstract  

Corn grain is the main feedstock used to produce ethanol in the US. Nitrogen 

fertilization and nutrient removal are some of the greatest challenges associated with that 

production. The objective of this research was to determine the effect of N fertilization on 

(1) the content and yield of oil, protein and starch and (2) on the nutrient removal by corn 

grain. The project was done in Portageville, Southeast Missouri, from 2008 to 2009 in a 

soybean/cotton/corn rotation system in a loam soil. On average, the corn grain contains 3-

5% oil, 6-10% protein, 66-74% extractable starch, and 74-80% total starch. N fertilization 

changed the composition of corn kernel. As the N rate went up, the oil and starch content 

of the grain significantly decreased, whereas the protein content increased. In contrast, as 

the N fertilization rate increased, the protein, starch and oil yield increased until they 

reached their maximum at 179 kg N ha
-1

. The total starch yield ranged from 2.8 to 7.8 Mg 

ha
-1

. Corn grain removed 31 to 201 kg N ha
-1

, 10 to 102 kg K ha
-1

, 3 to 20 kg P ha
-1

, 0.6 

to 11 kg Ca ha
-1

, 0.7 to 2.7 kg Fe ha
-1

, 0.055 kg B ha
-1

, 0.045 kg Mn ha
-1

, and 0.003 kg 

Cu ha
-1

. In general, the increase of N fertilization rate increased the uptake of most 

nutrients until the maximum was reached around the application of 179 kg N ha
-1

. As the 

starch or the grain yield production increased, so did the nutrient removal. Our results 

suggested that as farmers add N to the soil to improve the grain or starch yield, they will 
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also be increasing the nutrient removal, therefore increasing the production cost. If the 

removal is not appropriately compensated, it will have a negative impact of the 

environment and jeopardize the sustainability of biofuel production from corn grain. 

5.2. Introduction  

While Brazil focuses on sugarcane for biofuel production (Gnansounou et al., 

2005; Heinimö and Junginger, 2009), in the US, corn is currently the main feedstock used 

for bioethanol production (Bothast and Schlicher, 2005). As of 2005, the US surpassed 

Brazil in the production of bioethanol (Heinimö and Junginger, 2009), mainly because of 

the use of corn grain. If in 2005, 10% of the corn grain produced in the US was converted 

into ethanol (Bothast and Schlicher, 2005), in 2007, that rate went to 20% (Dhugga, 

2007). From 2001 to 2007, bioethanol production in the US increased from 7.19 billion L 

to 27.5 billion L (OECD, 2008). By 2015, the bioethanol production in the US is 

expected to reach 56.8 billion L (Zuurbier and van de Vooren, 2008). Ethanol from corn 

can be produced using the grain and/or the stover residues (Dhugga, 2007; Dikeman et 

al., 2003). When corn grain is used to produce bioethanol, starch is the main 

macromolecule of interest. Generally, starch accounts for 58 to 72% of corn grain 

(Bothast and Schlicher, 2005; Eckhoff et al., 1996). Starch is often hydrolyzed into free 

and simple sugars before being fermented into ethanol by yeast (Bothast and Schlicher, 

2005; Ondrey, 2005). The grain starch and the ethanol yield are highly correlated (Wu et 

al., 2008). Improvement has been made in the conversion of corn grain into ethanol, and 

it is now possible to get 2.8 gal of ethanol from each corn bushel (Bothast and Schlicher, 

2005; Patzek, 2006), that is equivalent to 0.42 L ethanol per kg corn grain.  
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Generally, plants need 17 chemical elements for their growth (Blevins, 2009). 

These elements are divided into macronutrients and micronutrients based on the amount 

that plants require. The macronutrients mostly used are nitrogen (N), phosphorous (P), 

potassium (K), calcium (Ca), sulfur (S), and magnesium (Mg). Some of the most wanted 

micronutrients are zinc (Zn), manganese (Mn), copper (Cu), and iron (Fe). Those 

nutrients are present in plant biomass at various concentrations, and are usually removed 

from the field at harvest; therefore there will be a need for compensation. Nutrient uptake 

by corn has been studied in detail (Heckman et al., 2001; Heckman et al., 2003). For 

instance, the whole corn aboveground biomass can removed 88-386 kg N ha
-1

, 370 kg K 

ha
-1

, and 24-70 kg P ha
-1 

(Karlen et al., 1988; Propheter, 2009). The partitioning of these 

nutrients in corn biomass has been investigated (Karlen et al., 1988). Generally, more 

than 66% and 84% of the aboveground N and P uptake respectively was found in the ear 

and shank (Karlen et al., 1988). In contrast, 51% of the total aboveground K uptake was 

in the stalk and tassel (Karlen et al., 1988). Nutrient removal by corn grain depended on 

the region, and consequently fertilization recommendations are based on geographical 

zones (Heckman et al., 2003).  

Usually, the removal of crops is associated with the loss of the nutrients they 

contain and consequently a loss of soil fertility. That is why it is recommended that the 

nutrients that were removed be replaced (Heckman et al., 2003). To compensate for that 

removal, fertilizers are applied to balance the loss of nutrients with any input from soil 

mineralization, atmospheric nutrient fixation, or biological decomposition of soil residues 

(Blevins, 2009; Frye et al., 1988; Halvorson et al., 2005; Harper, 1987; Parrish and Fike, 

2005b). When fertilization is not adequately done, the soil can be impoverished. If too 
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many nutrients are removed, farmers may have to apply more fertilizers to restore their 

soil, therefore decreasing their marginal profit substantially. That is why many people 

have been concerned about the potential destructive effects that the removal of biomass 

for biofuel production may have on the environment (Wilhelm et al., 2004). 

The use of dried distillers grains (DDGs) to fertilize corn improved the grain yield 

up to 1.56 kg ha
-1 

for each kg ha
-1  

of DDGs used (Nelson et al., 2009). N is applied most 

abundantly, because of its significant impact on plant production (Feibo et al., 1998; 

Gallais and Hirel, 2004). In less than 50 years, the amount of N used to fertilize crops 

will triple (Subbarao et al., 2009). With the increase of the ethanol production from corn, 

the demand for N will certainly augment. That increase of N use may generate some 

environmental and economical problems as well. For instance, not only can the N 

fertilization hurt the income that farmers make, but it can also damage the environment 

through the release of greenhouse gases and leaching  (Bolck, 1984; Crutzen et al., 2007; 

Prather et al., 2001; Rashid and Voroney, 2005). If the balance between the nutrients 

removed and those applied through fertilization is not carefully maintained, the 

environment will be degraded by nutrient deficiency or by toxicity. Hence, degradation of 

the biofuel production system will occur. N management is therefore important to 

optimize the profits and to sustain the crop production (Gallais and Hirel, 2004; Vadas et 

al., 2008). 

Although the impact of N fertilization on corn grain yield has been elucidated 

(Amanullah, 2010; Binder et al., 2000; Hawkins et al., 2007; Kahabka et al., 2004; Ruiz 

Diaz et al., 2008; Scharf et al., 2002), less attention is paid to it in the context of biofuel 

production. Significant differences were found in the yield of corn across geographical 
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regions (Halvorson et al., 2005; Miguez and Bollero, 2005), suggesting that the N 

requirement may vary as well. Fortunately, improvement has been made on corn in the 

US with the N fertilization rate, being 157 kg N ha
-1 

in 1985 compared to 147 kg N ha
-1 

in 

2000 (Taylor, 1994). The determination of how much N is required is commonly based 

on the residual nitrate in the soil (Halvorson et al., 2005). 

Without N, the corn kernel cannot develop well (Uhart and Andrade, 1995). N 

fertilization improved protein accumulation in rice (Hao et al., 2007). In corn, as the 

protein content of the grain increased, the starch content decreased (Vojnovich et al., 

1975; Wu et al., 2008). Additionally, the protein content and the grain yield increased as 

the N uptake by corn grain went higher (Gallais and Hirel, 2004). These results suggested 

that in an attempt to increase grain yield with the application of N, the composition of the 

kernel can significantly change. For biofuel purposes, most attention must be paid to the 

starch yield. Commonly, when studying corn for biofuel production, the N fertilization 

rate assumed in most papers varied between 138 and 152 kg N ha
-1 

(Keeney and Deluca, 

1992; Lorenz and Morris, 1995; Pimentel, 1991; Pimentel, 2001; Shapouri et al., 1995; 

Shapouri et al., 2002b). Since the sources of the variation in N removal by corn is less 

understood, Heckman et al. (2003) recommended that further work is needed to design an 

accurate program to adequately fertilize the soil. However, to our knowledge, an original 

study on the impact of N on the composition of corn grain and the nutrient removal is still 

lacking, particularly in the context of biofuel production. Nevertheless, "nitrogen is the 

key to biofuel energy" (Scharf et al., 2009). The most recent study of nutrient removal by 

corn was done in Kansas and focused on NPK removal (Propheter and Staggenborg, 

2010). According to these authors, although corn can produce high biomass levels, a 
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significant amount of nutrients was associated with the biomass, suggesting that serious 

attention needs to be given to nutrient removal. So, the understanding of the impact of N 

fertilization on the composition of the corn kernel is crucial to better design a production 

system that can maximize the starch yield and consequently the ethanol yield from that 

crop, while nutrient removal is minimized. In other words, the understanding of the 

relationship between starch, oil, protein and nutrient removal in the contest of N 

fertilization can help determine the variables that can be manipulated in order to improve 

the ethanol yield from corn by establishing better N management tools for corn 

fertilization for biofuel production.  

Our hypotheses are that N fertilization (1) changes the content and yield of oil, 

starch and protein of corn grain, and (2) that it also increases the nutrient removal by corn 

grain. The objective of this study was to evaluate the impact of N fertilization on the 

content and yield of oil, protein, and starch in corn grain and measure the removal of N, 

P, K, Mg, Ca, Mn, Zn, Cu and Fe by corn grain, to determine the relationship between 

grain yield and the removal nutrient removal.  

5.3. Material and Methods 

5.3.1. Experimental design  

The research was carried out in Southeast Missouri over a two year period (2008-

2009) on Tiptonville silt loam soil (fine-silty, mixed, superactive, thermic Oxyaquic 

Argiudolls). The test was located at Portageville (36
o
24‘N, 89

o
41‘W) in 2008 and 

Hayward (36
o

23‘N, 89
o

39‘W) in 2009. The same soil was at both locations.  The site in 

2008 had been planted with soybean in the preceding year. In 2009, the soil succeeded 

corn. The corn cultivar used was P33N58. The experimental design used was a 
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randomized complete block with four repeats. The nitrogen rates applied were 0, 45, 90, 

134, 179, 224, and 269 kg N ha
-1

. Each of the N rate treatment corresponded to a plot. 

Each plot consisted of 4 rows which were 76.2 cm apart from each other. Corn seeds 

were planted April 16, 2008 and April 27, 2009 at a density 79,071 seeds ha
-1

. A 7 to 10 

days after planting, the crops received two applications of atrazine (2-chloro-4-

ethylamine-6-isopropylamino-S-triazine) at 1.1 kg ha
-1

 active ingredient to kill weeds in 

the field. The applications were two weeks apart. Additionally, the field was regularly 

hoed as needed to reduce weed invasion. Three weeks after planting, the appropriate N 

rate of each plot was broadcast applied by hand using ammonium nitrate as the nitrogen 

source. Ammonium nitrate (17% nitrate-N, 17% ammonium-N) was chosen because it 

does not have the potential for ammonia volatilization like urea simplifying the test by 

minimizing ammonia losses and removing that uncertainty. The field was irrigated as 

needed. Six furrow irrigations were made in 2008 and four furrow irrigations were made 

in 2009 (60 to 70 mm water per application) Details about the soil characteristic are given 

in Table 5.1. At maturity, the corn was harvested using a combine. The stover yield was 

not included as it is not a main target for biofuel production at this time.   

5.3.2. Kernel composition analysis 

Only the grain harvested from the loam soil type was analyzed for the kernel 

composition. For each year, samples collected from each plot were analyzed. After 

harvest, the grain was dried before measuring their composition. Samples from each N 

rate were analyzed in four replicates. For each plot, seven subsamples were collected and 

analyzed for their density, moisture content, oil content, protein content, extractable 

starch content, and total starch content. The grain was analyzed by a Near Infrared (NIR) 
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spectrometer using the Infrared
TM

 Foss 1241 Grain Analyzer (Eden Prairie, MN). The 

calibration used was that already established in previous work (Paulsen and Singh, 2004; 

Paulsen et al., 2003; Singh et al., 2005). 

5.3.3. Calculations of starch, oil, and protein yield of corn grain 

The starch content reported in this paper are normalized to 15% moisture of the 

grain. The method used to determine the corn grain yield was explained in the previous 

chapters. Knowing the oil, the protein, and the starch content of the grain, the theoretical 

oil, protein, and starch yield were calculated as follows: 

Oil yield (kg ha
-1

) = Oil content (%)*Grain yield (kg ha
-1

) 

Total starch yield (kg ha
-1

) = Total starch content (%)* Grain yield (kg ha
-1

) 

Extractable starch yield (kg ha
-1

) = Extractable starch content (%)* Grain yield (kg ha
-1

) 

5.3.4. Nutrient analysis  

At the beginning of the growing season, four soil samples were randomly at the 

depth of 0-15 cm. These soils were dried in an oven and analyzed for their nutrients 

content (P, K, Ca, Mg), organic matter, pH, cation exchange capacity (CEC), and the 

neutralizable acidity. Soil organic matter content was measured by the loss on ignition 

method  (Storer, 1984). Soil pHsalt was measured with a glass electrode in 0.01M CaCl2 

salt solution and neutralizable acidity was measured in Woodruff buffer solution (Brown 

and Rodiguez, 1983; Woodruff, 1967). Potassium, calcium, magnesium, were extracted 

in 1N ammonium acetate and measured on the atomic absorption spectrophotometer 

(Thomas, 1982). Phosphorus was measured colorimetrically using Bray-1 extraction 

solution (Bray and Kurtz, 1945). The CEC was calculated by summing the neutralizable 
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acidity with the K, Mg, and Ca concentration in meq/100g soil (Brown and Rodiguez, 

1983).  

Corn grains were dried and ground before analysis. Each biomass category was 

analyzed for nutrient content. The biomass was digested with H2SO4-H2O2. Then the 

various elements it contained were analyzed. The cations were analyzed by an atomic 

absorbance spectrophotometer whereas the N was by idophenol blue. Potassium, calcium, 

magnesium, were extracted in 1N ammonium acetate and measured on the atomic 

absorption spectrophotometer (Thomas, 1982). P was measured colorimetrically using 

the Bray-1 extraction solution (Bray and Kurtz, 1945). Zinc, iron, manganese, and copper 

were extracted using the nonequilibrium extraction method with DTPA (Lindsay and 

Norvell) and measured on the atomic absorption spectrophotometer. The nutrient uptake 

in grain was calculated by multiplying the nutrient content by the grain yield.   

Nutrient uptake (kg ha
-1

) = Grain yield (kg ha
-1

)*Nutrient content (%) 

5.3.5. Statistical analysis  

The data were analyzed using the Proc mixed model in SAS 9.2 (SAS Institute 

Inc., Cary, NC). Significant differences were assumed for p≤0.05. The year, the soil type, 

and the N rate were considered the main fixed factors, whereas the block (repeat) was 

classified as a random variable. For the Proc Mixed model, the estimation method was 

the Restricted maximum likelihood (REML). When a significant difference was found 

based on the year or the soil type, the test was repeated for each year and each soil type 

separately. Means were separated and grouped by letter by using the macro developed by 

Saxton  (1998). Significant differences are assumed for p≤0.05. The data were graphed 

and fitted into a model using Excel 2007 (Microsoft Corp, Redmond, WA) spreadsheet 
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software. The best regression model was that with the highest R
2
. The Pearson coefficient 

was calculated using the Proc Corr procedure in SAS to determine the linear correlation 

between variables.  

5.4. Results  

5.4.1. Initial soil fertility summary 

Table 5.1 summarizes the soil characteristic, whereas Table 5.2 discusses the 

weather condition. The daily precipitation did not depend on the year (p=0.095). 

However, the temperature, the vapor pressure, the maximum wind speed, and total solar 

radiation significantly varied along the years. 

 
Table 5.1: Initial soil characteristics at Portageville and Hayward, Missouri, in 2008 and 2009. 

Variable 2008 2009 

pHs 6.1 5.5 

N.A. (meq/100g) 1.2 2.3 

OM (%) 1.4 0.9 

CEC (meq/ 100g) 8.9 10.3 

P Bray I (mg ha-1) 37.6 48.6 

Ca (mg ha-1) 1322.3 1180.9 

Mg (mg ha
-1

) 90.5 226.8 

K (mg ha-1) 137.8 78.7 
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Table 5.2: Weather summary during growing season at Portageville and Hayward, Missouri, in 2008-2009. 

Weather Year Apr May Jun Jul Aug Sep 

Total 

monthly 

precipitation 

(mm) 

2008 143.8 93.1 35.2 67.1 45 74.1 

2009 139.9 171.2 69.9 106.6 54.9 119.5 

Maximum 

air 

temperature 
(°C) 

2008 19.1 25.6 32 32.9 30.8 28.2 

2009 20.7 24.8 32.5 30 30 27.6 

Minimum 
air 

temperature 

(°C) 

2008 8.3 14.1 20.5 21.6 19.8 16.2 

2009 9.3 15.4 20.8 20.1 18.7 17.2 

Average air 

temperature 

(°C) 

2008 13.8 20 26.2 26.9 24.9 21.8 

2009 14.8 20.1 26.5 24.8 24 21.8 

Total solar 

radiation 
(MJ/M²) 

2008 16.5 17.8 21 20.8 18.9 15.1 

2009 16 16.5 21.1 18.8 20.3 13.8 

Vapor 
pressure 

(KPA) 

2008 1.2 1.6 2.1 2.5 2.3 1.9 

2009 1.2 1.8 2.3 2.2 2.3 2.1 

Vapor 

pressure 

deficit 

(KPA) 

2008 0.5 0.8 1.4 1.2 0.9 0.8 

2009 0.6 0.7 1.3 1 0.8 0.6 

 

 

5.4.2. Oil content and yield 

Corn can be cultivated for its oil production. When grown for ethanol production, 

oil is not of any interest. However, the oil yield may affect the starch yield and 

consequently the ethanol yield. The oil content of corn grain ranged from 2.92% to 

5.04%. On average, it was 4.01%. Variation in the oil content was found between years 

(p<.0001) and the N rate (p=0.035). No interaction (p=0.14) existed between the effect of 

the year and that of the N rate. In 2007 and 2008, the N fertilization did not affect the oil 

content of the grain (p=0.25 in 2007 and p=0.11 in 2008). However, the impact of N on 

the oil content was pronounced in 2009 (p=0.07). In general, there was a significant 

(p=0.036) negative correlation between the oil content of corn grain and the N rate 
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(Figure 5.1). In contrast, as the N rate went up, the oil yield also increased until it reached 

its maximum level at 134 N kg ha
-1

; from that point, any increase of the N rate led to a 

decrease of the yield (Figure 5.2). In general, the N rate has a significant impact 

(p<0.0001) on the oil yield, except in 2008 (p=0.107). In average, the maximum oil yield 

(544.7 kg ha
-1

) was obtained in 2007 with the application of 179 N kg ha
-1

. The lowest 

yield (53.9 kg ha
-1

) was recorded in 2009 in the control plots (0 kg N ha
-1

). The oil yield 

in the control plots in 2008 was as much as the maximum obtained in 2009. Table 5.3 

gives the average oil content per N. 

 

Figure 5.1: Relationship between the N rate and corn grain oil content.  

Oil content was determined with NIR method. Regression was based on average value for 3 years. The 

application of N decreased the oil content in corn grain. 

 

Figure 5.2: Relationship between the N rate and oil yield by corn grain.  

Oil yield was calculated by multiplying the grain yield by the oil content.  Regression was based on average 

of 3 years. N application increased the oil yield. 

y = -3E-06x2 - 2E-05x + 4.1002

R² = 0.48

3.70

3.80

3.90

4.00

4.10

4.20

0 50 100 150 200 250 300

O
il

 c
o
n

te
n

t 
(%

)

N rate (kg ha-1)

y = -0.0081x2 + 2.8998x + 141.5

R² = 0.98

0

100

200

300

400

500

0 50 100 150 200 250 300

O
il

 Y
ie

ld
 (

k
g

 h
a-

1
)

N rate (kg ha-1)



 

149 

 

 
Figure 5.3: The relationship between N rate and the protein content of corn grain.  

The protein content of grain was determined using NIR. Linear regression analysis was done in Excel. Each 

point on the graph is the average of 3 years.  For each N rate, 4 repeats were done each year. N application 

improved the protein content of the grain. 

 

Table 5.3: Impact of N on the composition of corn kernel averaging across all years at Portageville and 

Clarkton, Missouri. 

Variable 
N rate (kg ha-1) 

0 45 90 134 179 224 269 Average 

Grain Yield 
3636 5840 8435 10107 10200 9104 9236 8080 

(kg ha-1) 

Oil content of 
grain (%) 

4.2 4 4.1 4 3.9 4.1 3.8 4 

Protein content 

grain (%) 
6.7 6.8 7.4 8.2 8.4 8.8 8.9 7.8 

Total starch 

content (%) 
77.7 77.7 77 76.8 76.7 76 76.6 76.9 

Extractable starch 

content (%) 
69.9 70.4 69.7 69.3 69 69 68 69.4 

Oil yield 
151 233 342 402 401 368 343 319 

(kg ha-1) 

Protein yield 
251 392 633 829 863 788 806 648 

(kg ha-1) 

Total starch yield 
2836.5 4560.5 6514.6 7790.3 7845.4 6850.3 6947.8 6174.9 

(kg ha-1) 

Extractable starch 

yield (kg ha-1) 
2558.3 4158.1 5931.4 7053.6 7078.6 6243.9 6188.9 5586.9 
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5.4.3. Protein content and yield 

Proteins are the second major macromolecule found in corn grain. The protein 

content of the grain oscillated between 5.87 and 10.1%. In contrast to the oil content, the 

impact of the N rate on the protein content of the grain was highly significant in every 

year (p<.0001) although the protein amount changed from year to year (p<.0001). On 

average, 7.84% of corn grain was protein. The highest value was obtained in 2008.  N 

fertilization improved the protein content of the grain (r=0.8, p<0.0001). Figure 5.3 

represents the linear regression between the protein content and N rate (r
2
 = 0.96). In 

addition, the grain yield was positively correlated (p<0.0001) with the protein content. 

The equation of the relationship is shown in Figure 5.4. However, as the protein content 

of the grain increased, the starch content decreased (r= -0.4954, p<.0001). The protein 

yield in the grain was improved with N fertilization (Figure 5.5). The maximum protein 

yield (829.16 kg ha
-1

) was obtained with the application of 134 kg N ha
-1

 (Table 5.3).  

 

Figure 5.4: Relationship between the protein content and the grain yield.  

Regression was done in Excel. The amount of protein expressed played a significant role in the 
improvement of the grain yield. In the regression equation shown in the graph, y is in kg ha-1. 
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Figure 5.5: Relationship between corn grain protein yield and N rate.  

Protein yield augmented as the N rate increased.  

 

5.4.4. Starch content and yield 

Starch is the main macromolecule found in corn grain. Two kinds of starch 

content can be measured with the NIR: the total starch and the extractable starch. The 

impact of the N rate on the total or the extractable starch content was significant in all 

years. The total and the extractable starch content of the grain were statistically different 

(p<.0001). The total starch content averaged 76.9% of the grain, whereas the extractable 

starch content was 69.4%. The total starch content fluctuated between 73.7% and 79.6%. 

In contrast, for a same N rate, the extractable starch content was lower than the total 

starch content, varying between 65.7 and 73.8% of the grain. The impact of the N rate on 

both the total and the extractable starch was significant (p<.0001). In addition, the starch 

content depended on the year (p<.0001). The total and extractable starch content of the 

grain were reduced by the N rate (Figure 5.6). The difference between the total starch 

yield and the extractable starch yield was statistically significant (p<.0001). The 

application of N mostly increased the starch yield from corn grain (Figure 5.7). The 

maximum total starch yield (7790.4 kg ha
-1

) and the maximum extractable starch yield 
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(7053.6 kg ha
-1

) were obtained with the application of 134 kg N ha
-1

. Generally, as the 

protein yield increased, so did the starch yield in the corn grain (Figure 5.8), suggesting 

the important role of protein expression on starch yield in corn grain. Table 5.3 

summarizes the impact of N on the starch content of the grain. 

 

Figure 5.6: Relationship between starch content and N rate.   

Starch content was determined by NIR.  Regression was based on an average of  three years. Each year, 

four replicates were analyzed for each N rate. N application decreased the starch content of the grain. 

 

Figure 5.7: Relationship between starch yield and N rate.  

Starch yield was calculated by multiplying the grain yield by the starch content of the grain.  Regression 

was based on an average of 3 years; with replicates for each N rate per year. N fertilization is important to 

improve starch yield by corn. In the regression equation shown in the graph, y and x are in kg ha-1. 
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Figure 5.8: Relationship between protein yield and starch yield at Portageville, MO, in 2008-2009. 

The starch and protein production positively affected each other. 

 

5.4.5. Density and moisture of corn grain 

During the three years of the experiment, the moisture content of the corn grain at 

the time of the NIR measurement did not depend on the soil type (p=0.16) according to 

data from the NIR measurements. However, the density was highly affected by the N rate 

(p<.0001) and the year (p<.0001). In general, the grain density increased as the N rate 

went up (Figure 5.9). Based on the conventional conversion factor that relates grain yield 

to ethanol yield, only the weight of the grain is accounted for. That may create a bias in 

the extrapolation of the ethanol yield based on the grain yield only. 
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Figure 5.9: Relationship between N rate and corn density at Portageville, MO, in 2008-2009.  

The density was determined as they were in the grain after drying at the room temperature. Regression was 
done using spreadsheet in Excel 2007. Corn grain density depended on the N rate.  

5.4.6. Nitrogen uptake by corn grain 

Nitrogen is the major nutrient found in corn grain (Table 5.4).  The average N 

uptake ranged from 31.2 kg ha
-1 

to 201.3 kg ha
-1 

according to the year and the N 

application (Table 5.4). The impact of the N rate on nutrient uptake (kg ha
-1

) was 

significant (p<.0001), although the nutrient content (%) of the grain was not affected 

(p=0.55) (Table 5.5, 5.6). Maximum N uptake was achieved in 2009 with the application 

of 224 kg N ha
-1

 (Table 5.4). In 2008, it required 134 kg N ha
-1 

to remove the maximum 

N of that year (182.8 kg N ha
-1

). In general, the amount of N removed from the soil in 

corn grain is higher than the N applied through fertilization. Overall, until the maximum 

uptake was reached, the application of N generally improved the N uptake in the corn 

grain (Figure 5.10). This suggested that corn does not rely only on the nutrients coming 

from fertilization to meet its need. In addition, corn may have a strategy of removing the 

same amount of N, disregard to the year, by changing and balancing the N concentration 

in the grain according the grain yield.  
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Figure 5.10: Relationship between N uptake in corn grain and the N rate applied.  

N fertilization improved the uptake of  N by corn grain until a maximum was reach at134 kg N  ha-1. 

 

5.4.7. Potassium uptake by corn grain 

Potassium was the second largest nutrient removed from the soil by corn grain 

(Table 5.4). The amount found in the grain was about 32.4% that of nitrogen. Indeed, 

corn can remove 9.5-102.2 kg K ha
-1 

in its grain, which is 0.42-1.7% the grain yield 

(Table 5.4, 5.6). Overall, the amount of K removed was not affected by the year (p= 

0.097); however, the impact of N on that removal depended on the year (Table 5.5). On 

average, the lowest K uptake was recorded on the control plots (0 kg N ha
-1

). The K 

content was significantly impacted by the year (p=0.003), but not by N rate (p=0.84) 

(Table 5.5). The regression between K uptake and N rate is shown in Figure 5.11.  

 

 

 

 

 

 
Figure 5.11: K uptake in corn grain. 
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Table 5.4: Mean separation of the nutrient uptake by corn grain according to the N rate in 2008, and 2009 at Portageville and Hayward, Missouri. 

Year N rate 
Grain 

yield 
Nutrient uptake† 

   
N P K Ca Mg Zn Fe Mn Cu 

2008 

--------------------------------------------------------------------------kg ha-1------------------------------------------------------------------------- 

0 6032 b 100 cd 10 ab 28 c 0.6 b 6.9 c 0.36 c 1.30 b 0.31 c 0.13 b 

45 6020 b 96 d 8 a 26 c 0.6 b 6.7 c 0.30 c 1.19 b 0.33 c 0.17 ab 

90 8550 ab 121 bcd 12 ab 39 abc 0.8 ab 9.4 abc 0.43 bc 1.59 ab 0.35 c 0.16 b 

134 11271 a 183 a 19 a 51 a 1.1 a 12.9 a 0.60 ab 2.29 a 1.02 a 0.38 a 

179 10934 a 164 ab 15 ab 43 ab 1.0 a 12.8 ab 0.71 a 2.07 ab 0.87 ab 0.32 ab 

224 8427 ab 133 abcd 9 ab 32 bc 0.8 ab 8.6 bc 0.53 abc 1.64 ab 0.42 bc 0.20 ab 

269 9295 ab 153 abc 11 ab 39 abc 0.9 ab 10.2 abc 0.53 abc 1.93 ab 0.66 abc 0.26 ab 

2009 

0 1286 c 31 c 3 c 9 b 2.5 b 1.5 c 0.04 c 0.69 c 0.064 c 0.02 c 

45 3103 b 99 bc 7 bc 28 ab 3.7 b 3.5 bc 0.07 c 1.24 bc 0.19 bc 0.047 bc 

90 5812 a 169 ab 12 b 102 a 6.7 ab 6.1 a 0.09 bc 2.51 a 0.29 ab 0.073 abc 

134 6346 a 194 a 11 b 59 ab 7.7 ab 6.6 a 0.17 bc 1.60 abc 0.29 ab 0.14 a 

179 6785 a 170 ab 13 ab 60 ab 7.5 ab 6.8 a 0.14 ab 2.34 ab 0.44 a 0.07 abc 

224 6940 a 201 a 20 a 70 ab 9.6 a 7.9 a 0.15 ab 2.64 a 0.45 a 0.13 ab 

269 6850 a 160 ab 11 b 67 ab 11.0 a 6.0 ab 0.21 a 2.68 a 0.31 ab 0.13 ab 

†: Numbers followed by a same letter are not statistically significant at p=0.05 within the same year. 
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Table 5.5: Impact of the year and the N rate of the nutrient content and removal by corn in 2008, and 2009 

at Portageville and Clarkton, Missouri. 

Variables 

All year combined† 2008 Only 2009 Only 

-------------------------------------------- ------------------------- 

Year (Y) N rate (N) Y*N N only  

Grain yield (kg ha-1) **** **** ns * **** 

N content (%) **** ns ns ns ns 

P content (%) *** ns ns ns ns 

K content (%) ** ns ns ns ns 

Ca content (%) **** ns ns 
 

ns 

Mg content (%) * ns ns ns ns 

Zn content (mg kg-1) **** ns ns ns ns 

Fe content (mg kg-1) **** ns ns ns ns 

Mn content (mg kg
-1

) * ns ns ns ns 

Cu content (mg kg-1) ** ns ns ns ns 

N uptake (kg ha-1) ns **** ns * ** 

P uptake (kg ha-1) ns * ns ns ** 

K uptake (kg ha-1) ns ns ns * ns 

Ca uptake (kg ha-1) **** ns ns * ns 

Mg uptake (kg ha-1) **** *** ns * *** 

Zn uptake (kg ha-1) **** ** ns * *** 

Fe uptake (kg ha-1) ns ** ns ns * 

Mn uptake (kg ha-1) **** *** * * ** 

Cu uptake (kg ha-1) **** * ns ns ns 

†: ****: p<0.0001; ***: p<0.001; **: p<0.01; *: p<0.05; ns (non significant): p>0.05. 

 



 

158 

 

 

 

Table 5.6: Nutrient content in corn grain by year in 2008, and 2009 at Portageville and Clarkton, Missouri. 

Year N rate 

Grain 

yield† N P K Ca Mg Zn Fe Mn Cu 

  -------- kg ha-1------- ---------------------------------%-------------------------------- ------------------------ mg kg-1------------------- 

2008 

0 6032.11 b 1.72 a 0.18 a 0.50 a 0.01 a 0.12 a 60.94 a 235.25 a 54.25 b 23.4 a 

45 6020.45 b 1.7 ab 0.16 a 0.46 ab 0.01 a 0.12 a 53.13 a 214.75 a 53.75 b 29.15 a 

90 8549.51 ab 1.5 b 0.14 a 0.5 a 0.01 a 0.12 a 53.44 a 192.5 a 48.25 b 23.45 a 

134 11271 a 1.7 ab 0.172 a 0.48 ab 0.01 a 0.12 a 57.31 a 216 a 94.5 a 36 a 

179 10934 a 1.57 ab 0.15 a 0.42 b 0.01 a 0.12 a 67.69 a 197 a 83.5 ab 30.53 a 

224 8427.36 ab 1.66 ab 0.11 a 0.42 b 0.01 a 0.11 a 62 a 209 a 57.33 ab 26.53 a 

269 9294.8 ab 1.73 a 0.12 a 0.44 ab 0.01 a 0.12 a 61.38 a 218.5 a 71.75 ab 26.73 a 

2009 

0 1286.2 c 2.63 a 0.22 ab 0.74 a 0.15 a 0.12 a 25.75 ab 515 a 51.75 abc 18.65 a 

45 3102.74 b 3.15 a 0.24 ab 0.96 a 0.14 a 0.12 a 22.38 ab 439.25 ab 58.5 abc 15.98 a 

90 5812.3 a 2.9 a 0.2 ab 1.7 a 0.12 a 0.11 ab 16.63 b 430.75 ab 51 abc 12.73 a 

134 6345.88 a 3.15 a 0.18 a 1.07 a 0.12 a 0.11 ab 28.5 ab 307 b 43.5 c 23.4 a 

179 6785.1 a 2.53 a 0.20 ab 0.87 a 0.11 a 0.10 ab 21.13 ab 377.5 ab 63.75 ab 10.63 a 

224 6940.22 a 2.95 a 0.28 a 1.05 a 0.13 a 0.11 a 22 ab 418.75 ab 65 a 17.78 a 

269 6849.75 a 2.35 a 0.16 b 0.94 a 0.17 a 0.09 b 30.75 a 388 ab 45.25 bc 17.53 a 

†: Numbers followed by a same letter are not statistically significant at p=0.05 within the same year.
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5.4.8. Phosphorous uptake by corn grain 

The amount of phosphorous removed in corn grain was 8.2% that of N. The 

impact of the year itself on the P removed was not significant (p= 0.417). However, 

although the application of N affected the amount of P removed in the grain (p=0.015), 

this impact depended on the year (Table 5.5). In 2009, the impact of N was significant 

(p=0.0043), whereas in 2008 it was not (p=0.241). This suggested that when corn is 

grown after corn, the application of N improves P uptake. Overall, corn removed between 

2.9 kg ha
-1 

and 19.6 kg ha
-1

, with the lowest value obtained in the control plots. In 

general, N application improved K removal. Consequently, when farmers apply N in 

order to increase corn yield, they need to be concerned about the negative impacts that 

yield increases have on nutrient removal. A significant relationship exists between P 

uptake and N application (Figure 5.12).  

 

 

 

 

 

 

 
Figure 5.12: Relationship between P uptake and N rate. 

 

5.4.9. Magnesium uptake by corn grain 

Mg content and uptake by the grain varied significantly along the year (Table 5.4, 

5.6).  The N fertilization is useful to improve the Mg uptake in corn grain (Figure 5.13).  
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Figure 5.13: Relationship between Mg uptake by corn grain and N rate. 

 

5.4.10. Calcium uptake by corn grain 

At 2.8% of the amount of N, calcium was the fifth largest nutrient mobilized in 

corn grain (Table 5.4). Generally, Ca content in the grain varied with the year (p<.0001) 

but not with the N rate (p=0.96). Corn can remove from 0.57 kg Ca ha
-1 

to 11 kg Ca ha
-1

, 

with the lowest value obtained within the control plots. On average, the amount of Ca 

removed was increased by the application of N (Figure 5.14). Seeing the amount 

removed, farmers may have to worry because as N is added, more Ca is removed in the 

grain.  

 

Figure 5.14: Relationship between Ca uptake by corn grain and N rate. 
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5.4.11. Iron uptake by corn grain  

Iron is the main micronutrient removed in corn grain (Table 5.4), with uptake of 

0.69 to 2.68 kg ha
-1

. Its content in the grain (Table 5.6) changed with the years (p<.0001) 

whereas N application did not affect it (p=0.66). In addition, Fe is the only micronutrient 

which removal did not depend on the year (p=0.176), but instead on the N rate (p=0.003). 

Figure 5.15 shows the relationship between the Fe removal and N application.  

 

 

 

 

 

 

 

 

 

Figure 5.15: Relationship between Fe uptake and N rate. 

 

5.4.12. Manganese uptake by corn grain 

After Fe, Mn is the second largest micronutrient removed in corn grain (Table 

5.4). Its annual variation was significant (p<.0001). Similarly, N application enhanced the 

amount of Mn accumulated in the grain (p=0.0003) (Table 5.5, Figure 5.16). Overall, Mn 

was 43.5-94.5 mg kg
-1 

of the grain yield. Its removal is no more than 0.38 kg, which 

suggests that its cost may not be significant while assessing the economical impact 

associated with the removal. 
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Figure 5.16: Relationship between Mn uptake by corn grain and N rate. 

 

5.4.13. Zinc uptake by corn grain 

Zinc was 16.6 to 67.7 mg kg
-1 

of the grain (Table 5.6). It was the third most 

removed micronutrient in corn grain. Although its removal was not much, it can have a 

tremendous impact on plant growth and yield. Its removal by corn grain is affected by N 

rate (p=0.0015) as well as the year (p<.0001). When the N rate increased, so did the Zn 

removed in the grain (Figure 5.17). 

 

 

 

 

 

 

 

Figure 5.17: Relationship between Zn uptake in corn grain and N rate. 
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5.4.14. Copper uptake by corn grain 

Copper was the fourth largest micronutrient removed by corn grain. It contributed 

10.6 to 36 mg kg
-1 

to the grain yield. In addition, the N rate significantly changed the 

amount up taken in the grain (p= 0.0291), with differences observed with the year 

(p<.0001). The relationship between Cu uptake and N application is shown on Figure 

5.18. 

 

 

 

 

 

 

 

 

Figure 5.18: Relationship between Cu uptake and N rate. 

 

5.4.15. Relationship between starch production and nutrient removal 

In general, as the starch or the grain yield increased, so did the nutrient removal 

(Table 5.7). This suggested that any tentative to increase biofuel feedstock by corn will 

significantly add to the cost of removal. The relationship between the grain yield and the 

nutrient removal varied according to the nutrient (Table 5.8, Figure 5.19).  
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Table 5.7: Relationship between nutrient removal and starch, grain yield in a loam soil type at Portageville, 

Missouri, 2008-2009. 

N 

rate 

Average 

total 

starch 

yield 

Average 

grain 

yield  

Nutrient removal † 

N P K Ca Mg Zn Fe Mn Cu 

--------------------------------------------------- kg ha-1-------------------------------- 

0 2832 3659 65 6 19 1.5 4.2 0.2 1 0.2 0.1 

45 3548 4562 98 8 27 2.1 5.1 0.2 1.2 0.3 0.1 

90 5545 7181 145 12 71 3.7 7.7 0.3 2 0.3 0.1 

134 6760 8808 188 15 55 4.4 9.7 0.4 2 0.7 0.3 

179 6814 8860 166 14 52 4.3 9.8 0.4 2.2 0.7 0.2 

224 5839 7945 167 14 51 5.2 8.2 0.3 2.1 0.4 0.2 

269 6165 8072 157 11 53 5.9 8.1 0.4 2.3 0.5 0.2 

† : All nutrients removal increased as the grain yield augmented. The data in this table are the average of 

2008 and 2009 in the loam soil type. 

 

Table 5.8: Summary of the relationship between the grain yield and the nutrient removal by corn grain in 

Portageville, MO, 2007-2009. 

Nutrient removal† 

(y, kg ha-1) 

Regression with Grain yield 

(X, kg ha-1) 
R² 

N y = 0.0114X1.064 0.97 

P y = 0.0035X0.9136 0.92 

K y = -3E-(06x2) + 0.0478x – 116.21 0.85 

Ca y = 3E-05X1.3349 0.89 

Mg y = 2.434e0.0002x 0.99 

Zn y = 1E-08X2 - 9E-05x + 0,3877 0.97 

Fe y = -5E-08X2 + 0.0009x – 1.6416 0.95 

Mn y = 3E-08X2 – 0.0003x + 0.8456 0.96 

Cu y = 0.039e0.0002x 0.84 

†: Although the relationship between the corn grain yield and the nutrient removal is not the same for all 

minerals, all nutrients removal increased as the grain yield augmented. See Figure 19 for the graphic 

representation of these regression equations. 
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Figure 5.19: Relationship between corn grain yield and nutrient uptake in a loam soil in Portageville, Missouri, averaging across years, 2008-2009. 

The increase of the corn grain yield by N fertilization is associated with a significant increase of the nutrient removal. This suggested that a serious 

environmental and economical problem will be related to any tentative to increase biofuel feedstock from corn. Grain yield = X. 
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5.5. Discussion  

Our results proved that N fertilization changed the composition of corn kernel. As 

the N rate increased, the oil and the starch content of the grain decreased. In contrast, as 

the N fertilization rate increased, the protein yield and content, the starch yield and the oil 

yield increased until they reached their maximum at 179 kg N ha
-1

, which we considered 

as the optimum N rate in our study area. 

We showed that the oil content of corn grain ranged from 3% to 5%, with 

significant variations found between the years and the N fertilization rate. Those results 

concurred with data observed in other studies in Missouri where the corn grain oil content 

ranged from 3.3 to 4.3% (Nelson et al., 2009). We observed that the N fertilization 

increased the oil yield of corn grain. With cotton, N fertilization increased the oil yield, 

due to the increase of the cotton yield (Sawan et al., 1988). It is possible that N 

fertilization has the same effect on the corn that it does on cotton.   

The protein content of the grain obtained in our study oscillated between 6 and 

10%. In contrast to the oil content, the impact of the N rate on the protein content of the 

grain was highly significant in every year. Other authors in Missouri observed that the 

protein content in corn grain ranged from 6 to 9% (Nelson et al., 2009). That data 

concurred with ours. Dried distillers grain (DDGs) is a co product of corn ethanol 

processing that can be used as fertilizer. The application of DDGs decreased the oil 

content of corn grain whereas it increased the protein content (Nelson et al., 2009). 

Similarly, in the case of cotton, the application of ammonium nitrate significantly 

reduced the oil content of the grain while the protein content increased (Sawan et al., 

1988). Other scientists also observed an increase in protein content of corn grain as the N 
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fertilization rate increased (Silva et al., 2005). The impact of N application on grain 

composition may be to increase protein synthesis and reduce the oil content.   

Nitrate is involved in the expression of genes that code for amino acids (Stitt, 

1999). Therefore, the increase of N fertilization may increase the biosynthesis of these 

amino acid and probably the expression of the proteins corresponding to them. That may 

explain why a positive correlation was found between the N fertilization rate and the 

protein content of the grain. 

We found that the total starch content of corn grain fluctuated between 74% and 

80%, whereas the extractable starch content varied between 66 and 74% of the grain. In 

Missouri, a previous study recorded slightly lower results with a total starch content of 

grain ranging from 72 to 75%, and the extractable starch varied between 65 and 70% 

(Nelson et al., 2009). The difference may be explained by the type of fertilizers and the 

geographical region. Indeed, Nelson  et al. (2009) conducted their experiment in Novelty,  

northeast Missouri, and fertilized their soil with DDGs whereas we conducted our study 

in the southeast corner of the state and used ammonium nitrate for fertilizer. Based on a 

study in China, corn grain may be richer in starch than sweet sorghum grain which had 

39 to 48% starch content (Zhao et al., 2009). The high starch content of corn grain may 

be due to the fact that corn does not stock much of its sugar in its stalk like sweet 

sorghum. In other words, sweet sorghum uses the sugars for juice instead of forming 

seeds with starch. 

Our results showed that N fertilization increased the starch yield until the 

maximum is reached around 179 kg N ha
-1

. The starch content of corn grain was also 

reduced by the application of DDGs (Nelson et al., 2009). These trends are similar to 
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what we obtained in our study with the application of N. The total starch yield obtained 

in our study ranged from 2.8 to 7.8 Mg ha
-1 

whereas the extractable starch varied between 

2.5 to 7.1 Mg ha
-1

.  

Our results showed that corn grain removed 31.2 to 201.3 kg N ha
-1

, 9.5-102.2 kg 

K ha
-1

, 2.9-19.6 kg P ha
-1

, according to the year and the N fertilization rate. The range of 

N and K removal recorded in our study encompassed the averages observed in the US by 

other authors: 129 kg N ha
-1 

(Heckman et al., 2003), 88-132 kg N ha
-1

 (Propheter, 2009), 

45 kg K ha
-1 

(Heckman et al., 2003), 71 kg K ha
-1 

(Karlen et al., 1988), 30-43 kg K ha
-1

 

(Propheter, 2009). In contrast, the 255 kg N ha
-1 

removal observed by Karlen et al. (1988) 

is higher than the maximum recorded in our study. The P removal recorded in our study 

is lower than the 37 kg P ha
-1 

(Heckman et al., 2003), 59 kg P ha
-1 

(Karlen et al., 1988), or 

24-37 kg P ha
-1 

(Propheter, 2009) obtained by other authors in the US. The results 

suggested that although P removal can significantly vary across regions, in our study 

area, its removal will be minimal. Significant variation was found between the nutrient 

removal on corn grain in the mid-Atlantic zones in the US (Heckman et al., 2003) 

The calcium removed by corn in our study was 0.57-11 kg ha
-1

, with the lowest 

value obtained within the control plots. Our values for Ca removal are higher than those 

obtained by previous authors which was 2.6  kg Ca ha
-1 

(Heckman et al., 2003). Fe was 

the main micronutrient removed by corn grain in our study, and its uptake was 0.69-2.68 

kg Fe ha
-1

. Our lowest value for Fe removal is higher than the  0.33 kg Fe ha
-1 

observed 

by Heckman (2003). This difference may be explained by the region or the weather 

conditions or a variety of other environmental conditions. Corn removed about 14.4 kg 

Mg ha
-1 

in our study (Heckman et al., 2003). Generally, the removal of the other 
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micronutrients is usually minimal, averaging 0.055 kg B ha
-1

, 0.045 kg Mn ha
-1 

and 0.003 

kg Cu ha
-1

.  

In general, the increase of N fertilization increased the uptake of most nutrients 

until the maximum was reached around the application of 179 kg N ha
-1

. Our data 

corroborated that of other authors who also observed that the amount of N removed from 

the soil was positively correlated with the N fertilization rate (Halvorson et al., 2005). 

Nitrogen fertilization significantly increased plant leaf area (Stals and Inzé, 2001), and 

consequently an increase in photosynthesis. The increase in photosynthesis may also 

make the plant healthier and therefore increase its demand for nutrients. Hence the 

increase on nutrient uptake was associated with N rate. Similar results were also obtained 

with rice, with which the application of N increased the grain content of Zn, Cu, Fe and 

Mn (Hu-lin et al., 2007). 

Generally, N application improved corn grain and starch yield, but this was 

accompanied with an increase of nutrient removal (Table 5.7, Figure 5.19). This 

suggested that the economical impact associated with nutrient removal will be higher as 

the grain yield increases. So, the question will be how much N should be applied so that 

the nutrient removal does not overcome the increase of the grain yield? To answer that 

question, an economic analysis must be done. This will consist of considering the cost of 

each nutrient removed, the N used for the fertilization and also the price of the grain. We 

will consider this aspect of the problem in the future. In the whole, the pattern of most 

macro and micronutrients was the same: an initial response to the N application followed 

by a plateau and sometime a decline. The only difference was with Ca, which kept going 

up as the N rate increased. 
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The starch obtained in our study can be converted into ethanol using the 

conversion factor already established in the literature (Patzek, 2006). According to that 

author, the theoretical ethanol yield from starch is:  

Ethanol yield from total starch = Total starch yield*1.11*0.51 

Ethanol yield from extractable starch = Extractable starch yield*1.11*0.51 

 

Using that formula, we found that the theoretical yield of ethanol from corn is 

highly dependent on the year (p<.0001) and the N rate (p<.0001). On average, the 

theoretical ethanol yield based on the grain yield and the conversion factor of 2.8 gal 

ethanol bu
-1

, ranged from 1921 to 5390 L ethanol ha
-1 

depending of the N rate. When the 

ethanol yield is based on the total starch and the extractable starch, it ranged from 2014 to 

5571 L ha
-1 

and 1817-5027 L ha
-1 

respectively. In general, with the application of 179 kg 

N ha
-1

, the maximum ethanol yield was obtained. However, in 2009, corn demanded 

more N (224 kg N ha
-1

) before reaching the maximum ethanol yield. Using the same 

formula, significant differences were found in the theoretical ethanol yield from all three 

soil types. In general, the lowest ethanol yield was obtained on the clay whereas the 

highest was in the loam.  

Our results proved that the density of corn grain depended on the N fertilization 

rate. The significant impact of N rate on grain density implies that during the processing 

of corn in the ethanol plant, the grain weight processed from a same volume of grain will 

be significantly different according to the year and the N rate. Therefore, the ethanol 

yield obtained from one volume of corn will be statistically different depending on the N 

rate and the year. Using the same conversion factor (2.8 gal ethanol bu
-1

, equivalent to 
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0.42 L ethanol per kg corn grain) creates a significant bias considering the factors 

explained above that can really change that ratio. Patzek (2006) pointed out that the 

conversion factor use in the US industry is "confusing and imprecise, and consequently 

overstated the ethanol yield". Our data confirmed that hypothesis. 

5.6. Conclusion 

Our results showed that N fertilization changed the composition of corn kernel. 

As the N rate increased, the oil and the starch content of the grain decreased. In contrast, 

as the N fertilization rate increased, the protein yield and content, the starch yield and the 

oil yield increased until they reached their maximum at 179 kg N ha
-1

, which we 

considered as the optimum N rate in this study. Our results showed that the density of 

corn grain depended on the N fertilization rate, proving that the conversion factor (0.42 L 

ethanol per kg corn grain) has a significant bias. Generally, N application improved corn 

starch yield, but this was accompanied with an increase of nutrient removal. This finding 

suggested that the economical impact associated with nutrient removal will be higher as 

the grain yield increases. Corn grain removed 31.2 to 201.3 kg N ha
-1

, 9.5-102.2 kg K ha
-

1
, 2.9-19.6 kg P ha

-1
, according to the year and the N fertilization rate. The removal of 

most micronutrients is minimal and therefore should not be a concern for farmers. These 

data suggested that when farmers add N to their soil to improve grain yield for starch 

production to be used for biofuel production, they will also be increasing the nutrient 

removal. In contrast, when farmers will be adding too much N to their soil to increase the 

grain yield, they will be reducing the starch content in those grains. Consequently the 

quality of the grain will differ based on the agronomical practices used by the farmers. 

Thus, the biofuel yield will vary accordingly. A fair arrangement would be for ethanol 
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plants to pay farmers a premium for corn with high starch content. A lower grain yield 

from low N fertilizer rates will be unfavorable to farmers, but beneficial to a power plant 

that will buy the grain because of higher starch content. Therefore, for biofuel production 

to be beneficial for both farmers and the power plant owners, an agreement may need to 

be made for the use of fertilizers. An economic analysis need to be done in the future to 

determine the most economical and optimum N rate that will yield a higher starch content 

with minimum nutrient removal.  
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6. Biomass Production and Nutrient Removal by 

Switchgrass (Panicum virgatum L.) grown for 

Biofuel Production 

6.1. Abstract  

With the energy crisis, interest is being focused on biofuel crops such as 

switchgrass. Research was done from 2008 to 2009 to investigate the potential biomass 

production from switchgrass (Panicum virgatum cv. Alamo and Blackwell) grown in 

Southeast Missouri. The objective of this test was to monitor the changes in the uptake of 

N, P, K, Ca, Mg, Fe, Cu, Zn, and Mn in the aboveground switchgrass biomass from May 

to November monthly, in order to determine the optimum switchgrass harvest time to 

produce the highest biomass yield with minimal nutrient removal. The maximum annual 

biomass production of Blackwell cv. switchgrass (upland ecotype) was 6.9-9.5 Mg ha
-1

, 

compared to 22-29.1 Mg ha
-1

 for Alamo cv. (lowland ecotype). Significant variation was 

observed across the years. The maximum biomass yield was obtained in October and July 

for the Alamo and Blackwell cultivars respectively. Unfortunately, the date that the 

maximum biomass was obtained did not coincide with the least nutrient removal. 

Harvesting Blackwell switchgrass removed fewer nutrients than Alamo. The maximum 

nutrient removed by Blackwell averaged 204 kg N ha
-1

, 7 kg P ha
-1

 and 76 kg K ha
-1

. 

From July to November the change in N and P removal by Blackwell was not significant 

whereas, K removal reduced more than 4 fold. In contrast, the nutrient uptake by Alamo 

depended on the harvested date with the maximum being reached around July, followed 
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by a significant decrease until the end of the season. On average, the maximum and the 

end of season nutrients uptake by Alamo were 403 and 252 kg N ha
-1

, 16 and 6 kg P ha
-1

, 

302 and 82 kg K ha
-1

, 41 and 8.3 kg Ca ha
-1

, 37 and 20 kg Mg ha
-1

, 2.3 and 0.9 kg Zn ha
-

1
, 6.7 and 5.3 kg Fe ha

-1
, 2.2 and 1.9 Mg ha

-1
, 0.4 and 0.6 kg Cu ha

-1
. These results 

confirmed that the late November appeared to be the best date to harvest the switchgrass 

in order to minimize the nutrient removal and maximize biomass yield. At that time, the 

water content of the biomass was also at a minimum 40 % for the Alamo cultivar and 

33% for Blackwell, therefore reducing the drying cost.  

6.2. Introduction 

The increase of the world‘s population and the way natural resources are managed 

come with many issues, among which is the energy crisis, that needs to be solved. The 

attention is increasingly turned toward biofuel crops such as sweet sorghum sugarcane, 

sugar beet, cassava, corn, switchgrass (Balat, 2007; Parrish and Fike, 2005; Patzek, 2006; 

Patzek and Pimentel, 2005; Zuurbier and van de Vooren, 2008).  After many years of 

investigation, switchgrass was adopted in the US as a model crop to produce cellulosic 

bioethanol, because of several reasons. Not only does switchgrass have high biomass 

productivity, but it can grow well on marginal soil, uses few nutrients, and is not needed 

as a food crop (Cassida et al., 2005a; Hill et al., 2006; McLaughlin and Kszos, 2005; 

Missaoui et al., 2005; Parrish and Fike, 2005b; Wright and Turhollow, 2010; Yang et al., 

2009). In Europe, Alexopoulou et al. (2008) also demonstrated the potential of 

switchgrass for biofuel. Until recently, most of the studies on switchgrass in the US 

focused on its forage potential, and since 1930 much breeding has been done  to improve 

its forage quality (Karp and Shield, 2008; Parrish and Fike, 2005). Research in the US on 
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the bioenergy potential of switchgrass started in the 1980s (Parrish and Fike, 2005; 

Wright and Turhollow, 2010) as opposed to 1998 in Europe (Alexopoulou et al., 2008). 

When converted into ethanol, each kg of switchgrass biomass can yield 0.33-0.38 L 

ethanol, which is almost the same conversion factor for corn stover (Kim and Dale, 2004; 

RAEL, 2007; Turhollow et al., 1988; Vogel, 1996). Switchgrass can yield more than 

3500 L of ethanol ha
-1

 (Schmer et al., 2008; Varvel et al., 2008). The Net Energy Value, 

which is defined as the difference between the energy produced and the energy used, is 

more than 14.5 MJ per liter for switchgrass (Schmer et al., 2008). Progress in biomass 

conversion processing may help improve the ethanol yield from switchgrass biomass in 

the future. But at the moment, the biofuel production from switchgrass is limited by the 

high cost of the breakdown of the cellulose into free sugars before converting it into 

ethanol. Despite its high production cost, the cellulosic ethanol produced from 

switchgrass emits less greenhouse gas into the environment than gasoline (Schmer et al., 

2008). Furthermore, switchgrass is able to sequester a significant amount of atmospheric 

carbon in its biomass. The amount of CO2 sequestered by switchgrass in the soil averaged 

138.1 kg Mg
-1

 of aboveground biomass per year (Andress, 2004; Frank et al., 2004).  

Switchgrass is a native plant to North America (Sanderson et al., 1999b). 

Switchgrass cultivars were divided into two types according to their latitude of growth: 

the lowland ecotype and the upland ecotype. The lowland ecotypes are more productive 

and less cold tolerant than the upland ones (Adler et al., 2006). Even in drought 

conditions or in soil with limited N availability, the lowland cultivar still produces high 

biomass (Stroup et al., 2003). The Alamo cultivar is one of the most productive lowland 

ecotype (Lewandowski et al., 2003; Yang et al., 2009). The Alamo cultivar produced 
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17.7 Mg ha
-1

 in Tennessee (Mooney et al., 2009), compared to 15-20 Mg ha
-1

 in Texas 

(Sanderson et al., 1999b). In a field trial in Nebraska, switchgrass produced 5.2-11 Mg 

ha
-1

 biomass per year (Schmer et al., 2008). As with corn and sweet sorghum, the yield of 

switchgrass biomass varied across geographical regions (Casler et al., 2004; Parrish and 

Fike, 2005). Some of the highest switchgrass biomass yields recorded so far included: 26 

Mg ha
-1

 in Texas (Sanderson et al., 1996), 27 Mg ha
-1

 in Tennessee (McLaughlin and 

Kszos, 2005),  37 Mg ha
-1

 in Oklahoma (Thomason et al., 2004) and 35 Mg ha
-1

 in 

Alabama (McLaughlin and Kszos, 2005). This high biomass production by switchgrass 

may be accompanied by high nutrient removal from the soil. The N removal by 

switchgrass reached 144 kg ha
-1

 in a five year trial (Reynolds et al., 2000). Consequently, 

farmers will have to apply fertilizer to compensate for that removal. One way to reduce 

the cost of fertilization is to limit the removal of the nutrients by harvesting the plants 

when the highest amount of biomass is produced but the fewest nutrients are removed.  

During the winter, a significant decrease in the nutrient content of switchgrass 

biomass was observed (Adler et al., 2006). Karp et al. (2008) found that the N content in 

switchgrass leaves was higher in the middle of the growing season than during the 

senescence of the plant. These authors speculated that N moved from the aboveground 

biomass to the underground biomass. Nevertheless, the decrease in the biomass nutrient 

content did not impact the quality or the biomass yield via gasification (Adler et al., 

2006). At the end of the season, the ash concentration in switchgrass biomass diminished 

(Sanderson et al., 1999a). The Alamo cultivar has minimum ash content at harvest, which 

is a favorable characteristic for the processing of its biomass into biofuel (Lemus et al., 

2002). Not only is the reduction of the biomass nutrients content good for biomass 
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production management, but it also improves biomass processing into ethanol in a power 

plant (Cassida et al., 2005a; Lewandowski and Kicherer, 1997; Miles et al., 1996; Parrish 

and Fike, 2005). Indeed, many parameters affect the quality of the biofuel made from 

switchgrass biomass. For instance, the concentration of carbon in the biomass impacted 

the productivity and the quality of the ethanol made from switchgrass (Weimer et al., 

2005). The high content of certain minerals in the biomass reduced the fermentation 

efficiency, and consequently the ethanol yield (Yang et al., 2009). The lower the ash 

concentration in the biomass, the better the biofuel quality (Vogel et al., 2002). 

Therefore, the harvest date of switchgrass biomass can have a significant impact on 

nutrient removal, biomass processing, and consequently on the profitability of a biofuel 

production system. Harvesting switchgrass biomass in mid-September is suitable to 

maximize biomass yield in the South central United States (Sanderson et al., 1999a), 

whereas in the Midwest, mid-August is better (Vogel et al., 2002). However, to reduce 

the nutrient removal, biomass yield is not the only focus, but instead the balance between 

the biomass yield and the nutrient removal.  

To our knowledge, no one has compared the biomass production and the nutrient 

removal of the Alamo and the Blackwell cultivars in a field experiment in Missouri. 

Blackwell is an upland ecotype. This kind of comparison is needed to determine the 

sustainability of switchgrass biomass production and processing into ethanol. Moreover, 

although significant progress has been made in understanding the agronomy and the 

biology of switchgrass (Parrish and Fike, 2005), and the evolution of nutrient content in 

switchgrass at certain times of the year e.g. fall vs. spring or summer (Adler et al., 2006; 

Cassida et al., 2005b; Madakadze et al., 1999; Yang et al., 2009), very little is known 
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about how nutrient uptake and removal varies during the year on a monthly basis on a 

well-established 20 year old switchgrass. Particularly, to our knowledge, no one has 

reported on the potential of biomass production and nutrient removal by switchgrass in 

Missouri in the context of biofuel production.  

Our working hypothesis is that by a monthly monitoring of the biomass 

production, the nutrient uptake in the aboveground biomass and nutrient content in the 

soil and underground biomass will yield enough information to determine the best date to 

harvest switchgrass biomass in order to balance the minimization of the nutrient removal 

with the maximization of the biomass yield. That is because the comparison of the 

change in nutrient uptake in the aboveground biomass with the change of the nutrient 

content in the soil and in the underground biomass throughout the growing season will 

help determine whether the nutrient moved from the aboveground biomass to the 

underground biomass and/or to the soil. Whether the nutrients return to the soil or to the 

underground biomass and the time that it happened will help decide on the best date to 

harvest the biomass.  

The objective of this test was to determine the change in the uptake of N, P, K, 

Ca, Mg, Fe, Cu, Zn, and Mn in the aboveground biomass from May to November.  

6.3. Material and Methods 

6.3.1. Switchgrass cultivars used and soil properties  

The switchgrass cultivars studied were the Blackwell which is an upland ecotype 

and the Alamo which is a lowland ecotype. Blackwell switchgrass was established on the 

Little River Conservation Area next to Jerry P. Combs Lake located 5 miles east of 

Kennett in 2006. The Alamo variety was established on the Aubrey Wrather's Farm 
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located 3 miles east of Portageville in 1990. The Alamo switchgrass was grown on a 

Bosket fine sandy loam (bosket, fine-loamy, mixed active, thermic, mollic, hapludales) 

soil, whereas that of the Blackwell switchgrass was produced on a Gideon soil (gideon 

fine loamy, mixed, superactive, nonacid, thermic, mollic fluvaquents) soil. The fields are 

located 54 km apart. More details on the characteristics of these soils are given in Table 

6.1.  

6.3.2. Growth of switchgrass  

The Blackwell plot of switchgrass was planted mainly for wildlife habitat and 

feeding, and preventing gully erosion. In contrast, the Alamo cultivar was planted 

primarily  to prevent blowing sand injury to cotton seedlings in a cotton field and 

secondarily for wildlife/ground nesting birds. It was planted in strips with a drill in 1990. 

The farmer burned the Alamo field every 4 years in April and mowed annually in 

September or October. The switchgrass did not receive any lime, pesticides, N, P, or K 

after it was established.  The only fertilizer the Alamo switchgrass might have received 

was possible drift from fertilizer spread on the surrounding cotton field.  Most years, the 

switchgrass was mowed in the fall. No biomass was removed by the farmer from the 

field.  A few times the straw was burned, but most years it was too wet to burn.    

6.3.3. Biomass harvest and calculation 

During this experiment, the biomass of the Blackwell switchgrass was harvested 

by hand in July and in November. On the contrary, the biomass of the Alamo cv. was 

monthly harvested from May to November. For each field, four blocks were considered. 

The biomass was harvested by hand in a floristically homogenous subplot of 1.67 m
2
 

using a hay sickle mower. After harvest, the total fresh biomass weight within each 
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subplot was taken. A sample of that biomass was separated into leaves, stem, and head. 

The fresh weight of each category was recorded in the field and those samples were later 

dried in an oven until their weight became constant. Switchgrass biomass was determined 

by extrapolation from the biomass obtained in the 1.67 m
2
 subplot. 

The water content, water accumulation in the biomass, and the biomass yield were 

calculated as explained below:  

Water content (%) = (Fresh weight - Dry weight)/(Fresh Weigh) *100 

Water accumulation in biomass (kg ha
-1

) = Fresh biomass yield (kg ha
-1

) * Water content 

(%) 

Dry biomass yield (kg ha
-1

) = Fresh biomass yield (kg ha
-1

) - Water accumulation in 

biomass (kg ha
-1

) 

 

6.3.4. Nutrient analysis in soil and biomass samples 

At the beginning of the growing season, four soil samples were randomly taken at 

the depth of 0-15 cm. These soils were dried in an oven and analyzed for their nutrients 

content (N, P, K, Ca, Mg, S, Zn, S, Mn, B, Cu, NO3
-
, and NH4

+
), organic matter, pH, 

cation exchange capacity (CEC), and the neutralizable acidity. Soil organic matter 

content was measured by the loss on ignition method  (Storer, 1984). Soil pHsalt was 

measured with a glass electrode in 0.01M CaCl2 salt solution and neutralizable acidity 

was measured in Woodruff buffer solution (Brown and Rodiguez, 1983; Woodruff, 

1967). Potassium, calcium, magnesium, were extracted in 1N ammonium acetate and 

measured on the atomic absorption spectrophotometer (Thomas, 1982). Phosphorus was 

measured colorimetrically using Bray-1 extraction solution (Bray and Kurtz, 1945). 
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Nitrate was determined using a 0.025M aluminum sulfate extraction and ion specific 

electrode. Ammonium was measured with a 2M KCl extraction idophenole blue 

colorimetric determination. Zinc, iron, manganese, and copper were extracted using the 

nonequilibrium extraction method with DTPA (Lindsay and Norvell) and measured on 

the atomic absorption spectrophotometer. The CEC was calculated by summing the 

neutralizable acidity with the K, Mg, and Ca concentration in meq/100g soil (Brown and 

Rodiguez, 1983). Sulfate sulfur was extracted with 2M acetic acid solution and then 

measured with a BaSO4 turbid metric system (Brown and Rodiguez, 1983). 

The dried biomass samples at each harvest was digested with H2SO4-H2O2 with a 

Hach Digesdahl® (Loveland, CO) and then analyzed for their N, P, K, Ca, Mg, Fe, Cu, 

Zn, Mn content, using the same methods as soil. The cations were analyzed by atomic 

absorbance spectrophotometer whereas the N was by idophenol blue. 

The nutrient uptake (kg ha
-1

) in the biomass was calculated by multiplying the 

biomass yield by the nutrient content.  

6.3.5. Statistical analysis 

The data were analyzed using the Proc mixed model in SAS 9.2 (SAS Institute 

Inc., Cary, NC). Significant differences were assumed for p≤0.05. The year, the soil type, 

and the N rate were considered the main fixed factors, whereas the block (repeat) was 

classified as a random variable. For the Proc Mixed model, the estimation method was 

the Restricted Maximum Likelihood (REML). When a significant difference was found 

based on the year or the soil type, the test was repeated for each year and each soil type 

separately. Means were separated and grouped by letter by using the macro developed by 

Saxton  (1998). Significant differences are assumed for p≤0.05. The data were graphed 
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and fitted into a model using Excel 2007 (Microsoft Corp, Redmond, WA) spreadsheet 

software.   The Pearson coefficient was calculated using the Proc Corr procedure in SAS 

to determine the linear correlation between variables.  

6.4. Results  

6.4.1. Weather and soil characteristic summary 

In general, except for P, the soil at Kennett had higher nutrient levels than that at 

River Road (Table 6.1). Table 6.2 summarizes the weather conditions in the study area 

during the course of this experiment.  Overall, the precipitation during the growing period 

of switchgrass was much higher in 2009 than in 2008.  The temperature was almost the 

same in both years.   

Table 6.1: Soil characteristic in the switchgrass field at Kennett and River Road, Missouri 

Variables 
Location† 

Kennett River Rd 

pHs 5.4 4.9 

N.A. (meq/ 100g) 4.3 2.6 

OM (%) 4.1 1.1 

CEC (meq/ 100g) 26.6 6.9 

P Bray (mg kg-1) 16.8 23.9 

Ca (mg kg-1) 2918.3 528.3 

Mg (mg kg-1) 857.0 151.0 

K (mg kg-1) 215.4 128.8 

SO4-S (mg kg-1) 4.9 .9 

Zn (mg kg-1) 2.2 .8 

Fe (mg kg-1) 126.1 28.0 

Mn (mg kg-1) 18.5 5.3 

Cu (mg kg-1) 2.4 .4 

NO3-N (mg kg-1) 4.8 2.8 

B (mg kg-1) .3 .2 

Bulk Density 

(g/cc) 

1.5 1.4 

†: The field in Kennett was planted with Blackwell switchgrass, whereas that at River Rd was with Alamo  

cv. Soil samples were taken in the first 0-15 cm. Soil at Kennett is richer than that at River Rd. 
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6.4.2. Seasonal evolution of switchgrass aboveground biomass  

The lowland switchgrass ecotype (Alamo) was taller in stature than the upland 

(Blackwell). The biomass production of switchgrass depended on the ecotype (p<.0001). 

The yield of the Alamo biomass was more than twice that of Blackwell. In addition, it 

took longer for the Alamo to mature. Visible shoot emergence for both switchgrass 

varieties occurred between late March and the beginning of April.  

The impact of the year on the Blackwell biomass production was statistically 

significant (P=0.021). Indeed, the Blackwell biomass yield in 2008 averaged 6.93 Mg ha
-

1
 compared to 9.54 Mg ha

-1
 in 2009. The maximum dry biomass yield of the Blackwell 

cultivar was attained by the end of July. At that time, the water content of the upland 

variety was 51.8% whereas that of the lowland was 66.7%. In general, the seasonal 

variation of the total biomass production of the lowland ecotype did not depend on the 

year (p=0.075). The maximum biomass yield from that variety was obtained in October, 

with slight difference between years. In 2008, the highest dry biomass yield was 21.95 

Mg ha
-1

 compared to 29.14 Mg ha
-1

 in 2009. The yield at the end of the season in both 

years was not different and it averaged 20.4 Mg ha
-1

. The impact of the date on dry 

biomass production of the Alamo cv. was significant (p=0.0007 in 2008 and p=0.0006 in 

2009). In both years, the biomass yield of the Alamo cultivar increased until October 

before dropping slightly in November. Table 6.3 shows the mean separation of the dry 

biomass yield based on the date. The seasonal dry biomass yield was fit with a 

polynomial regression (Figure 6.1). In both years, the cotton field by the Alamo 

switchgrass plot was sprayed with glyphosate. However, in 2009, the wind was so strong 

that it blew the chemical onto the switchgrass strips. The plants showed visual leaf 

symptoms indicating that a sub-lethal glyphosate drift probably occurred that year. 
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Table 6.2: Mean separation of the seasonal dry biomass yield of switchgrass Alamo cultivar 

Date Dry biomass yield (Mg ha-1) † 

10/02/09 29.14 a 

07/21/09 23.40 ab 

10/04/08 21.95 ab 

11/23/09 20.47 b 

11/24/08 20.35 b 

06/24/09 19.04 b 

07/21/08 17.66 bc 

06/19/08 11.27 cd 

05/28/09 8.31 de 

05/28/08 3.61 e 

†: Number followed by the same number are not statistically different at p=0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.1: Seasonal evolution of the dry biomass yield of switchgrass Alamo cultivar. 

Highest Biomass yield was obtained by October. 
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Figure 6.2: Water content of switchgrass Alamo cultivar biomass. 

Late harvest will significantly reduce the biomass drying cost because of  its low water content at that time. 
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Table 6.3: Weather summary at Portageville, Missouri in 2008-2009. 

Weather Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Total 

Monthly 

Precipitation 

(mm) 

2008 49 87.4 231.5 143.8 93.1 35.2 67.1 45 74.1 74.3 51.6 142.5 

2009 64.2 102.5 69.3 139.9 171.2 69.9 106.6 54.9 119.5 259.8 35.4 150.1 

Maximum 

Air 

Temperature 
(°C) 

2008 6.7 8.9 14.4 19.1 25.6 32 32.9 30.8 28.2 22.6 13.2 8.5 

2009 6 11.2 16.4 20.7 24.8 32.5 30 30 27.6 18.9 17.4 6.7 

Minimum 
Air 

Temperature 

(°C) 

2008 -2.6 -0.2 4 8.3 14.1 20.5 21.6 19.8 16.2 9.2 2.7 -1.3 

2009 -3.4 1.4 5.6 9.3 15.4 20.8 20.1 18.7 17.2 8.8 5.9 -1 

Average Air 

Temperature 

(°C) 

2008 2.2 4.3 9.2 13.8 20 26.2 26.9 24.9 21.8 15.5 7.9 3.5 

2009 1.2 6.1 10.9 14.8 20.1 26.5 24.8 24 21.8 13.6 11.3 2.7 

Total Solar 

Radiation 
(MJ/M²) 

2008 7.6 8.9 12.2 16.5 17.8 21 20.8 18.9 15.1 13.3 8.4 6.1 

2009 7.6 10.6 13.1 16 16.5 21.1 18.8 20.3 13.8 8.7 9.2 5.6 

Vapor 
Pressure 

(KPA) 

2008 0.6 0.7 0.9 1.2 1.6 2.1 2.5 2.3 1.9 1.2 0.8 0.7 

2009 0.5 0.7 1 1.2 1.8 2.3 2.2 2.3 2.1 1.3 1 0.6 

Vapor 

Pressure 

Deficit 

(KPA) 

2008 0.2 0.2 0.4 0.5 0.8 1.4 1.2 0.9 0.8 0.7 0.4 0.2 

2009 0.2 0.3 0.5 0.6 0.7 1.3 1 0.8 0.6 0.4 0.4 0.2 
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6.4.3. Water accumulation in total aboveground 

When growing switchgrass for biofuel production, the water content at harvest is 

a crucial component of the management decision-making process. Indeed, if it is too wet, 

the fresh biomass will need to be dried to prevent decomposition during storage. Farmers 

can use conventional hay production methods by cutting and windrowing switchgrass to 

dry in the sun, but if rainfall occurs the biomass may rot before baling. The monitoring of 

the water content of the biomass is therefore indispensable. The water content of the 

Alamo cv. biomass in 2008 was not different from that of 2009 (p=0.33). The linear 

regression model of the average water content in the ecotype along the year is showed in 

Figure 6.2. The water content of the Blackwell was significantly dependent on the year 

(p=0.021). In general, the water content of the biomass decreased as the switchgrass 

matured. Just prior to the winter frost, Alamo contained about 40 % water compared to 

32.8% for Blackwell. The water uptake in switchgrass biomass depend on the year 

(p=0.001). For instance, in 2008, the water accumulated in the Blackwell was 8.5 Mg ha
-1

 

in July compared to 10.64 Mg ha
-1

 in 2009 for the same month. In November 2009, the 

amount of water in that total biomass was 4.64 Mg ha
-1

 which is more than half what was 

recorded in July. The water uptake in Alamo was a function of the date as explained by 

the polynomial regression (Figure 6.3). 
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6.4.4. Nitrogen uptake in switchgrass aboveground biomass 

Nitrogen removal by switchgrass depended on the cultivar (p=0.0091). In most 

cases, the Blackwell cv. removed less N that the Alamo cv. Significant variations were 

found with the year (Table 6.5). In addition, the date the biomass was harvested 

significantly affected the amount of N removed (Table 6.5). This information showed that 

the timing of switchgrass biomass harvest will be a key factor to consider if the 

minimization of the nutrient removal is pursued. In general, the N uptake increased, 

reaching its maximum around June-July and then decreasing as the plant senesced 

(Figure 6.5). The N decrease was very pronounced in 2008 where the uptake in the 

aboveground biomass at the end of the season (130.9 kg N ha
-1

) was almost one fourth of 

the maximum encountered during the growth season, in July (488.9 kg N ha
-1

).  In 

general, the maximum N removed by switchgrass is more than twice what is stored in 

corn grain (see chapter on corn nutrient removal). The high variation in N uptake in 

October suggested that the uncertainty related to the removal across different plots is 

2008:  y = -0.0029x2 + 1.3454x - 119.42

R² = 0.97

2009:  y = -0.0021x2 + 0.8302x - 33.106
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Figure 6.3: Water uptake by Alamo switchgrass. 
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high. N uptake by the Blackwell switchgrass reached it maximum in July (159.7 kg ha
-1

). 

It did not decrease by the end of the season (Table 6.6).  

 
Table 6.4: Impact of the date of  harvest and year and cultivars on nutrient removal by switchgrass† 

Nutrient 

uptake 

aboveground 

biomass  

 
Alamo Blackwell 

Cultivars Date Year Date Year 

N ** * ns * ns 

P **** ** ns ns ns 

K **** **** *** ** ns 

Ca ns **** ns **** *** 

Mg ** ** ns **** ** 

Zn **** *** ns ns * 

Fe ** ns ns *** **** 

Mn *** **** * *** **** 

Cu ns **** ns **** **** 

†: ****: p<0.0001; ***: p<0.001; **: p<0.01; *: p<0.05; ns (non significant): p>0.05. 

 

6.4.5. Potassium uptake in switchgrass aboveground biomass 

Potassium is the second largest nutrient removed in switchgrass biomass. The K 

uptake in Alamo cultivar reached its maximum around June (Table 6.5). The maximum K 

removed by switchgrass Alamo cv. was more than three times the maximum amount 

taken up by corn grain (see nutrient removal by corn). Although that uptake varied during 

the year, the K that was left in the biomass at the end of the season (November) was 

about 25% that of the maximum uptake (Figure 6.5). K uptake by the Blackwell 

switchgrass reached 66.6 kg ha
-1

 in 2008 compared to 83.5 kg ha
-1

 in 2009. In 2009, K 

uptake decreased from July to November by a ratio of 4/1 (Table 6.5). These results 

confirmed that the late harvest of switchgrass biomass can reduce K removal by a ratio of 

4/1 as compared to the maximum uptake.  
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Table 6.5: Mean separation of nutrient uptake by date for Alamo switchgrass grown in Portageville, MO, 2008-2009. 

Year Date 
Nutrient uptake in aboveground biomass † 

N P K Ca Mg Zn Fe Mn Cu 

  
--------------------------------------------------------- kg ha-1------------------------------------------------------------------ 

2008 

28-May-08 75.3 d 7.9 de 98 ef 80.3 a 7.1 c 0.3 b 1.1 b 0.4 e 0.3 cd 

19-Jun-08 186.1 bcd 14.1 bcd 234.1 bc 11.2 d 20.7 abc 0.9 b 2.3 b 0.7 de 0.4 bc 

21-Jul-08 488.9 a 10.5 cde 174.8 cd 2.9 d 27.1 ab 1.1 b 7.8 ab 1.5 c 0.5 b 

4-Oct-08 391.7 abc 19.6 ab 160.3 de 3 d 37.1 a 1.4 ab 4 b 2 abc 0.1 d 

24-Nov-08 130.9 cd 5.7 e 60.4 f 3.5 d 21.6 abc 1.3 b 7 ab 1.7 bc 0.3 bc 

2009 

28-May-09 174.2 bcd 11 cde 243.1 b 2.5 d 15.2 bc 0.2 b 2.2 b 0.6 e 0.1 cd 

24-Jun-09 459.5 a 15 abc 369.7 a 5.4 d 36.1 a 0.6 b 3.3 b 1.5 c 0.4 bc 

21-Jul-09 
317.5 

abcd 
21.9 a 354.2 a 46.1 b 39.4 a 3.4 a 6.8 ab 2.7 a 0.4 bc 

2-Oct-09 412.7 ab 14.9 abcd 241.1 bc 23.3 c 37.7 a 0.6 b 16.2 a 2.4 ab 0.5 b 

23-Nov-09 374.1 abc 11.3 cde 103.6 ef 13.1 cd 17.5 bc 0.6 b 3.5 b 2 abc 0.9 a 

†: Numbers followed by different letters are statistically different at p=0.05 within the same column. 

 

Table 6.6: Mean separation of nutrient uptake by date for switchgrass var. Blackwell. 

Year Date 
Nutrient uptake in aboveground biomass in switchgrass  † 

N P K Ca Mg Zn Fe Mn Cu 

  
----------------------------------------------------- kg ha-1------------------------------------------------ 

2008 
12-Jun-08 12.1 b 3.5 a 40.5 b 2.3 c 5.2 b 0.1 b 0.3 b 0.2 b 0.03 c 

28-Jul-08 247.84 a 5.4 a 66.6 a 
      

2009 
27-Jul-09 159.7  ab 7.9 a 83.5 a 31.7 a 24.6 a 0.2 a 1.1 a 1.1 a 0.6 a 

20-Nov-09 147.1 ab 7.3 a 18.1 b 9 b 10.3 b 0.2 a 1.3 a 1.3 a 0.3 b 

†: Numbers followed by different letters are statistically different at p=0.05 within the same column.  
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Figure 6.5: Seasonal evolution of K uptake by Alamo switchgrass in Portageville, 

MO, 2008-2009. 

The late harvest of the biomass significantly reduced the K removal. 

Figure 6.4: Seasonal variation of N uptake by Alamo switchgrass in Portageville, 

MO, 2008-2009. 

The date the biomass was harvested significantly affected the amount of  N removed. 

Figure 6.6: Seasonal evolution of P uptake by Alamo switchgrass in Portageville, 

MO, 2008-2009 

Harvesting the biomass in November can significantly reduce P removal. 
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6.4.6. Phosphorous uptake in switchgrass aboveground biomass 

Phosphorous uptake by switchgrass depended on the cultivars (p<.0001). In 

general, the Alamo cultivar removed more P than the Blackwell cultivar (Table 6.5, 6.6). 

Indeed, the Alamo cultivar took up a maximum of 21.9 kg P ha
-1

 in its biomass (Table 

6.5) compared to just 7.9 kg K ha
-1

 for the Blackwell variety (Table 6.6). In general, the P 

uptake in the Alamo cultivar decreased by half by the end of the season (Figure 6.6) 

whereas that in the Blackwell, K did not change (Table 6.6). This recommended that the 

Alamo cultivar may have a way to reduce its N and P uptake by the winter whereas the 

Blackwell cultivar did not. That may be a good reason for using the Blackwell 

switchgrass to feed animals. Indeed, a farmer will prefer to have the nutrients staying in 

the biomass that will be used to feed animals than having them return to the soil or the 

air. The nutrients could be returned to the soil by spreading the manure from the animals 

on the fields. 

6.4.7. Calcium uptake in switchgrass aboveground biomass 

Significant variation in the Ca uptake existed between the years (Table 6.4, 6.5). 

If in 2008, the maximum Ca uptake by the Alamo switchgrass was observed at the 

beginning of the season, in 2009, it was in the middle of the season at the time the plant 

experienced a glyphosate spraying (Figure 6.7). In both years, the uptake at the end of the 

season was significantly lower than the maximum the plant had taken during the year 

(Table 6.5). Ca uptake by the Blackwell switchgrass reached 31.7 kg ha
-1

. In November, 

its accumulation in the biomass was 9 kg ha
-1

, suggesting that the plant lost whatever it 

had accumulated.  
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6.4.8. Magnesium uptake in switchgrass aboveground biomass 

The Magnesium uptake by switchgrass depended on the date and the ecotype 

(Table 6.4). The Alamo switchgrass can take up to 39.4 kg Mg ha
-1

 (Figure 6.8) 

compared to 24.6 kg Mg ha
-1

 for the Blackwell. For both varieties, the Mg uptake at the 

end of the season was almost half of the maximum uptake (Table 6.5, 6.6). This 

suggested again that the harvesting time could help save the Mg removal by either of 

these switchgrass cultivars. 
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Figure 6.7: Seasonal evolution of Ca uptake by Alamo switchgrass in 

Portageville, MO, 2008-2009. 

The increase of Ca in July 2009 may be in response to the glyphosate injury. 
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Figure 6.8: Seasonal evolution of Mg uptake by Alamo switchgrass in 

Portageville, MO, 2008-2009. 

Mg uptake decrease generally from July until the end of the growing season. 
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6.4.9. Iron uptake in switchgrass aboveground biomass 

Fe is the most removed micronutrient in switchgrass biomass. Its uptake depended 

on the cultivars. Generally, Alamo switchgrass took up more than the Blackwell. Up to 

16 kg Fe ha
-1

 was removed by Alamo switchgrass (Table 6.5) compared to just 1.1 kg ha
-

1
 for the Blackwell switchgrass (Table 6.6). The Alamo decreased its Fe removal by the 

end of the season, even in the year that the plant suffered from glyphosate spraying 

(Table 6.5). In contrast, the Blackwell switchgrass did not changed its Fe uptake from 

July to November. Knowing the important role of Fe for animal feeding, the ability of the 

Blackwell cv. to keep its uptake adds to the good reasons why that cultivar is used for 

animal feeding.  

 

 

 

 

 

 

 

 

 
 

 

 

 

6.4.10. Zinc uptake in switchgrass aboveground biomass 

The uptake of Zn varied across switchgrass cultivars and the year (Table 6.4). The 

Alamo switchgrass removed up to 3.4 kg ha
-1

 (Table 6.5). Excluding July 2009 where the 

glyphosate run off affected the plant, the variation of that nutrient during the year was not 

significant with the Alamo switchgrass (Figure 6.10). The Blackwell cultivar did not lose 
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Figure 6.9: Seasonal evolution of Fe uptake by Alamo switchgrass in Portageville, 

MO, 2008-2009. 
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its Zn either (Table 6.6). Zn may be a nutrient that switchgrass hold onto ounce it is up 

taken. Zn uptake may also be involved in glyphosate injury repair. 

 

 

 

 

 

 

 

 

 

 

 

6.4.11. Manganese uptake in switchgrass aboveground biomass 

Mn uptake by switchgrass depended on the cultivar, the year and the date of 

harvest (Table 6.4). In general, the Alamo switchgrass removed more Mn (up to 2.7 kg 

Mn ha
-1

) compared to the Blackwell cv. (1.3 kg Mn ha
-1

). Like most of the 

micronutrients, the Mn uptake did not generally decrease once the maximum amount was 

reached (Table 6.5, Figure 6.11). 
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Figure 6.10: Seasonal evolution of Zn uptake by Alamo switchgrass in Portageville, MO, 2008-

2009. 

Figure 6.11: Seasonal evolution of Mn uptake by Alamo switchgrass in Portageville, MO, 2008-

2009. 
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6.4.12. Copper uptake in switchgrass aboveground biomass 

Among the nutrients analyzed in the study, Cu was the least removed. Its uptake 

did not significantly depend on the switchgrass variety, instead on the year and the date 

(Table 6.4, 6.5). In most cases, the Cu uptake tended to increase at the end of the season 

(Figure 6.12), supporting the idea that later harvesting of the biomass will not help reduce 

its removal. Fortunately, its removal from the soil is not large. 

 

 

 

 

 

 

 

6.5. Discussion  

Our results showed a significant difference between the Blackwell and the Alamo 

cultivars. The biomass yield of the Blackwell cultivar was 6.93 Mg ha
-1

 in 2008 

compared to 9.54 Mg ha
-1

 in 2009. Usually, by July, the biomass yield reached the 

maximum yield. In Oklahoma the Blackwell biomass yield ranged from 6.3 to 20.3 Mg 

ha
-1

 (Fuentes and Taliaferro, 2002), which is higher than our yield. The low yields 

obtained in our study may be explained by the fact that our Blackwell switchgrass is not 

well established yet. We also found that the Blackwell produced about half of the 

biomass yield of the Alamo cultivars similarly to Stroup et al. (2003). 
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Figure 12: Seasonal evolution of Cu uptake by Alamo switchgrass in Portageville, MO, 2008-2009. 
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The highest biomass yield of Alamo was 22 Mg ha
-1

 in 2008 and 29 Mg ha
-1

 in 

2009. (Table 6.3). Throughout the literature, the highest switchgrass dry biomass 

recorded depended on the region: 26 Mg ha
-1

 in Texas (Sanderson et al., 1996), 27 Mg 

ha
-1

 in Tennessee (McLaughlin and Kszos, 2005), 33 Mg ha
-1

 in Alabama (Sladden et al., 

1991), 35 Mg ha
-1

 in Alabama (McLaughlin and Kszos, 2005), and 37 Mg ha
-1

 in 

Oklahoma (Thomason et al., 2004). In Europe more than 20 Mg ha
-1

 of switchgrass 

biomass was obtained (Alexopoulou et al., 2008). The Alamo switchgrass biomass yield 

obtained in our study generally belonged to the range of the highest observed in other 

regions, proving that in Missouri, switchgrass has the potential to produce significant 

amounts of biomass that can be converted into biofuel. 

Our results showed that the water content of the biomass in November averaged 

40% for the Alamo cultivar and 32.8% for Blackwell. The least water content in the 

biomass is preferred for biomass processing; otherwise energy will be needed to dry that 

biomass (Cassida et al., 2005b). For instance, for the combustion process, it is 

recommended that the water content of the biomass does not exceed 65% (Jenkins et al., 

1998). In addition, the water content of the biomass can also affect its lifespan in storage. 

To obtain the best combustion efficiency and biomass storage lifespan, the maximum 

water content of that biomass should be 23%  (Lewandowski and Kicherer, 1997). These 

data suggested that the biomass harvested in our study might require additional drying 

before obtaining the maximum combustion. We also found that the water content of the 

Blackwell cultivar was lower than the Alamo cultivar at the end of the growing season. In 

the central part of the US, Cassida et al (2005a) recorded that the water content of 

switchgrass biomass at harvest was 45% and 39% for the lowland and the upland 
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cultivars respectively. These data corroborated with those obtained in our studies and 

confirmed that the harvest date can really reduce the drying costs associated with the 

combustion process. Therefore, harvesting the biomass late would be beneficial. 

The difference in yield across years can be attributed to the weather. Indeed in 

2009, it rained more than in 2008 (Table 6.2). That may have favored the growth of 

switchgrass in 2009. In both years, the Alamo yield reached its maximum around October 

and then decreased from that time to November. The loss of biomass can be explained by 

the wind that stripped the leaves off and blew some seeds to the ground. The big variation 

in nutrient removal observed in 2009 may be explained by the fact that all the switchgrass 

plots experienced the glyphosate differently. Some plants increased the nutrient uptake 

and some did not in 2009, hence a higher standard deviation in 2009.  

Our results showed that the nutrient removal in switchgrass biomass depended on 

the cultivars and the year. The effect of the harvest date on nutrient removal was 

significant for most of the macronutrients. In contrast, the removal of most micronutrients 

was negligible and almost constant during the year. This suggested that the timing of the 

harvest of the biomass could significantly aid in minimizing the macronutrients removal 

from the soil but would not affect the micronutrients much.  

Except for N and Ca, the evolution of the other nutrients in 2008 and 2009 was 

similar. Indeed, in 2008, N uptake increased until it reached its maximum in July and 

then decreased from that point until the end of the season. In contrast, a significant 

decrease in the N uptake occurred around July, at the time the plants experienced 

glyphosate spraying, and then the plant increased the uptake again. That pattern may be 

explained by the fact that the glyphosate nearly killed the plant and when it  experienced 
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death, it returned the nutrients to the soil as it would do in the case of normal senescence. 

The N uptake increased from July to October in 2009 because the plant was trying to 

recover from the injury. The decrease in N uptake from October to November 2009 may 

be caused by the normal senescence of the plant. 

Although the maximum N uptake in Alamo switchgrass was observed around 

June-July and similar for both years (488.9 kg ha
-1

 in 2008 compared to 459.5 kg ha
-1

 in 

2009), a significant difference existed between the N uptake at the end of the season 

(Figure 6.4). The removal at the end of the season in 2009 was more than double that in 

2008. The glyphosate spraying may have been detrimental to the normal physiology of 

the plant. Indeed, glyphosate is an herbicide used to kill weeds. This suggested that N 

uptake at the end of the season, and consequently N removal by switchgrass biomass can 

significantly vary based on the year and other environmental conditions. In the south 

central US, N uptake by switchgrass reached 214 kg N ha
-1

 (Cassida et al., 2005a). The 

review of nitrogen removal by switchgrass in the US, Canada and UK showed an average 

of 48 to 276 kg N ha
-1

, with the highest value obtained in Oklahoma (Parrish and Fike, 

2005; Thomason et al., 2004). Although, the N removal obtained in our study in 2008 

was within those ranges, it suggested that environmental conditions can significantly 

affect the ability of switchgrass to reduce its nutrient uptake. 

Switchgrass may be returning some nutrients to the soil for use in the following 

seasons (Lemus et al., 2008; Parrish and Fike, 2005). Other scientists speculated that 

during switchgrass senescence, the lowland ecotype returned more nutrients to the soil 

than the upland (Yang et al., 2009). In Canada, a decrease of the N content in switchgrass 

biomass was observed, ranging from 25 g kg
-1

 in spring to 5 g kg
-1

 at the end of the 
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season (Madakadze et al., 1999). It was speculated that at the end of the growing season, 

N is mobilized into the underground biomass (Beaty et al., 1978; Clark, 1977). This 

ability to transfer N into its roots makes switchgrass more efficient than most C4 plants 

(Parrish and Fike, 2005). If the nutrients really returned to the soil, harvesting the 

biomass late in the season would be the best option.  

The lower the nitrogen content in switchgrass, the better the processing of the 

corresponding feedstock (Hohenstein and Wright, 1994). This is because a higher N 

content in the biomass increase the production of molecules that pollute the atmosphere 

(Lewandowski and Kicherer, 1997). In contrast to N that decreased at the time of the 

glyphosate injuries, Ca uptake significantly increased. In 2008, the highest Ca uptake was 

observed at the beginning of the season. So the increase of Ca in July 2009 may be a 

response of the plant sensing the damage. Ca is used as a signaling molecule to increase 

transcription of various genes, some of which may be to combat and heal the injury due 

to the spray. In addition, Ca may have been increased to help switchgrass grow better 

during the early stages of development. 

The P uptake obtained in our study ranged from 5.7 to 21.9 kg ha
-1

, with the 

minimum removal recorded at the end of the season. In the South central US, the P 

removal ranged from 2 to 27 kg P ha
-1

 (Cassida et al., 2005a). These data matched with 

ours. The processing of the biomass into ethanol was not affected by the P content 

(Cassida et al., 2005a). Therefore, the least P removal associated with the late biomass 

harvest will be beneficial for maintaining soil fertility and will have no effect on the 

efficiency of processing the biomass into biofuel. P is an important component of 

phospholipids and they are abundant in biological membranes (Taiz and Zeiger, 2006; 
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Voet and Voet, 2004). When plants starts to die and their membranes break down, P can 

be released. That may explain why the uptake decreased as the plant was senescing. 

We observed that the maximum nutrient removal by the Blackwell cultivar 

occurred in July and averaged 204 kg N ha
-1

, 7 kg P ha
-1

 and 76 kg P ha
-1

. From July to 

November the change in N and P removal was not significant whereas K removal 

reduced over 4 fold (Table 6.6). Those results proved that the lowland cultivars (like the 

Alamo cultivar) translocated more nutrients as it senesced than the upland. That finding 

was also obtained by Yang et al (2009). This confirmed that the Blackwell cultivar is 

better for grazing cattle, whereas Alamo cultivar is better for producing biofuel feedstock.  

The biomass produced from switchgrass can be converted into bioethanol. 

According to the National Renewable Energy Laboratory in the US (RAEL, 2007), the 

conversion factor from biomass into ethanol is 0.38 liter ethanol kg
-1

 harvested biomass. 

Using that conversion factor, we found that the Alamo cultivars can produce more 

bioethanol than Blackwell. For instance, in 2009, the biofuel production with the 

Blackwell was 3,694.9 L ha
-1

 in July whereas that of Alamo can reach 11074 L ethanol 

ha
-1 

in October. Since the amount of bioethanol is based on the conversion factor of 

biomass, it is not surprising that the cultivar with the highest amount of biomass 

produced more bioethanol. 

The change in nutrient uptake by switchgrass observed during the course of this 

study may be explained by the biochemical and physiological changes associated with 

plant senescence. The translocation of nutrients during switchgrass senescence was seen 

as a strategy to maintain an internal nutrient reserve (Parrish and Fike, 2005b). In wheat, 

the translocation of nutrients from the leaves preceded that of the stem (Harper, 1987). 
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The mechanism of nutrient translocation during senescence was associated with a change 

in gene expression (Harper, 1987). As wheat was senescing, N was lost in the form of 

NH3, partially because the plant was unable to distribute the N translocated from leave 

and stem efficiently (Harper, 1987). More than 70% of N in most plants is found in the 

chloroplasts (Hörtensteiner and Feller, 2002; Ishida and Yoshimoto, 2008). As a plant 

senesces, the N in older leaves can be translocated towards seeds (Ishida and Yoshimoto, 

2008). During the senescence of most cereals, N is translocated from Rubisco after its 

breakdown in the chloroplast (Gregersen et al., 2008; Hörtensteiner and Feller, 2002). 

Genetic programming was shown to be associated with plant senescence especially since 

proteases are over expressed when plants start to die (Gregersen et al., 2008; 

Hörtensteiner and Feller, 2002). The up regulation of the proteases can augment the 

proteolysis activity that degrades or break down proteins. As N is a main element found 

in proteins, it is not surprising that its amount in the biomass decreased during 

senescence. 

Commonly, the later the harvest, the lower the amount of nutrients removed. The 

late harvest also reduced the water content of the biomass and consequently would reduce 

the cost related to its drying. In most cases, the nutrient removal by switchgrass was as 

much as twice that of sweet sorghum and four times that of corn grain (see chapter on 

corn and sorghum nutrient removal). Therefore, switchgrass may have a more serious 

environmental impact on the soil than corn and sweet sorghum. Because the removal of 

most micronutrients is low, farmers should not be concerned with their removal as much 

as NPK. Additionally, as long as the farmers can wait until the winter frost before 

harvesting the biomass, they will allow the plant to return most of the nutrients to the soil. 
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Late November may be the best date to harvest the biofuel in order to minimize the 

nutrient removal and maximize biomass yield. Table 6.7 describes the average fertilizers 

that farmers may have to use to replace the nutrient removal by switchgrass. 

6.6. Conclusion 

We observed that Alamo switchgrass removed more nutrients than the Blackwell 

cv. Alamo switchgrass also yielded as twice biomass as Blackwell. Usually, the 

Blackwell cultivars reached its highest biomass productivity by July, whereas Alamo 

achieved its highest biomass yield around October. Our results showed that the nutrient 

removal in switchgrass biomass depended on the cultivars, the date and the year. The 

effect of the harvest date on nutrient removal was significant for most of the 

macronutrients. Generally, the nutrient uptake decreased from July until the end of the 

growing season. We showed that harvesting in late November will help minimize the 

nutrient removal from the field. At that time, the water content in the biomass was also 

minimal, reducing therefore the drying cost.  Table 6.7 summarizes the average fertilizers 

that farmers may have to use to replace the nutrient removal by switchgrass Alamo.  

 

Table 6.7: Average amount of fertilizers required to compensate for the nutrient removal in Alamo 

switchgrass  in Portageville, MO, 2008-2009. 

Date of 

harvest 

Fertilizers† 

NH4NO3 P2O5 K2O CaO MgO ZnO Fe2O3 MnO2 CuO 

 
----------------------------------------- kg ha-1-------------------------------------------------- 

May 712.3 43.2 410.9 58.0 18.5 0.3 4.7 0.8 0.3 

Jun 1843.3 66.7 727.4 11.6 47.1 1.0 8.0 1.8 0.5 

July 2302.2 74.3 676.1 34.3 58.5 2.8 19.1 3.3 0.5 

Oct 2296.5 79.0 483.6 18.4 62.0 1.2 12.4 3.5 0.3 

Nov 1441.8 39.1 197.5 11.6 32.4 1.2 15.0 2.9 0.8 

†: Nutrient removal was calculated by averaging the removal of 2008 and 2009 for each month. The 

equivalent fertilizers were calculated by considering the molecular weight of each nutrient and that of the 

fertilizers. 



 

203 

 

7. Return of Aboveground Nutrients by Switchgrass 

(Panicum virgatum L.) into the Surrounding Soil 

during Senescence 

7.1. Abstract  

Switchgrass is a crop that is holding promise for cellulosic biofuel production. To 

minimize fertilizer costs, farmers prefer to reduce crop removal of nutrients from the soil 

when switchgrass biomass is harvested. The objective of a study conducted at 

Portageville, Missouri, in 2008-2009 was to monitor, from May to November, the 

nutrient content in the soil and switchgrass roots and rhizomes in a 20-year old 

switchgrass field. Nutrient uptake in switchgrass decreased from July to the end of the 

season. Soil and tissue samples were collected to determine the sink of the nutrients lost 

in the aboveground biomass during senescence of the plant. We found that in general, as 

switchgrass senesced, the nutrient content of the roots did not significantly change, 

whereas that of the rhizomes increased. We also observed that the nutrients returned to 

the soil primarily in and under the switchgrass clumps.  Bray 1-P content of the soil in 

November increased 207% compared to P levels measured in October, whereas the soil 

ammonium acetate extracted K in the clump in November was 114 to 180% higher than 

in October. Soil NO3
-
-N content in November was up to 357% that of October, whereas 

the NH4-N content increased by up to 325%. Generally, soil samples collected from the 

clump showed the highest evidence of nutrients returning to the soil from the 

aboveground biomass. This study provides evidence of nutrient recycling in the field by 
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switchgrass plants and supports the concept of a "reverse flow of nutrients from roots to 

soil". We concluded that the harvest of switchgrass late in November will help minimize 

the nutrient removal and maximize biomass yield.  

7.2. Introduction 

Switchgrass (Panicum virgatum L.) is a plant native to North America which has 

two ecotypes: the lowland and the upland (Alexopoulou et al., 2008). Most lowland 

switchgrass cultivars such as ‗Alamo‘ produce tall, hardy plants which have higher 

biomass potential for biofuel in humid climates than upland cultivars. Switchgrass is used 

for many reasons: to protect soil erosion or to stabilize levees (Parrish and Fike, 2005), to 

prevent runoff or reduce raindrops (Ichizen et al., 2001), to phytoremediate the 

environment (Parrish and Fike, 2005), to revegetate highly degraded ecosystems (Parrish 

and Fike, 2005), to reduce the speed of the wind (Retta et al., 2000), to provide a suitable 

ecological niche for wildlife (Parrish and Fike, 2005), to ornament the landscape  

(Davidson and Gobin, 1998), to make paper in industries  (Mohta and Roy, 1999), and to 

make antioxidants in the pharmaceutical industry (Lau et al., 2004). In many countries, 

switchgrass is being investigated for its ability to produce cellulosic bioethanol because 

of its high biomass productivity (Cassida et al., 2005a; Hill et al., 2006; McLaughlin and 

Kszos, 2005; Missaoui et al., 2005; Parrish and Fike, 2005b; Wright and Turhollow, 

2010; Yang et al., 2009). Switchgrass can yield more than 3500 liters of ethanol per 

hectare (Hill et al., 2006). It can sequester 138.1 kg of CO2 Mg
-1 

of aboveground biomass 

per year in the soil (Andress, 2004). The cellulosic ethanol produced from switchgrass 

pollutes the environment with fewer greenhouse gases  than gasoline (Schmer et al., 

2008). The plant can grow well on ―agriculturally marginal‖ soils (Hill et al., 2006).   
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Usually, when switchgrass is grown for biofuel purposes, having minimal levels 

of minerals in the biomass is better as it improves processing into biofuel (Cassida et al., 

2005a; Lewandowski and Kicherer, 1997; Miles et al., 1996; Parrish and Fike, 2005). The 

high content of certain minerals in the biomass reduces the fermentation yield, and 

consequently the ethanol yield (Yang et al., 2009). Another quality to look at is the  ash 

concentration which is better for biofuel production if it is low (Vogel et al., 2002). N is 

critical for a high biomass production by switchgrass (Ghimire et al., 2009; Muir et al., 

2001; Parrish and Fike, 2005). Upon oxidation, N can form nitrous oxides (NOx) which 

pollute the environment (Lemus et al., 2008). The ability of nitrous oxide to contribute to 

global warming is 300 times more dangerous than CO2  (Crutzen and Ehhalt, 1977). 

Moreover, the lower the nutrient removal, the better the profit made by farmers.  

Many changes were observed in the chemical composition of switchgrass biomass 

as the plant was aging. For example, towards the end of the season, the biomass ash 

concentration diminishes (Sanderson et al., 1999a). In an attempt to determine the best 

harvest date to minimize the nutrient removal but maximize the biomass production, we 

observed that as switchgrass was senescing, the nutrient uptake in the biomass decreased. 

On average, we reported in our previous chapter  that the maximum and the end of season 

nutrients uptake were 403 and 252 kg N ha
-1

, 16 and 6 kg P ha
-1

, 302 and 82 kg K ha
-1

, 41 

and 8.3 kg Ca ha
-1

, 37 and 20 kg Mg ha
-1

, 2.3 and 0.9 kg Zn ha
-1

, 6.7 and 5.3 kg Fe ha
-1

, 

2.2 and 1.9 Mg ha
-1

, 0.4 and 0.6 kg Cu ha
-1

. Other scientists also observed that the 

nutrient uptake by switchgrass decreased as the plant senesced (Adler et al., 2006). A 

decrease of the leaf N content in switchgrass was also obtained between the middle and 

the end of the growing season (Karp and Shield, 2008).  Similarly, Madakadze et al. 
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(1999) recorded that the N content in switchgrass in Canada decreased from 25 g kg
-1 

in 

the spring to 5 g kg
-1 

at the end of the season. However, a highly important yet 

unanswered question is to know where the switchgrass nutrients went when the plant was 

senescing.  It is clear they significantly moved from the aboveground biomass so we 

wanted to figure out where they went.    

Many scientists speculated that at the end of the growth season, some plants 

remobilize their N into the underground biomass (Beaty et al., 1978; Clark, 1977). In the 

case of switchgrass, many authors hypothesized that its senescence is accompanied by the 

return of the aboveground biomass nutrients to the roots (Lemus et al., 2008; Parrish and 

Fike, 2005b; Yang et al., 2009).  Yang et al. (2009) recently said that during switchgrass 

senescence, the lowland ecotype returned more nutrients to the soil than the upland. 

However to our knowledge, nobody has designed yet an experiment to prove where these 

nutrients really went. The decrease of nutrient uptake in the aboveground biomass is not 

sufficient to claim that they returned to the roots. For instance, as soybeans senesced, the 

N mostly moved from the leaves to the seeds (Sale and Campbell, 1980). Similarly, in 

Arabidopsis, N was remobilized towards the seeds during senescence (Himelblau and 

Amasino, 2001). Moreover, during the senescence of wheat, N can be lost through the 

leaves by volatilization in the form of NH3 (Harper, 1987). During the senescence of 

most cereals, Rubisco breaks down and consequently N moved of the chloroplast 

(Gregersen et al., 2008; Hörtensteiner and Feller, 2002).  

The mechanism of water and nutrient uptake by plants is well established (Taiz 

and Zeiger, 2006; White and Brown, 2010). Most of the changes in the leaf mineral 

composition during senescence were also explained at the physiological and the 
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molecular levels (Buchanan-Wollaston et al., 2003; Gregersen et al., 2008; Guo and Gan, 

2005; Pyung and Hong, 2007). Since 1929, it was also observed that some plants can 

return water to the soil through their roots by a mechanism called hydraulic lift (Caldwell 

et al., 1998). In contrast, to our knowledge, and to that of Patrick Brown (Professor of 

Plant Nutrition at the University of California Davis, and Expert in  root soil interaction), 

no one has yet proved whether plants have a similar mechanism to return nutrients to the 

soil through their roots. 

In this research, we hypothesized that the nutrients remobilized from the 

switchgrass aboveground biomass went back to both the underground biomass and to the 

surrounding soil. To test our hypothesis, it is important to monitor the nutrient 

accumulation not only in both the aboveground and underground biomass, but also in the 

soil surrounding the switchgrass roots and rhizomes. The monitoring of the nutrients in 

the soil may not be easy as it is hard to work with roots and especially switchgrass roots 

which clump together. The monthly evolution of those nutrients will help us locate the 

sink of the nutrients that are lost in the aboveground biomass. The understanding of the 

nutrient sink can help determine the best date to harvest the biomass while minimizing 

the economical and environmental effects associated with nutrient removal. If the 

nutrients returned to the soil, or to the roots, or to the rhizomes, they may be used by the 

plant in the following years. In contrast, if they simply evaporated, they will not only 

constitute a big loss, but also create a serious environmental problem. If the nutrients 

went into the soil, harvesting the biomass late in the season would be a good practice. 

However, if these nutrients evaporated, it would be better to harvest the plant early to 

avoid potential air pollution.  
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Our objectives were to: (1) monitor the soil characteristics (pH, neutralizable 

acidity, CEC, nutrient content) at different dates, soil depths and locations in the field, (2) 

determine the location in the soil where these characteristics significantly changed, (3) 

determine the evolution of the nutrient content in the roots and the rhizomes. A systemic 

comparison of the changes observed in the aboveground biomass with that in the 

underground biomass and in the soil will determine whether the nutrients that 

translocated from the aboveground biomass ended up in the roots, and/or the rhizomes, 

and/or the soil. The comparison in the changes at different soil depths and locations will 

help determine at which soil depth the nutrient sink is as the plant senesces. The answer 

to these questions will help decide whether later harvesting of switchgrass will return a 

significant amount of nutrients back to the soil or whether it would be better to have 

earlier harvests.  

7.3. Material and Methods 

7.3.1. Switchgrass cultivar and soil type  

The switchgrass cultivar studied in this experiment was ‗Alamo‘ which is a 

lowland ecotype. It was established on the Aubrey Wrather's Farm located three miles 

east of Portageville, Missouri (36
o
25‘N, 89

o
38‘W). The soil type was a Bosket fine sandy 

loam (bosket, fine-loamy, mixed active, thermic, mollic, hapludales). More details on the 

characteristics of these soils are given in the results section. 

 

7.3.2. Growth and harvest of switchgrass  

The switchgrass was planted primarily for wind erosion control on the cotton field 

and secondarily for wildlife/ground nesting birds. It was planted in strips with a drill in 
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1990. The farmer burned the Alamo field every four years in April and mowed annually 

in September or October. It did not receive any lime, pesticides, N, P, or K after it was 

established.  The only fertilizer that it would have received was possible drift from 

fertilizer spread on the surrounding cotton field.  Most years the switchgrass was mowed 

in the fall. No biomass was removed from the field.  A few times the straw was burned, 

but most years it was too wet to burn.    

7.3.3. Biomass harvest and calculation 

During this experiment, the biomass was monthly harvested from May to 

November. For each field, four blocks were considered. The biomass was harvested by 

hand in a floristically homogenous subplot of 1.67 m
2
 using a hay sickle mower. After 

harvest, the total fresh biomass weight within each subplot was taken. A sample of that 

biomass was separated into leaves, stem, and head. The fresh weight of each category 

was recorded in the field and those samples were later dried in an oven until their weight 

became constant. Switchgrass biomass was determined by extrapolation from the 

biomass obtained in the 1.67 m
2
 subplot. 

7.3.4. Digging of switchgrass’ clump and soil sampling 

At the beginning of the switchgrass experience, using a ruler, we explored the 

field to determine the size of the average clump. Based on that preliminary investigation, 

a switchgrass clump with a diameter around 35 cm was dug each time the biomass was 

harvested. Before digging the clump, its aboveground biomass were harvested and 

weighed in the field. Then, the clump was carefully dug using a shovel, and a pickaxe. A 

50 cm*50 cm square was made around the clump so that the clump itself was located in 

the middle of the square. The clump was dug and all the soil in that square was removed 
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up to 25 cm deep. After the clump was dug, it was put in a sack. The final volume of soil 

removed was 62500 cm
3
 (50*50*25 cm

3
). All the soil that came out of that hole was 

added to the clump in the sack for later manipulation in the laboratory. Then, using a soil 

sampler, soil samples were taken beneath the 62500 cm
3
 hole, at two depths: 0-15 cm and 

then 15-30 cm (Photo 7.1, 7.2). These two samples were labeled ―Under 0-15‖ and 

―Under 15-30‖. Three other soil samples were taken outside the clump in a region where 

no switchgrass grew, but the leaves overlaid and covered the soil (Photo 7.3).  Usually 

the "outside the clump" region was located 50 cm from the clump. Soil samples outside 

the clump were taken at three depths: 0-15, 15-30, and 30-45 cm, labeled ―Outside 0-15‖, 

―Outside 15-30‖, and ―Outside 30-45‖ respectively (Photo 7.1, 7.3).  At each depth, the 

soil that was sampled was put in a different paper sack. The samples were taken at each 

of the four repeats every time the biomass was harvested. After all the soil samples were 

harvested, the hole was filled with dirt collected from the surrounding area.  

Soil samples were also taken in the cotton field near the switchgrass strips to 

monitor the changes in its nutrients content. 

7.3.5. Handling of clump and soil in the laboratory 

In the laboratory, the root ball (Photo 7.4) was shaken to remove loose dirt and 

soil from the root. All biomass was removed from the soil that came out of the clump and 

then it was mixed and homogenized. A sample of that soil was taken. That soil sample 

was labeled "In clump". The single plant that constituted the clump was torn apart piece 

by piece. Then the single plant was cut into three parts: the upper part, the rhizomes, and 

the roots.  The upper part was the leftover of the stem between the soil and the level at 

which the stem was cut. We called that "stem left over". The portion of the single plant 
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that was in the soil was split into two parts: the rhizomes (which were considered as the 

underground stem) and the roots. The roots (Photo 7.5) and the rhizomes (Photo 7.6) 

were well shaken to remove all soil. Their fresh weight was taken automatically. A 

sample of the roots and rhizomes was washed with de-ionized water. These samples were 

called "root washed", and" rhizome washed" and dried in an oven after soaking water 

from these wet samples with paper towels. The number of single plants in the 

aboveground biomass taken from the clump in the field was counted in the laboratory. 

The underground biomass samples (roots and rhizomes), and the soil samples 

were dried until their weight became constant. To recapitulate, 7 soil samples were taken 

in each switchgrass block: (1) in clump, (2) under clump 0-15 cm, (3) under clump 15-30 

cm, (4) outside clump 0-15 cm, (5) outside clump 15-30 cm, (6) outside clump 30-45 cm, 

and (7) cotton field 0-15 cm (Photo 7.1).  

7.3.6. Nutrient analysis in soil and biomass 

The soils samples were dried in an oven and analyzed for their nutrients content 

(N, P, K, Ca, Mg, S, Zn, S, Mn, B, Cu, NO3
-
, and NH4

+
), organic matter, pH, cation 

exchange capacity (CEC), and the neutralizable acidity. Soil organic matter content was 

measured by the loss on ignition method  (Storer, 1984). Soil pHsalt was measured with a 

glass electrode in 0.01M CaCl2 salt solution and neutralizable acidity was measured in 

Woodruff buffer solution (Brown and Rodiguez, 1983; Woodruff, 1967). Potassium, 

calcium, magnesium, were extracted in 1N ammonium acetate and measured on the 

atomic absorption spectrophotometer (Thomas, 1982). Phosphorus was measured 

colorimetrically using Bray-1 extraction solution (Bray and Kurtz, 1945). Nitrate was 

determined using a 0.025M aluminum sulfate extraction and ion specific electrode.  
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Ammonium was measured with a 2M KCl extraction idophenole blue colorimetric 

determination. Zinc, iron, manganese, and copper were extracted using the 

nonequilibrium extraction method with DTPA (Lindsay and Norvell) and measured on 

the atomic absorption spectrophotometer. CEC was calculated by summing the 

neutralizable acidity with the K, Mg, and Ca concentration in meq/100g soil (Brown and 

Rodiguez, 1983). Total soil N and C was calculated based on the organic matter content 

(Brady and Weil, 2002). The C content of the organic matter was considered as 50%, and 

the C:N ratio was 12 (Brady and Weil, 2002). Sulfate sulfur was extracted with 2M acetic 

acid solution and then measured with a BaSO4 turbid metric system (Brown and 

Rodiguez, 1983).  

The dried biomass samples at each harvest was digested with H2SO4-H2O2 with a 

Hach Digesdahl® (Loveland, CO) and then analyzed for their N, P, K, Ca, Mg, Fe, Cu, 

Zn, Mn content, using the same methods as soil. The cations were analyzed by atomic 

absorbance spectrophotometer, whereas the N was by idophenol blue. 

The nutrient uptake (kg ha
-1

) in the leave, the stalk, and the bagasse was 

calculated by multiplying their yield by their nutrient content. The nutrient uptake in the 

whole biomass was obtained by summing the nutrient uptake of the leaves and the stalk. 

The nutrient uptake in the juice was obtained by subtracting the nutrient uptake in the 

bagasse from that of the stalk.  
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Photo 7.1: Scheme of a switchgrass root harvest and soil sampling at Portageville, MO, in 2008-2009. 

(Photo: Roland Holou, Portageville, MO, 2008). 

Four clumps were dug each month from May to November. Digging of the clumps was very challenging 
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Photo 7.2: Taking soil samples under switchgrass clump at Portageville.  

(Photo: Roland Holou, Portageville, MO, 2008). 

 

Photo 7.3: Taking soil samples outside switchgrass clump at Portageville, MO. 

 (Photo: Roland Holou, Portageville, MO, 2008) 

 
Photo 7.4: Switchgrass clump dug, and ready to be taken into the laboratory for more root work. 

(Photo: Roland Holou, Portageville, MO, 2008). 
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Photo 7.5: Switchgrass roots at Portageville, MO. 

(Photo: Roland Holou, Portageville, 2008) 

 

Photo 7.6: Switchgrass rhizomes at Portageville, MO.  

(Photo: Roland Holou, Portageville, 2008) 

 

7.3.7. Statistical analysis 

The data were analyzed using the Proc mixed model in SAS 9.2 (SAS Institute 

Inc., Cary, NC). Significant differences were assumed for p≤0.05. The year, the soil type, 

and the N rate were considered the main fixed factors, whereas the block (repeat) was 

classified as a random variable. For the Proc Mixed model, the estimation method was 

the Restricted Maximum Likelihood (REML). When a significant difference was found 
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based on the year or the soil type, the test was repeated for each year and each soil type 

separately. Means were separated and grouped by letter by using the macro developed by 

Saxton  (1998). Significant differences are assumed for p≤0.05. The data were graphed 

and fitted into a model using Excel 2007 (Microsoft Corp, Redmond, WA) spreadsheet 

software. The Pearson coefficient was calculated using the Proc Corr procedure in SAS to 

determine the linear correlation between variables.  

7.4. Results 

7.4.1. Weather summary 

Table 7.1 summarizes the weather condition in the study area during the course of 

this experiment. Overall, the precipitation during the growing period of switchgrass was 

much higher in 2009 was higher than that of 2008.  The temperature was almost the same 

in both years.   

7.4.2. Soil pHs 

The pHs of the soil was statistically different according to the year (p=0.0002), 

the month (p<.0001) and the date (p<.0001) (Table 7.2). In general, the pH outside the 

clump did not change during the year. In contrast, the pH of the soil taken at the other 

places was highly affected by the date (Table 7.2, 7.3). Usually, the pH of the soil 

increased as the plant senesced (Table 7.3). This suggested that throughout the year, the 

roots may have been secreting some compounds that decreased the acidity of the 

rhizosphere. In most cases, the pH in the clump is higher than that in the other regions in 

the switchgrass field. In all regions of the soil, the pH of the soil in July, which is the 

month that the highest biomass production was made, was low. This suggested that 

intense photosynthesis activity may be associated with acidification of the soil in the case 
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of switchgrass. In general, the pH was higher in the cotton field than in the switchgrass 

plots. 

7.4.3. Neutralizable acidity 

Like the pH, the neutralizable acidity (N.A.) was affected by the year, the month, 

and the date (Table 7.2). Generally, it is only in and under the clump that the N.A. 

significantly changed along the year. In both years, the N.A. of the soil taken from the 

clump significantly depended on the date of soil sampling (Table 7.2). The impact of the 

date on the N.A. under the clump depended on the year. The N.A decreased from the 

beginning of the growing season until October, after which it picked up, suggesting that 

towards the end of the season, the soil acidity drastically changed (Table 7.3). These 

numbers confirmed that significant chemical changes occurred in and under the clump.  

Thus, the amount of limestone required to increase the soil pH to a desirable level will be 

significantly different. Generally, the lowest N.A. was recorded in the cotton field, 

proving that the soil was being cultivated. 
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Table 7.1: Weather summary at Portageville, Missouri in 2008-2009. 

Weather Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Total 

monthly 

precipitation 

(mm) 

2008 49 87.4 231.5 143.8 93.1 35.2 67.1 45 74.1 74.3 51.6 142.5 

2009 64.2 102.5 69.3 139.9 171.2 69.9 106.6 54.9 119.5 259.8 35.4 150.1 

Maximum 

air 

temperature 
(°C) 

2008 6.7 8.9 14.4 19.1 25.6 32 32.9 30.8 28.2 22.6 13.2 8.5 

2009 6 11.2 16.4 20.7 24.8 32.5 30 30 27.6 18.9 17.4 6.7 

Minimum 
air 

temperature 

(°C) 

2008 -2.6 -0.2 4 8.3 14.1 20.5 21.6 19.8 16.2 9.2 2.7 -1.3 

2009 -3.4 1.4 5.6 9.3 15.4 20.8 20.1 18.7 17.2 8.8 5.9 -1 

Average air 
temperature 

(°C) 

2008 2.2 4.3 9.2 13.8 20 26.2 26.9 24.9 21.8 15.5 7.9 3.5 

2009 1.2 6.1 10.9 14.8 20.1 26.5 24.8 24 21.8 13.6 11.3 2.7 

Total solar 

radiation 
(MJ/M²) 

2008 7.6 8.9 12.2 16.5 17.8 21 20.8 18.9 15.1 13.3 8.4 6.1 

2009 7.6 10.6 13.1 16 16.5 21.1 18.8 20.3 13.8 8.7 9.2 5.6 

Vapor 
pressure 

(KPA) 

2008 0.6 0.7 0.9 1.2 1.6 2.1 2.5 2.3 1.9 1.2 0.8 0.7 

2009 0.5 0.7 1 1.2 1.8 2.3 2.2 2.3 2.1 1.3 1 0.6 

Vapor 

pressure 

deficit 

(KPA) 

2008 0.2 0.2 0.4 0.5 0.8 1.4 1.2 0.9 0.8 0.7 0.4 0.2 

2009 0.2 0.3 0.5 0.6 0.7 1.3 1 0.8 0.6 0.4 0.4 0.2 
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Table 7.2: Impact of the year and the harvest time on the nutrient content of the soil underneath switchgrass var. Alamo. 

Variable Year 

Effect† for  all data combined Impact of the Date 

Year Month Soil Depth Cotton Field In Clump 
Outside Outside Outside Under Under 

0-15 cm 15-30 cm 30-45 cm 0-15 cm 15-30 cm 

pHs 
2008 

*** **** ****  
** ns ns ns ns ns 

2009 ns ns ns * ** * * 

N.A. (meq/ 100g) 
2008 

*** **** **  
*** ns ns ns ns * 

2009 ns ** ns ns ns ** ns 

OM (%) 
2008 

ns ns ****  
* ns ns ns ns ns 

2009 ns * ns ns ns ns ns 

CEC (meq/ 100g) 
2008 

ns * ****  
ns ns ns ns ns ns 

2009 ns *** ns ns ns ** ns 

P Bray I (mg kg-1) 
2008 

ns *** ****  
** ns * ns ns ns 

2009 ns ** ns ns * ns ** 

Ca (mg kg-1) 
2008 

*** ns ****  
ns ns ns * ns ns 

2009 ns ns ns ns * * ns 

Mg (mg kg-1) 
2008 

** * ****  
* ns ns ns ns ns 

2009 ns ns ns ns ns ns ns 

K (mg kg-1) 
2008 

ns ** ****  
** ns * ns ns ns 

2009 ns * ns ns ns ns ns 

C (%) 
2008 

ns ns ****  
* ns ns ns ns ns 

2009 ns * ns ns ns ns ns 

Total N (%) 
2008 

ns ns ****  
* ns ns ns ns ns 

2009 ns * ns ns ns ns ns 

SO4-S (mg kg-1) 2009 
 

**** ns * ns ns *** * * ns 
Zn (mg kg-1) 2009 

 
**** **** ns ns ns ns ns ns ns 

Fe (mg kg-1) 2009 
 

**** ** ns ns ns ** ns ns ns 

Mn (mg kg
-1

) 2009 
 

**** * ns ns ns ns * ns ns 

Cu (mg kg-1) 2009 
 

**** ** * * * * ns ns ns 

NO3-N (mg kg-1) 2009 
 

**** * *** ns ** *** ns *** **** 

B (mg kg-1) 2009 
 

**** ** * ns *** ** ** * ** 

†: ****: p<0.0001; ***: p<0.001; **: p<0.01; *: p<0.05; ns (non significant) : p>0.05. 
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Table 7.3: Impact of the harvesting time and the soil sampling depth on the pH, neutralizable acidity, 

organic matter and the CEC of switchgrass cv. Alamo's soil. 

Soil 

characteristic 

Soil Depth 

(cm) 
Year 

Nutrient content in soil† 

May Jun July October November 

pHs 

Cotton Field 2009 5.7 6.28 5.07 6.15 5.8 

In Clump 2008 4.75 b 5.1 b 4.83 b 5.48 a 5.5 a 
2009 5.3 5.48 5 5.68 5.7 

Outside0-15 2008 5.05 5.13 4.83 5.38 5.05 
2009 4.78 5.35 5.4 5.63 5.65 

Outside15-30 2008 
 

4.9 4.55 
 

4.75 
2009 4.48 b 4.88 ab 5.03 ab 5.25 a 5.43 a 

Outside30-45 2008 
 

4.95 4.7 
 

4.83 
2009 4.53 c 5.13 ab 4.87 bc 5.23 ab 5.25 a 

Under0-15 2008 4.9 4.68 4.63 
 

4.95 
2009 5 ab 4.98 ab 4.7 b 5.05 ab 5.35 a 

Under15-30 2008 
 

4.88 4.73 
 

5.05 
2009 4.95 bc 5.18 ab 4.77 c 4.95 bc 5.35 a 

N.A. (meq/ 
100g) 

Cotton Field       
2009 1.63 1.75 3.33 0.25 2.5 

In Clump 2008 3.38 a 2.5 bc 2.75 b 1.75 d 2.13 cd 
2009 3.88 a 2 b 1.75 b 1.13 b 1.75 b 

Outside0-15 2008 2.5 2.38 2.88 1.75 2.5 
2009 2.75 2.63 1.33 1.25 2.38 

Outside15-30 2008 
 

2.75 3.63 
 

3.13 
2009 3 2.38 1.83 1.88 2.13 

Outside30-45 2008 
 

3 3.13 
 

2.83 
2009 2.88 2.5 1.83 2.13 2.63 

Under0-15 2008 3.13 3.5 3.25 
 

2.88 
2009 3.63 a 2.38 b 2.17 bc 1.38 c 2.5 b 

Under15-30 2008 
 

3a 3.25 a 
 

2.5 b 
2009 3.75 2.13 2.17 2.5 3 

OM (%) 

Cotton Field 2009 0.88 0.6 0.93 0.9 0.6 

In Clump 2008 1.13 c 1.88 a 1.75 ab 1.2 bc 1.78 a 
2009 1.78 ab 1.18 b 1.1 b 1.48 a 2.43 a 

Outside0-15 2008 0.88 1.48 0.85 1.78 1.45 
2009 1.25 0.88 0.93 1.68 1.1 

Outside15-30 2008 
 

0.73 0.6 
 

0.88 
2009 0.63 0.48 0.9 0.73 0.48 

Outside30-45 2008 
 

1.2 0.83 
 

0.63 
2009 0.9 0.7 0.97 0.88 0.83 

Under0-15 2008 0.85 0.88 0.7 
 

0.7 
2009 1.08 0.7 1.37 0.88 0.5 

Under15-30 2008 
 

1.2 1.1 
 

1.05 
2009 0.85 0.43 0.87 0.98 0.9 

CEC (meq/ 

100g) 

Cotton Field 2009 7 7.08 8.37 6.23 6.88 

In Clump 2008 7.05 8.03 7.18 7.1 6.93 
2009 9.03 a 6.68 b 6.89 b 6.25 b 7.03 b 

Outside0-15 2008 6.85 7.08 6.88 7.23 7.05 
2009 6.85 7.2 6.3 6.63 7.2 

Outside15-30 2008 
 

6.95 7.23 
 

6.88 
2009 7.13 6.6 7.63 6.1 6.4 

Outside30-45 2008 
 

10.38 8.43 
 

8.03 
2009 9.1 8.83 8.43 8.3 11.85 

Under0-15 2008 7.43 9.1 7.73 
 

6.7 
2009 12.53 a 8.48 b 7.3 b 5.88 b 8.6 b 

Under15-30 2008 
 

11.8 9.55 
 

9.18 
2009 13.1 9.6 9.3 11.3 13.95 

†: Mean separation is done only for the data that showed significant difference between harvest date. 

Number followed by same letter are not statistically different at p=0.05 within the same row. 
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7.4.4. Organic matter 

The organic matter (OM) in the switchgrass field depended on the soil depth. It 

varied from 0.48% to 2.43%. The highest values were recorded in the soil taken from the 

clump. Changes in the organic matter occurred everywhere in the soil. However, it was 

only in the soil taken from the clump that the organic matter significantly depended on 

the date (p=0.035 in 2008 compared to p=0.027 in 2009) (Table 7.2). This data confirmed 

that the most significant change of the OM happened mostly in the clump. In both years, 

the organic matter in the clump significantly augmented from October to November 

(Table 7.3). In 2009, the increase started in July (Table 7.3), suggesting that the 

glyphosate spraying that affected the plant at that time induced an early translocation of 

the organic compounds toward the soil. Since no significant increase in the organic 

matter happened in other parts of the soil from October to November, it is clear that the 

increase encountered in the clump was due to compounds translocated from the 

aboveground biomass. The organic matter of the soil in the clump in November was 

145% and 164.4% that of October in 2008 and 2009 respectively. These results proved 

that a significant amount of organic matter was mobilized from the plant to the soil 

during that time. The fact that the organic matter did not change at any location of the soil 

besides in the clump suggested that the organic matter did not return to the soil by 

leaching, but mostly by direct translocation from the plant into the roots and from the 

roots into the neighboring soil. 
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7.4.5. Cation exchange capacity 

The cation exchange capacity (CEC) of the soil varied according to the month 

(p=0.0132) and the soil depth (p<.0001). In general, it is only in the clump and under the 

clump (in the first 0-15 cm under the clump) that significant variation was observed in 

the CEC along the year (Table 7.2, 7.3). In 2008, the CEC decreased towards the end of 

the season, whereas in 2009, it increased from October to November (Table 7.3). The 

CEC was mostly higher beneath the clump and in the 30-45 cm region outside the clump.  

7.4.6. Phosphate content of the soil 

Phosphate is one of the nutrients that farmers are concerned about. Its deficiency 

is very detrimental for plant production. The P content of the soil depended on the month 

(p=0.0003) and the soil depth (p<.0001) (Table 7.2). The P content of the soil ranged 

from 11 to 50.9 mg kg
-1

 according to the soil depth and the date (Table 7.4). Interestingly, 

the P content of the soil significantly increased towards the end of the season in both 

years. From July to the end of the season, the P content of the soil augmented at every 

location that was explored in the soil (Table 7.4). The P content of the soil in November 

was 86.4 to 206.6% that of October according to the year and the soil depth. The highest 

increase was recorded under the clump (15-30 cm) and outside the clump (30-45 cm) 

(Table 7.4). During the year, the most significant change was always recorded in the 

clump (p=0.002 in 2008 and p=0.008 in 2009) (Table 7.2), suggesting that although the P 

levels changed in all parts of the soil, the most variation was happening in the 

environment near the roots (in the clump and under the clump). Less significant change 

in P content was encountered in the first 0-15 cm outside the clump (Table 7.4). These 
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results proved that switchgrass is translocating P from its biomass toward the soil near the 

roots which is why there is more P in November as compared to July and October. 

7.4.7. Calcium content of the soil 

Calcium is more than P in the soil under switchgrass (Table 7.4). Its concentration 

in the soil mostly depended on the year (p=0.001) and the soil depth (p<.0001), ranging 

from 456.8 to 1442 mg kg
-1

. Although toward the end of the season the Ca concentration 

in the clump did not significantly increase, under the clump (0-15 cm) and outside the 

clump (30-45 cm) it did. For instance, outside the clump (30-45 cm), the Ca in November 

was 131.1% that of October. The increase of Ca content of the soil from October to 

November was observed mostly in 2009.  

7.4.8. Magnesium content of the soil 

Over the course of this study, the most significant impact of the date on the Mg 

content of the soil happened in the clump (p=0.0142) and under the clump (Table 7.2). 

The increase of soil P content from October to November mostly occurred under the 

clump (0-15 cm) (Table 7.4). This suggested that some Mg is remobilized under the 

clump from July to November. 

7.4.9. Potassium content of the soil 

Potassium is another crucial macronutrient that farmers have to add to their soil to 

keep their soil fertile. Its removal will certainly affect the production costs. In general, K 

content of the soil varied between 72.9 mg kg
-1

 and 302.1 mg kg
-1

, with the highest value 

obtained at the end of the season in the clump. Some K returned also under the clump. 

These results proved that the late harvest of switchgrass allowed the translocation of the 



 

224 

 

K from the biomass to the soil in contact with the clump. In general, the soil removed 

from the clump was more concentrated in K. Usually, the K content of the soil in the 

clump in November was 113.6 to 180.3% that of October (Table 7.4). Additionally, under 

the clump, the K content in the soil from October to November increased up to 21.1% 

(Table 7.4). From July to November, the K content of the soil increased much more 

beneath of the clump i.e. 107.8 to 197.6% according to the year (Table 7.4). These results 

supported the hypothesis that the late harvest of switchgrass can significantly reduce the 

nutrient removal.  

7.4.10. Sulfur content of the soil 

Significant variation (p<.0001) was observed with the sulfur content of the soil 

along the year (Table 7.2). The sulfur content reached its lowest level in October, after 

which its significantly increased until the end of November (Table 7.5). On average, the 

sulfur content of the soil in November was 2.9 to 10.9 times that of October (Table 7.5). 

The highest content was found outside the clump and in the clump (Table 7.5). This 

suggested that the sulfur may have returned to the soil by both leaching and translocation 

through roots. In addition, harvesting in November is better as it allowed a significant 

amount of sulfur to return to the soil.  
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Table 7.4: Impact of the harvesting time and the soil sampling depth on the P, Ca, Mg, and K content of the 

switchgrass cv. Alamo at Portageville, Missouri, in 2008 and 2009. 

Soil 

characteristic 

Soil Depth 

(cm) 

Year Nutrient content in soil † 

May Jun July October November 

   ------------------------------------mg kg-1------------------------

------ P Bray I  Cotton Field 2009 37.88 36.75 29 27.5 38.38 
In Clump 2008 24 b 32.63 a 23.5 b 35.75 a 35.25 a 

2009 33.13 a 33.38 a 26 ab 19.38 b 25.75 b 
Outside0-15 2008 23.75 32.5 27.75 27.88 37.25 

2009 24 26.38 23.17 25.13 33.13 
Total 23.88 29.44 25.79 26.5 35.19 

Outside15-30 2008  18.75 b 17.38 b  23.5 a 
2009 17.5 13.88 13.5 23.88 20.63 

Outside30-45 2008  19 23.38  17.83 
2009 25.38 ab 12.5 c 12.33 bc 14.88 bc 29.5 a 

Under0-15 2008 24 15 17.13  23.38 
2009 22.88 11 18.5 19.75 25.25 

Under15-30 2008  20.75 20  20.75 
2009 35.13 ab 17 bc 12.19 c 24.63 bc 50.88 a 

Ca  Cotton Field 2009 727.63 666.38 678.5 773.5 619.25 
In Clump 2008 469.88 680.38 509.25 591.88 522.75 

2009 607.38 564.38 616 632 586.5 
Outside0-15 2008 549.5 594.5 484.5 671.5 555.5 

2009 507.13 536.25 598.83 669.63 644 
Outside15-30 2008  533.75 472.63  461.75 

2009 555.38 538.38 847 456.75 574.38 
Outside30-45 2008  1149.5 a 805.75 

ab 

 577.62 b 
2009 922.25 b 958.5 b 1008.5 b 887.38 b 1458.13 a 

Under0-15 2008 620.25 844.13 668.75  520.75 
2009 1404.13 

a 

909.13 b 807.67 b 633.38 b 895.5 b 
Under15-30 2008  1443 1021  1011.5 

2009 1442.88 1136.38 1114.67 1305.5 1738.25 
Mg  Cotton Field 2009 162.75 177.63 162 208.25 121.25 

In Clump 2008 116.25 b 213.38 a 161.25 

ab 

200.25 a 164.13 ab 
2009 180.13 176.13 194.25 185.75 193.5 

Outside0-15 2008 152.88 170.88 143 206.63 157.38 
2009 149.13 176.75 193 187.25 154 

Outside15-30 2008  149.38 112.63  132.75 
2009 125.13 146.13 159.5 163.13 140.5 

Outside30-45 2008  163.5 116.13  123.83 
2009 154.25 154 165.17 175.38 190 

Under0-15 2008 107.88 133.5 106.88  113 
2009 194.38 146 133.17 123.63 153.63 

Under15-30 2008  164.38 120.38  158 
2009 225.13 173.38 166.5 221.38 227.63 

 

 

K  Cotton Field 2009 149.38 205.88 112.67 152.75 112.13 
In Clump 2008 151.5 c 135.75 c 198.5 bc 273.63 

ab 

310.75 a 
2009 233.5 ab 159.13 b 298.25 a 162.75 b 293.38 a 

Outside0-15 2008 124.63 126.38 164.5 153.88 182 
2009 132.88 163.63 146.67 181.25 121.5 

Outside15-30 2008  109.38 b 115.5 b  137.5 a 
2009 125.5 122.75 94 218.75 91.25 

Outside30-45 2008  96.38 110.25  118.83 
2009 128.13 97.13 72.17 117.75 142.63 

Under0-15 2008 119.13 98.75 92.13  115 
2009 111.75 132.75 79.67 116.38 131.13 

Under15-30 2008  87.5 74.5  115.5 
2009 91.75 130.88 70.83 160.38 136 

†: Mean separation is shown for data that showed significant difference for the same soil depth. Number 

followed by same letter are not statistically different at p=0.05 within the same row. 
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Table 7.5: Impact of the harvesting time and the soil sampling depth on the C, total N, SO4-S, and Zn 

content of the switchgrass cv. Alamo at Portageville, MO, in 2008 and 2009. 

Soil 

characteristic 

Soil Depth 

(cm) 
Year 

Nutrient content in soil† 
 

May Jun July October November 

C (%) 

Cotton Field 2009 0.44 0.3 0.47 0.45 0.3 

In Clump 2008 0.56 c 0.94 a 0.88 ab 0.6 bc 0.89 a 
2009 0.89 ab 0.59 b 0.55 b 0.74 b 1.21 a 

Outside0-15 2008 0.44 0.74 0.43 0.89 0.73 
2009 0.63 0.44 0.47 0.84 0.55 

Outside15-30 2008 
 

0.36 0.3 
 

0.44 
2009 0.31 0.24 0.45 0.36 0.24 

Outside30-45 2008 
 

0.6 0.41 
 

0.32 
2009 0.45 0.35 0.48 0.44 0.41 

Under0-15 2008 0.43 0.44 0.35 
 

0.35 
2009 0.54 0.35 0.68 0.44 0.25 

Under15-30 2008 
 

0.6 0.55 
 

0.53 
2009 0.43 0.21 0.43 0.49 0.45 

Total N (%) 

Cotton Field 2009 0.04 0.03 0.04 0.04 0.03 

In Clump 2008 0.05 c 0.08 a 0.07 ab 0.05 bc 0.07 a 
2009 0.07 ab 0.05 b 0.05 b 0.06 b 0.1 a 

Outside0-15 2008 0.04 0.06 0.04 0.07 0.06 
2009 0.05 0.04 0.04 0.07 0.05 

Outside15-30 2008 
 

0.03 0.03 
 

0.04 
2009 0.03 0.02 0.04 0.03 0.02 

Outside30-45 2008 
 

0.05 0.03 
 

0.03 
2009 0.04 0.03 0.04 0.04 0.03 

Under0-15 2008 0.04 0.04 0.03 
 

0.03 
2009 0.04 0.03 0.06 0.04 0.02 

Under15-30 2008 
 

0.05 0.05 
 

0.04 
2009 0.04 0.02 0.04 0.04 0.04 

SO4-S 

(mg kg-1) 

Cotton Field 2009 2.95 ab 0.98 bc 2.2 abc 0.25 c 4.35 a 

In Clump 2008 
    

2.15 
2009 0.33 b 0.58 b 2.5 ab 0.48 b 3.85 a 

Outside0-15 2008 
    

1.3 
2009 0.93 ab 0.48 ab 3.97 ab 0.33 b 5.75 a 

Outside15-30 2008 
    

2.13 
2009 1.13 b 0.55 b 2.66 a 0.28 b 3 a 

Outside30-45 2008 
    

1.9 
2009 0.58 b 1.25 ab 2.76 a 0.8 b 2.85 a 

Under0-15 2008 
    

1.8 
2009 3.03 a 1.05 b 3.8 a 0.35 b 2.13 ab 

Under15-30 2008 
    

1.6 
2009 4.4 1.4 1.53 0.7 2.4 

Zn (mg kg-1) 

Cotton Field 2009 0.48 0.73 1.07 0.7 0.73 

In Clump 2008 
    

1.95 
2009 1.28 b 1.18 b 1.45 ab 0.85 b 2.65 a 

Outside0-15 2008 
    

0.35 
2009 0.83 0.93 0.57 0.93 2.08 

Outside15-30 2008 
    

0.23 
2009 0.5 0.6 0.43 0.25 1.4 

Outside30-45 2008 
    

0.13 
2009 0.43 0.45 0.23 0.18 0.53 

Under0-15 2008 
    

0.15 
2009 0.48 0.35 0.43 0.3 1.4 

Under15-30 2008 
    

0.1 
2009 0.28 0.25 0.17 0.1 0.48 

†: Mean separations are shown for data that showed significant difference within the same year and for  the 

same soil depth. Number followed by same letter are not statistically different at p=0.05 within the same 

row. 
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7.4.11. Total nitrogen content of the soil 

The total nitrogen content of the soil in the clump increased from October to 

November (Table 7.5). The increase was found only in the soil taken from the clump. 

That result proved that more N translocated from the biomass to the soil in contact with 

the roots. Although the total N content of the soil is very high, only a fraction of it is 

available to the plant as nitrate or ammonium (Table 7.6). 

7.4.12. Total carbon content of the soil 

The increase of the total soil C content was significant from October to November 

(Table 7.5), suggesting that some organic compounds migrated from the biomass to the 

soil. These can be the products of photosynthesis such as carbohydrates. These 

compounds can surely contribute to increase the soil fertility. Therefore, a late harvest 

should be beneficial for their mobilization towards the soil.  

7.4.13. Zinc content of the soil 

Although not needed by plants in huge amounts, Zn deficiencies can be 

detrimental for the proper growth of crops. The zinc content of the soil in the clump was 

significantly affected by the date of soil sampling (p<.0001) as well as by the soil depth 

(p<.0001). Along the year, although the Zn content of the soil increased in most of the 

sampled soils, the highest significant changed occurred in the clump (p=0.067) (Table 

7.5). In general, the Zn content of the soil in November was 131.1-325 higher than that of 

October. The highest increase was observed outside the clump (15-30 cm) (Table 7.5). 

During the year, at any date, the highest Zn content was recorded in the clump. In 

November 2009, the Zn content of the soil collected from the clump was 2.3 mg kg
-1

 

which was 170.6% higher than that in October.  
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7.4.14. Iron content of the soil 

The Fe content of the soil varied with the date (p<.0001) and with the soil depth 

(p=0.0023) (Table 7.2, 7.6).  In general, the Fe content of the soil increased from October 

to November outside the clump, whereas its content decreased in and under the clump. 

These results suggested that the Fe may have been lost in the leaves by leaching. In most 

cases, the return of Fe to the soil was not significant (Table 7.2). These data corroborated 

with the nutrient removal data. Indeed the Fe increased in the plant as it aged. So, 

switchgrass mostly kept its Fe. 

7.4.15. Manganese content of the soil 

Significant variation in Mn content occurred according to the date (p<.0001), but 

less with the soil depth (p=0.0539) (Table 7.2). Generally, the soil did not recover its Mn. 

In most cases, the Mn content of the soil decreased from July to November (Table 7.6). 

Manganese may have been very critical for the growth of switchgrass and that is why it 

kept it.  

7.4.16. Copper content of the soil 

The impact of the date on the Cu content of the soil was significant (p<.0001) and 

depended on the soil depth (p=0.0095) and location (Table 7.2). From October to 

November some copper was recovered in the clump and outside the clump (0-15 cm) 

(Table 7.6). This suggested that copper may have been lost through the roots and also by 

leaching. However, in general, copper content in the soil decreased from July to 

November, suggesting that the plant took up the Cu when it was senesced. This data 

concurred with the nutrient uptake in the biomass. Indeed, Cu accumulation in the 

aboveground biomass increased from October to November. A question of interest would 
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be why the plant needed Cu during senescence while it returned most of the other 

nutrients back to the soil? 

7.4.17. Nitrate-N (NO3-N) content of the soil 

Both the date and the soil depth significantly affected the nitrate (NO3-N) content 

of the soil (Table 7.2, 7.6). Nitrate, one form of nitrogen in the soil, was significantly 

decreased from July until October and then increased (Table 7.6). In general, the NO
3
-N 

content of the soil in November was up to 356.6% that of October, with the highest value 

obtained in the clump. These results suggested that harvesting the switchgrass in 

November will help recover some NO3-N in the soil.   

7.4.18. Ammonium N (NH4-N) content of the soil 

The N in the form of ammonium in the soil was almost twice that of NO3-N. The 

NH4-N content of the soil also significantly increased from October to November. The 

increase was up to 325% as compared to October. These results confirmed that nitrogen 

in the form of ammonium moved from the plant to the soil. Like the nitrate, the NH4-N 

concentration was higher in the clump than in the other soil types (Table 7.7).  
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Table 7.6: Impact of the harvesting time and the soil sampling depth on the Fe, Mn. Cu and NO3-N content 

of the switchgrass cv. Alamo soil. 

Soil 

characteristic 

Soil Depth 

(cm) 

Year Nutrient content in soil† 

May Jun July October November 

   
---------------------------------- mg kg-1-------------------------

--------- 

Fe  

Cotton Field 2009 28.9 25.1 38.3 25.9 17.53 

In Clump 2008 
    

35.15 
2009 42.15 34.6 39.8 32.5 28.08 

Outside0-15 2008 
    

50.13 
2009 28 43.4 32.13 32.3 26.93 

Outside15-30 2008 
    

41.2 
2009 29.18 b 31.15 b 44. 82 a 22.63 bc 16.78 c 

Outside30-45 2008 
    

38.63 
2009 38.15 39.58 47.33 31.45 35.13 

Under0-15 2008 
    

37.85 
2009 64.23 35.63 44.6 34.8 21 

Under15-30 2008 
    

50.23 
2009 53.13 35.33 47.83 40.75 32.28 

Mn  

Cotton Field 2009 5.58 10.83 11 9.9 4.7 

In Clump 2008 
    

10.08 
2009 11.03 10.73 15.15 12.98 10.98 

Outside0-15 2008 
    

12.55 
2009 5.28 9.93 7.23 12.58 6.95 

Outside15-30 2008 
    

7.8 
2009 4.88 9.33 12.1 6.58 4.85 

Outside30-45 2008 
    

5.07 
2009 5.4 bc 13.05 a 11.49 ab 8.5 abc 2.23 c 

Under0-15 2008 
    

7.2 
2009 2.8 8.78 10.97 10.8 3.53 

Under15-30 2008 
    

5.33 
2009 2.05 9.98 13.37 7.7 2.1 

Cu  

Cotton Field 2009 0.37 b 0.55 ab 0.79 a 0.55 ab 0.34 b 

In Clump 2008 
    

0.64 
2009 0.64 b 0.59 b 1.06 a 0.46 b 0.43 b 

Outside0-15 2008 
    

0.62 
2009 0.39 b 0.63 a 0.62 a 0.45 ab 0.4 b 

Outside15-30 2008 
    

0.53 
2009 0.36 b 0.63 b 1.21 a 0.49 b 0.43 b 

Outside30-45 2008 
    

0.57 
2009 0.5 b 1.04 a 1.19 a 0.63 ab 0.5 b 

Under0-15 2008 
    

0.56 
2009 1.13 0.87 1.14 0.7 0.42 

Under15-30 2008 
    

0.68 
2009 0.96 0.66 1.26 0.71 0.49 

NO3-N  

Cotton Field 2009 9.78 b 19.55 a 6.88 bc 0.75 c 2.6 c 

In Clump 2008 
 

5.33 2.78 2 6.6 
2009 3.38 b 9.06 a 5.35 ab 1.05 b 4.28 ab 

Outside0-15 2008 
 

1.93 8.05 2.45 4.48 
2009 2.75 bc 10.13 a 5.76 ab 0.83 c 3.43 bc 

Outside15-30 2008 
 

1.9 2.75 
 

3.9 
2009 2.48 bc 7.32 a 3.28 b 0.68 c 1.03 bc 

Outside30-45 2008 
 

2.08 4.4 
 

3.37 
2009 2.5 18.22 2.4 1.85 0.65 

Under0-15 2008 
 

1.93 3.15 
 

3.28 
2009 3.83 b 5.52 a 3.02 bc 1.45 cd 0.93 d 

Under15-30 2008 
 

1.9 2.88 
 

3.33 
2009 3.3 b 5.05 a 2.1 c 1.58 cd 0.73 d 

†: Mean separations are shown for data that showed significant difference. Number followed by same letter 

are not statistically different at p=0.05 within the same row. 
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7.4.19. Boron content of the soil 

Boron is one of the nutrients present in little amounts in the soil. Like the other 

nutrients, its content in the soil depended on the date (p<.0001) and the soil depth 

(p=0.01) (Table 7.2, 7.7). In general, B content was higher in the soil taken from clump.  

From October to November, the concentration of B in almost all the soil depths explored 

during the course of this study doubled (Table 7.7). From July to October, its content 

significantly decreased in the soil, suggesting that the plant may have taken up during 

that time. Besides returning to the soil through the plant roots, Boron may have leached 

out of the biomass as it is found in the outside region. Therefore, although not present in 

large amounts in the soil, harvesting the plant in November can significantly increase the 

B return to the soil. 

7.4.20. Did any of the nutrients accumulate in the underground biomass as 

the switchgrass was senescing?  

In most cases, as switchgrass aged, the nutrient content of the rhizomes increased 

whereas that of the roots did not. These results suggested that as the nutrients left the 

switchgrass aboveground biomass to return to the roots, some accumulation occurred in 

the rhizomes, but once the nutrients reached the roots, they were released to the soil. For 

instance, as switchgrass was senescing, no significant increase in N content was found in 

the roots as opposed to the rhizomes (Figure 7.1). At the same time, the N content of the 

leaves decreased, confirming a potential N increase in the underground biomass and the 

soil. There was a significant increase in the soil N content which further confirms the 

translocation of N from the aboveground biomass to the soil. 
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Table 7.7: Impact of the harvesting time and the soil sampling depth on the NH4-N, B content of the 

switchgrass cv. Alamo soil. 

Soil 

characteristic 

Soil 

Depth 

(cm) 

Year 
Nutrient content in soil 

May Jun July October November 

NH4-N  

(mg kg-1) 

Cotton 

Field 
2009 

   
2.3 4.63 

In Clump 2009 
   

2.6 5.83 

Outside 
0-15 

2009 
   

2.5 4.68 

Outside 

15-30 
2009 

   
1.38 4.05 

Outside 

30-45 
2009 

   
1.2 5.1 

Under 0-

15 
2009 

   
3.45 3.38 

Under 

15-30 
2009 

   
2.35 5.3 

B (mg kg-1) 

Cotton 

Field 
2009 0.1 c 

0.18 

ab 

0.22 

a 
0.13 bc 0.16 abc 

In Clump 
2008 

    
0.14 

2009 0.26 

a 
0.3 a 0.22 

a 
0.13 a 0.24 a 

Outside 
0-15 

2008 
    

0.1 

2009 0.23 

a 

0.23 

a 

0.25 

a 
0.11 b 0.12 b 

Outside 

15-30 

2008 
    

0.09 

2009 0.24 

a 

0.14 

b 

0.22 

a 
0.1 b 0.09 b 

Outside 

30-45 

2008 
    

0.07 

2009 0.21 

a 

0.14 

b 

0.17 

ab 
0.08 c 0.12 bc 

Under 0-

15 

2008 
    

0.11 

2009 0.17 

ab 

0.18 

ab 

0.36 

a 
0.05 bc 0.1 b 

Under 

15-30 

2008 
    

0.07 

2009 
0.07 

c 

0.14 

b 

0.21 

a 
0.07 c 0.16 abc 

†: Mean separations are shown for data that showed significant difference. Number followed by same letter 

are not statistically different at p=0.05 within the same raw. 

 

  

0

5

10

May Jun July September October November

N
 c

o
n

te
n

t 
(%

)

Leaf Rhyzome Washed Root Washed Stem

Figure 7.1: Seasonal evolution of N content in the aboveground and the underground biomass 

of Alamo switchgrass. 

During senescence, N content decreased in the leaves, but increased in the rhizomes. 



 

233 

 

The K content of the root and the rhizome was more than half that of either the 

leaves or the stem. After July, the K content of the stem and the leaves significantly 

decreased, whereas no increase was found in the underground biomass (Figure 7.2). 

However, there is a slight increase in the K content of the roots with time. 

 

 

 

 

 

 

 

 

 

As far as the P content was concerned (Figure 7.3), while its content was 

decreasing in the aboveground biomass, its underground part did not encountered any 

significant increase. This suggested that as the P returned back to the roots and rhizomes, 

it did not stay in them before ending up in the neighboring soil.  In general, the P content 

of the aboveground and underground biomass was similar. 
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Figure 7.3: Seasonal evolution of P content in the aboveground and the underground biomass 

of Alamo switchgrass. 

P decreased in leaf and stem during senescence. 

 

Figure 7.2: Seasonal evolution of K content in the aboveground and the underground 

biomass of Alamo switchgrass. 

K decreased in most organs from July to the end of the growing season. 
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In general, the Ca content was very high at the beginning of the season and then 

stabilized at a basal level in all organs (Figure 7.4). The Mg content of the leaves was 

more than twice that found in the other organs. Although a decrease in the Mg content in 

the leaves and the leaves occurred toward the end of the season, no increase was found in 

the roots or the rhizomes (Figure 7.5). This suggested that this nutrient returned directly 

to the soil as they reached the underground biomass which is reflected in the higher Mg 

content found in the soil in November. 
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Figure 7.4: Seasonal evolution of Ca content in the aboveground 

and the underground biomass of Alamo  switchgrass. 

Figure 7.5: Seasonal evolution of Mg content in the aboveground and the underground 

biomass of Alamo switchgrass. 
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The underground biomass was richer in Fe than the aboveground one. The Fe 

content significantly increased in all organs after Jun, suggesting that the demand was 

high when the plant entered its active growth period. During the year, the Fe content of 

the stem or the leaves did not change (Figure 7.6). However, from July a drastic decrease 

was encountered in the rhizome while a simultaneous increase was found in the roots. 

This suggested that as switchgrass began senescence, the Fe moved toward the roots. At 

that time, the Fe content of the roots was almost 3 times that of any other organ.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In general, the Zn content of both the roots and the rhizomes increased toward the 

end of the season (Figure 7.7) suggesting that this micronutrient accumulated in the 

underground biomass as the plant senesced.  

Around July, the Mn content in most organs (except the stem) increased up to 3 

times as compared to that before June. In most case, once its content reached the 

maximum in July, it did not change until the end of the season (Figure 7.8).  

Toward the end of the season, the Cu content of the underground and the 

aboveground biomass increased (Figure 7.9). 
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Figure 7.6: Seasonal evolution of Fe content in the aboveground and the 

underground biomass of Alamo switchgrass. 
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Figure 7.8: Seasonal evolution of Mn content in the aboveground and 

the underground biomass of Alamo switchgrass. 

 

Figure 7.9: Seasonal evolution of Cu content in the aboveground and the 

underground biomass of Alamo switchgrass. 

 

Figure 7.7: Seasonal evolution of Zn content in the aboveground 

and the underground biomass of Alamo switchgrass. 
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7.5. Discussion  

Our results showed that as switchgrass senesced, the nutrient content of the soil 

increased as that of the aboveground biomass was decreasing. In most cases, the nutrient 

content of the roots did not significantly change as opposed to that of the rhizomes. We 

also found that the nutrients returned to diverse locations in the soil, but generally in and 

under the clump. Additionally, our results proved that the movement of nutrients between 

the soil and the plants was dynamic throughout the year. In general, the nutrient content 

in the soil in November was higher than that in October. No change happened with the 

macronutrient content of the upper level (0-15 cm) of the soil outside the clump. 

Generally, the soil taken from the clump was the main sink of the nutrients as they 

returned to the soil. These results confirmed that the nutrient increase in the soil was due 

to their translocation from the plants to the soil through the roots and then from the roots 

to the soil. Other authors also found that the N is remobilized from  leaves to the 

underground biomass (Beaty et al., 1978; Clark, 1977).  

In addition to that, some micronutrients may have leached out from the leaves, 

which justified their presence in the outside region (0-15 cm). In general, these results 

confirmed our hypothesis that later harvest dates will reduce nutrient removal. Based on 

our harvest data, late November is the best time to harvest. Although the highest biomass 

was obtained reached by October, harvesting the biomass late in October will remove a 

significant amount of nutrients from the field. However, as the biomass in November was 

not much different than that of  October, and knowing that the nutrient content in the soil 

is higher in November than in October, it is clear that the best date to harvest the biomass 
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should be late November. We may even recommend waiting until the plant dries 

completely before harvesting the biomass.  

Although some nutrients such as Fe and Cu did not return to the soil in high 

quantities, their amounts in the biomass were not found to be high (see chapter on 

switchgrass nutrient uptake). The fact that some nutrients returned outside the clump (in 

the 30-45 cm region) is due to the root architecture of the plant. Indeed, as the roots go 

deeper, they become slanted (Photo 7.5) and can reach the outside regions. That is why 

fewer nutrients returned to the upper level of the outside region than to the deeper zones.  

Because of the complexity of switchgrass root system, and its depth, it will be 

difficult to calculate the exact amount of nutrients that returned to the soil in a real field. 

Indeed, the plants can return their nutrients to the soil through the apex of their roots, 

which may be more than 2 meters from the base of the plant. At this depth, it would be 

very difficult to take soil samples. In addition, the plant may lose some nutrients through 

the leaves. That kind of loss may not be easily monitored in real field conditions. 

Therefore, a study in a closed environment would allow to study the release of nutrients 

by evaporation through the leaves. However, based on our results, it is clear that a 

significant amount of nutrients returned to the soil through the roots. This is the first time 

that such results have been demonstrated with plants.  

Many scientists observed the nutrient decrease in the aboveground biomass as a 

the plant was senescing (Adler et al., 2006; Karp and Shield, 2008; Madakadze et al., 

1999; Sanderson et al., 1999a). Those who claimed that the aboveground nutrients 

returned to the roots (Lemus et al., 2008; Parrish and Fike, 2005; Yang et al., 2009) may 

be partially correct if they considered the rhizomes as roots. Indeed, we found that the 
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increase of the roots nutrient content was not significant, but that of the rhizomes was for 

certain minerals. The breakdown of Rubisco is the main source of N during senescence 

(Gregersen et al., 2008; Hörtensteiner and Feller, 2002). In soybeans and Arabidopsis, N 

moves to the seeds during senescence (Himelblau and Amasino, 2001; Sale and 

Campbell, 1980). Switchgrass does not produce many seeds; that may explain why the 

nutrients might not have gone there. However, due to the wind, we were unable to fully 

characterize the nutrient uptake in the seeds. This is another experiment in which a closed 

environment would be helpful. In wheat, N can volatilize and become gaseous as the 

plant senesces (Harper, 1987). To our knowledge, none of the previous authors that 

speculated about nutrients returning to the roots were able to study the changes in the soil 

nutrient content. Our results will revolutionize the field of nutrient translocation in plants, 

changing how scientists view nutrient uptake in plants. It introduces the previously 

undiscovered idea of a "reverse flow of nutrients from roots to soil". An interesting 

question that is not answered by this research is how or by what mechanism do the 

nutrients leave the roots to return to the soil? It is possible that the nutrients returned to 

the soil through the phloem reaching a certain concentration in the roots and then being 

released in the soil. Probably, as the nutrients moved from the aboveground biomass to 

the roots, they cannot stay definitively in the roots without hurting the plants. Indeed, 

those nutrients can serve as signaling molecules that can induce certain biological 

reactions. Their excess in the roots could damage them or disturb their normal 

physiology. The plant may have a mechanism to return nutrients to the soil as soon as 

they reach the maximum tolerable level. This area of plant nutrients cycling need to be 

explored in more details. Our results will probably drive the attention of many scientists 
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toward a new field of research never explored before: the reverse flow of nutrients from 

roots to soil.  

7.6. Conclusion 

Our results confirmed that when switchgrass is senescing, some nutrients return 

mostly to the rhizomes and to the soil. Generally, the soil taken from the clump was the 

main nutrient sink as they returned to the soil. Our results are part of the proof of the long 

time hypothesis that there is a sink of nutrients translocating from switchgrass 

aboveground biomass to the roots and soil, therefore providing evidence that has been 

lacking in the field on plant nutrition. We concluded that the harvest of switchgrass late 

in November will help minimize the nutrient removal and maximize biomass yield.  
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8. Literature Review on Drought and Root Biology of 

Sorghum and Corn 

8.1. Structure of sorghum and corn root system and how they 

explore soil 

A root‘s architecture is usually defined as ―the extension growth of individual root 

axes, the appearance of daughter roots along root axes, the direction of roots axis 

elongation, the senescence of roots axes and the plasticity of the processes in response to 

environmental conditions such as soil strength, nutrient availability, water status and 

oxygen status‖ (Lynch, 1995).  

Corn and sorghum root system is composed of seminal roots, nodal roots, and 

lateral roots. The primary roots give rise to lateral roots (LR) which can be first order, 

second order or third order, etc., depending on the root from which they came (Yamauchi 

et al., 1987). Based on the classification of Yamauchi et al. (1987), sorghum lateral roots 

can be divided into two categories: L type and S type. Indeed, the L type lateral roots are 

longer and give rise to second order lateral roots whereas the S type are shorter and do 

not give rise to second order LR. Lateral roots are also called branch roots in some 

literature. The nodal roots emerge from the node on the stem, and they are also called 

axial roots (Mollier and Pellerin, 1999) or adventitious roots because they do not derive 

from other roots (Hochholdinger et al., 2004). Nodal roots are sometimes divided into 

two categories: crown roots and brace roots. The crown roots are nodal roots that emerge 

from underground nodes, whereas the brace roots (Figure 8.1) come from above ground 
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nodes. Nodal roots are thought to have a higher impact on the architecture of  mature 

sorghum (Singh et al., 2008).  

 
Photo 8.1: Picture of sorghum brace roots in the field. 

 (Photo: Roland Holou, July 2008, Portageville, Missouri). 

  

The development of each root type depends on the genotype and the plant stage. 

Recently in Australia, Singh et al. (2008) screened more than 70 sorghum inbreeds to 

study the variability of their root structure and function. Based on their findings, only one 

seminal root is present in the sorghum root system. They found that the first nodal root in 

sorghum emerges when the plant has five leaves. In contrast to sorghum, maize root 

systems consist of one primary root, and a variable number of nodal and seminal roots 

from which emerge the laterals ones (Hochholdinger et al., 2004). In maize, the number 

of seminal roots can reach 13 (Feldman, 1994; Kisselbach, 1949; Sass, 1977). There is 

some argument about the lifespan of both the primary and the seminal roots of maize. 
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Indeed, some people think they die after the emergence of nodal roots whereas others 

think they persist.  

 In maize, lateral roots were observed 6-7 days after the establishment of primary 

and seminal roots, whereas nodal roots generally arose 10-14 days after germination 

(Hochholdinger et al., 2004). In maize, lateral roots are very short (Varney et al., 1991) 

and are very responsive to drought stress (Wang et al., 1991). In corn, the crown roots 

constitute the rootstock of an adult plant and they prevent the plant from lodging 

(Hochholdinger et al., 2004). At one month, sorghum produces 39 nodal roots whereas 

that of maize was 31 (Yamauchi et al., 1987), suggesting that sorghum can produce more 

nodal roots than corn. Between 10-14 days after germination, most of the maize root 

types are present in the soil (Hochholdinger et al., 2004). Because of the huge amount of 

roots in the soil, it is suggested that it will be necessary to study root systems at stages 

when they are less complex. For instance, 10-14 days after germination was found to be 

an excellent study period in maize because all roots were present but not complex 

(Hochholdinger et al., 2004). This may also be true for sorghum as it has more roots than 

corn. 

 Root angle is another parameter used to characterize plant root architecture. The 

root angle is defined by the orientation of the root as compared to the vertical. The 

sorghum genotypes that are resistant to drought have more vertical roots (Bhan et al., 

1973). In addition, those roots are 15 cm longer than that of the drought susceptible 

sorghum (Bhan et al., 1973). Sorghum root angles range from 10° to 50° with a 

significant difference between genotypes (Singh et al., 2008). The first order root 

branching angles showed much higher significant differences than second order ones 



 

244 

 

(Singh et al., 2008). According to Singh et al. (2008) the root angle of sorghum 

genotypes that are closely related is the same. Root architecture plays a big role in maize 

yield (Singh et al., 2008). 

Yamauchi et al. (1987) compared the root system of 13 cereal plants including 

sorghum and corn. They found that the development of a plant‘s root system is not 

correlated with its seed size. Interestingly, they put corn and sorghum in the same group 

(group III) which is characterized by vigorous root system development and an oblique 

orientation of their nodal roots. In this group, very few nodal roots ran vertically. More 

than 11% of sorghum nodal root angles were over 60° (Yamauchi et al., 1987).  

 Sorghum genotypes showed significant differences in their root biomass, 

branching angle, and diameter (Singh et al., 2008). The root and the shoot appearance in 

sorghum are closely related (Singh et al., 2008). When a sorghum plant has 6 leaves, the 

total nodal root length ranged from 205-304 cm (Singh et al., 2008). At the same stage, 

the number of nodal roots varied from 3.9 to 4.7, whereas the number of seminal roots 

was consistently one (Singh et al., 2008).  Nevertheless, these previous authors did not 

find significant differences between genotypes when considering the number of seminal 

roots, the number of nodal roots or the total length of the nodal roots at the 6 leaf stage of 

development. At this stage, the total root dry mass ranged from 0.257 g to 0.867 g (Singh 

et al., 2008). At that time, they found that the nodal root diameters averaged 0.8-1.3 mm. 

Based on this experiment done in Australia (Singh et al., 2008), it was recommended that, 

to really appreciate nodal root systems in sorghum, one needs to wait until the plant 

reaches the 6 leaf stage. Indeed, these authors observed nodal root appearances only after 

the 4-5 leaf stage in sorghum grown in Australia on a rhizotron made of 70% vertisol and 
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30 % sand. Another group, Blum and Ebercon (1977) reported that a 30-50% reduction in 

sorghum root length density can be encountered between the heading and maturity stages. 

Well watered sorghum has many shorter crown root axes (Blum and Ritchie, 1984); 

therefore suggesting that crown roots will be involved in water search in drought 

conditions. Broad and Hammer (2004) investigated how sorghum roots explore soil. 

These authors found that sorghum roots explore soil even during the grain filling stage. 

Although beyond 1 meter, the sorghum root density decreases to 0.1 cm/cm
3
, they can 

reach more than 2 meters from their planting row (Broad and Hammer, 2004). It is likely 

that the ability of sorghum roots to explore soil so far away can partially explain its 

drought tolerance. That is because the farther a root can get, the more water it can extract 

from soil. Broad and Hammer (2004) observed that sorghum roots explore soil at a speed 

of 2 cm per day in all directions. Other authors obtained similar results (Robertson et al., 

1993; Routley et al., 2003). The root:shoot ratio affects the way a root extracts water 

from soil (Broad and Hammer, 2004). The number of tillers impacted the amount of 

water extracted from the soil (Broad and Hammer, 2004). Unlike corn, sorghum produces 

a lot of tillers. When tillers were removed from sorghum, the ability of the plant to 

explore soil and to extract water from it reduced (Broad and Hammer, 2004), suggesting 

the tillering may play a significant role in the drought response by sorghum. Therefore, 

while dealing with sorghum roots, it will be important to carefully control the growth of 

tillers so that they will not bias the real drought response.  

The fractal dimension method was successfully used to elucidate sorghum root 

branching (Masi and Maranville, 1998). Sorghum has the greatest proportion of its roots 

in the upper soil layers; more precisely, the majority of sorghum root branches were 
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generally found in the first 35 cm below ground (Masi and Maranville, 1998). These 

researchers discovered that temperate sorghum lines have more than 42% of their root 

system between 0-35 cm of soil, whereas less than 25% of their root system was found at 

70-105 cm. African varieties are highly branched and more deeply rooted than US lines 

(Masi and Maranville, 1998). That difference may be related to the nutritional quality of 

the soil. Indeed in Africa, most soils are poor and under these conditions, roots tend to 

grow deeper; whereas in the US, soils are much more fertilized and subsequently, 

sorghum tends to have a shallower rooting system with most tissues stored in the upper 

level of the soil profile (Masi and Maranville, 1998). So, the simplicity or the complexity 

of a sorghum root system may also depend on the nutrient richness of the soil under 

which it is grown. In other words, the ecology of sorghum can change its root branching 

system. This hypothesis was confirmed by O‘Toole and Bland (1987) who showed that 

the adaptation of sorghum to a suboptimal environment predisposes it to have a robust 

root and  greater branching system. The African sorghum lines stored their dry matter in 

their roots much more than the lines originating from the US (Masi and Maranville, 

1998). The shoot:root ratio varied from 0.45 to 0.82 for African lines and from 0.93 to 

1.04 for that of the US (Masi and Maranville, 1998). Jordan and Miller (1980) concluded 

that African genotypes are much more drought tolerant than the US ones. Mollier and 

Pellerin (1999) also obtained a significant impact of soil fertility on the morphology of 

maize roots. Indeed, according to them, phosphorous deficiency in soil ―affects the root 

system morphology through its effect on carbon budget of the plant‖. Nevertheless, a 

slight root growth was observed a few days after P deficiency, before the decrease in 

roots occurred  (Mollier and Pellerin, 1999). These last authors found that, P deficiency 
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reduced the elongation of lateral roots although their density was not affected. Despite the 

fact that P deficiency did not affect nodal root elongation or branching of maize, it 

significantly reduced the rise of new lateral roots  (Mollier and Pellerin, 1999). Local 

application of nitrate increased root elongation (Sattelmacher and Thoms, 1995). So, in 

the lab, careful attention needs to be paid to the nutrient composition of the growing 

medium in order to avoid interference of the drought stress response with nutrient 

deficient symptoms.  

 Other environmental factors such as light intensity affect root growth. For 

instance, while dealing with maize, Lambers and Posthumus (1980) mentioned that, 

under ―low light intensity, seminal axial root elongation decreased whereas lateral roots 

growth was completely inhibited‖. The soil type greatly affects the branching pattern of 

sorghum roots (Masi and Maranville, 1998). According to these researchers, roots in 

upper soil layers are more branched than those below. In general, maize root branching is 

smaller than that of sorghum (Eghball et al., 1993; Masi and Maranville, 1998). The 

sorghum root network consists of fibers of lateral roots emerging from seminal or nodal 

roots (Pardales and Kono, 1990).  

Root development is controlled by many genes. Mutations in the corn genome 

revealed some genes involved in maize root branching (Hochholdinger et al., 2004). 

Different genes seem to control the production of each type of root. For instance, rt1 

mutants are deficient in brace root (above nodal roots) with a slight reduction of crown 

roots (Hochholdinger et al., 2004). In contrast, rtcs mutants are deficient in both nodal 

and seminal roots. According to the same authors, at least 4 mutants that have defects in 

their lateral roots have been identified in maize. For instance, the slr1 mutants are 
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characterized by a shorter LR. The initiation of each root type seemed to be controlled by 

specific genes. As an example, in lrt1 mutants, the formation of LR is blocked before 

initiation; whereas the initiation of both LR and SR are blocked in rum1 mutants 

(Hochholdinger et al., 2004). Other genes may also control root hair elongation. For 

instance, in rth1 mutants, the root hairs initiate well but do not elongate (Hochholdinger 

et al., 2004). The normal length of each root hair may also be controlled by different 

genes. For example, according to the previous authors, rth2 mutants elongate less than 

25% of the rate of the wild type. So, in general, many genes may be involved in root 

initiation, elongation and differentiation. In maize, efforts are being made to understand 

the genes involved in the development phases of the root system.  

8.2. Development of sorghum and sorghum roots under drought 

stress 

With the recent sequencing of the sorghum genome, interest in using sorghum as 

a model to understand drought tolerance in plants is rising. For instance, Pennisi (2009) 

recently reported that sorghum has a surplus of expansin genes and cytochrome P450 

genes which both help to cope with drought. Bob Sharp and his colleagues (Wu et al., 

2001) discovered that 3 expansin genes are down regulated and up regulated respectively 

at the base and at the apex of the elongation zones of the root. The previous authors also 

found a positive correlation between the cell wall extensibility and the up regulation of 

these genes whereas the contrary is true with the decrease of these genes‘ expression.  

Drought tolerance highly affects the root number, root:shoot weight ratios, and 

weights (Bhan et al., 1973). After growing sorghum for 3 weeks, Nour and Weibel (1978) 

realized a positive correlation between drought tolerance and certain parameters such as 
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root weight, volume, length, root:shoot ratio, and dry weight. Pardales and Kono (1990) 

recorded that drought highly reduced the weight of seminal roots (SR). Under drought, 

while some roots died, some new ones appeared (Pardales and Kono, 1990). In general, 

they observed that new nodal roots (NR) and their lateral ones were encountered whereas 

SR and LR died or disintegrated. Although drought reduced the number of all types of 

roots, a less dramatic effect was recorded with nodal roots and NR laterals (Pardales and 

Kono, 1990). Interestingly, after 21 days under drought conditions (soil moisture = 2.7 

%), the water-stressed plants and the control plants produced the same number of nodal 

roots which is 12 (Pardales and Kono, 1990). These authors showed that in contrast to 

water stressed NR that competed well with the control, SR showed significant differences 

after 6 days (soil moisture = 17.9%). This suggests that nodal roots may be insensitive to 

drought. Pardales and Kono (1990) observed that drought changed the morphology of the 

nodal roots. They observed that under drought conditions, the NR that appeared were 

―swollen and rigid, giving an impression of tuberized organs‖. Although seminal roots 

were sensitive to drought, their response depended on their branching order (Pardales and 

Kono, 1990). For instance, SR first order showed clear differences between water 

stressed and control plants after only 3 days, whereas the differences were seen with SR 

second order after 12 days by Pardales and Kono (1990). This suggests that SR first order 

lateral roots are more sensitive to drought than SR second order. The impact of drought 

on the number and the length of each sorghum root component follow the same pattern. 

Especially, under drought stress, nodal roots and nodal root lateral lengths increased 

during 0-6 days and 0-15 days, respectively. However, this study did not report the 

elongation of preexisting roots. It would also be great to deal with the weight of each root 
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component. I think that the length and the number of roots by themselves do not really 

give a good idea of the root biomass that will be involved in soil exploration. In other 

words, the more biomass underground, the greater may be the ability of a root to extract 

more water from soil. A root can be shorter and still be able to extract more water than a 

longer one if its weight is higher, perhaps, but only in well watered situations. In water 

stressed conditions, the longer ones can reach farther, even perhaps into the ground 

waters that run beneath the fields. Maybe not that far, but at least out of the range where 

the grass and other weeds can reach. So by not dealing with the weight of the root, the 

work of Pardales and Kono (1990) may have limitations. The increase of nodal roots and 

their laterals under drought conditions may not be simply a response to drought but may 

be explained by their late emergence. Pardales and Kono (1990) concluded that the 

―production of nodal root first order lateral is a long term activity whereas the production 

of seminal root lateral is a short tem activity‖. Drought also reduced the viability of all 

sorghum root component cells (Pardales and Kono, 1990). In general, Pardales and Kono 

(1990) found that by 15 days ―more than 50% of NR and SR tips and about 40% of NR 

axes‖ died. Twenty-one days after applying the drought stress, more than 98% of the root 

tips died (Pardales and Kono, 1990).  In general, the increase of NR number and length is 

coupled by a decrease of the same parameters of SR. That is why Pardales and Kono 

(1990) thought that the decrease on SR elongation and number stimulates the NR growth. 

Crossett and al. (1975) called this phenomenon ―compensatory growth‖. By applying this 

concept to sorghum root development, Pardales and Kono (1990) mentioned that the 

―compensatory growth under severe growth conditions of sorghum is brought about 

through nodal root production‖. Similarly, they observed that, under water stress, the 
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death of sorghum root tips may stimulate the growth of new nodal roots. So, a sorghum 

plant may have a mechanism to coordinate its response to drought by regulating the death 

of old roots and the growth and development of new ones. Jupp and Newman (Jupp and 

Newman, 1987) also described a similar phenomenon in Lolium. Indeed, under drought 

conditions, these last authors thought the mortality of root tips in Lolium was responsible 

for the emergence of new LR. NR and their laterals elongate faster after re-watering 

whereas the SR and its laterals did not (Pardales and Kono, 1990). Indeed, the seminal 

root and its lateral did not recover from the drought stress quickly. That is why Pardales 

and Kono (1990) concluded that after drought stress, ―when the soil moisture becomes 

sufficient, the recovery of sorghum plant‖ is mainly due to the growth of nodal roots and 

their laterals. This finding gives another emphasis to the role of nodal roots in the 

sorghum response to drought stress. So, when dealing with genes involved in sorghum 

drought tolerance, special attention needs to be paid to nodal roots and their laterals.  

In summary, drought affects sorghum roots in 2 ways. First, it reduces the number 

and the elongation of all types of root. Second, it reduces the viability of root tips of all 

root components. Under Bob Sharp‘s conditions (Sharp et al., 1988), the elongation rate 

of maize primary roots grown on vermiculate at water potentials between -0.3 to -2.0 

MPa varied from about 1-3.1 mm hr
-1

. In addition, they mentioned that, maize roots 

grown under drought conditions are thinner and more cylindrical. At distances beyond 

12-20 mm from the root apex, the primary root elongation rates of maize were almost 

zero whether in water deficit conditions or not (Zhu et al., 2007).  

 Under drought, certain compounds accumulate in corn and sorghum biomass. For 

example, the accumulation of some metals was observed in sorghum roots under drought 
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stress. Particularly, under drought conditions, silica deposition was recorded in sorghum 

endodermis (Purseglove, 1972). This deposit prevents the root from collapsing during 

drought stress. To my knowledge, this strategy has not been found in maize roots. That 

may be one of the reasons Bob Sharp grew maize under vermiculate to avoid the collapse 

of the roots during intense drought conditions. When grown under low water potential, 

proline accumulation in maize root was 10 fold that of the control (Voetberg and Sharp, 

1991). In contrast, proline accumulation was recorded in sorghum leaves, not roots, under 

drought conditions (Bhaskaran et al., 1985; Blum and Ebercon, 1977; Borrell et al., 

2006). Glycinebetaine is another compound that accumulated in sorghum grown in 

drought conditions (Wood et al., 1996). This compound can facilitate the plant‘s ability to 

hold water within the cells and therefore avoid dehydration. According to Sharp and 

LeNoble (2002), abscisic acid (ABA) accumulates in maize roots in water stress 

conditions and maintains its growth. They mentioned that in well-watered maize, ABA 

accumulation inhibits shoot growth. A few years ago, an effort was made to assess the 

root exudates composition of sorghum lines. Sorgoleone and some related compounds 

were mainly identified (Czarnota et al., 2003). Most of these compounds inhibit 

photosystem II activity. They are described as having allelopathic effects on other 

species.  

8.3. Regulation of leaf growth and of stomata opening under 

drought tolerance  

Kono et al. (1987) addressed sorghum drought tolerance by dealing with both the 

dry matter data and the transpiration rate of the leaves. Sorghum has twice the amount of 

secondary roots per unit of primary roots when compared to corn (Martin, 1930; Miller, 
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1916). About 40 years ago, Sanchez-Diaz and Kramer (1971) assessed the role of stomata 

and transpiration on grain sorghum (hybrid E-57) drought tolerance. The plant was grown 

for 40 days before the water stress was applied. In both corn and sorghum, the upper 

leaves bear 2/3 the amount of stomata than the lower leaves (Martin, 1930; Sanchez-

Diaz, 1969). Martin (1930) observed that sorghum stomata are smaller than that of corn 

(half to 2/3 in length). According to the last authors, sorghum has twice as many stomata 

per unit as corn. In general, the sensitivity to environmental stress of stomata in the upper 

leaves is higher than that of stomata in the lower leaves (Sanchez-Diaz and Kramer, 

1971). These authors also found that unlike sorghum, the sensitivity of the stomata of 

corn lower leaves increased until it reached the level of that of the upper leaves. They 

remarked that under water stress, the closing of the stomata of both the upper and the 

lower leaves of sorghum occurs at the same time. Moreover, the stomata closed more 

rapidly in corn than in sorghum. Stomata closing begins in sorghum when the water 

potential is -8.5 – 8.8 bars and they are completely closed at -16 bars. The ―relationship 

between water potential and water deficit‖ in sorghum and corn are different (Sanchez-

Diaz and Kramer, 1971). Indeed, the highest water deficit recorded in sorghum was 29% 

at a time when the leaf water potential was -15.7 bars; whereas at -12.8 bars, corn already 

had a 45.6% water deficit. The conclusion withdrawn from this data was that sorghum 

loses considerably less of its leaf water than corn before stomata closure is completed. At 

any water potential, sorghum tends to lose its water more slowly than corn. This led 

Sanchez-Diaz and Kramer (1971) to wonder ―whether water potential or saturation deficit 

is the better index of the water status of sorghum and corn‖. I think the drought tolerance 

of sorghum is related to the regulation of both its root elongation and its stomata closure. 
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About half a century ago, Glover (1959) remarked that under severe drought conditions, 

the stomatal resistance of both sorghum and corn is similar. Taking advantage of the 

above statement, Sanchez-Diaz and Kramer (1971) suggested that leaf resistance can be 

used as a good indicator of water stress only for the period when the stomata starts to 

close on both leaf sides. For a more accurate estimation, these last authors suggested 

using the resistance of the lower surface as it is less dependent on environmental 

variables and is highly related to water loss by both sorghum and corn. Furthermore, by 

comparing the cell turgor pressure and the cell volume of corn and sorghum under 

drought conditions, Sanchez-Diaz and Kramer (1971) realized that the ―difference 

between the water saturation deficit and the water potential in corn and in sorghum is due 

to their cell volume or cell elasticity‖. Indeed, these authors observed that corn is more 

succulent than sorghum. In other words, the water content of sorghum leaves is lower 

than that of corn. That is why the cell wall elasticity in corn is higher than that of 

sorghum. Consequently, corn has the tendency to lose its leaf water more quickly than 

sorghum. Although under well watered conditions, the resistance of the sorghum leaf is 

higher than that of corn under drought conditions, the stomata of sorghum closes later 

and more slowly than that of corn (Sanchez-Diaz and Kramer, 1971). 

During recovery after drought, sorghum returns to its normal water situation faster 

than corn (Sanchez-Diaz and Kramer, 1971). Knowing the role of the stomata closure on 

water control in sorghum and corn, any gene that controls stomata opening and closing 

may be interesting in drought tolerance. Unfortunately, almost nothing is known about 

the genetic basis that underlines stomata opening and closure in sorghum. 
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Nevertheless, some proteins have been recently identified in Arabidopsis that play 

a big role in stomata opening and therefore drought susceptibility of the plant. The nitrate 

transporter AtNR1.1 (CHL1) has been proven to greatly affect the movement of guard 

cells (Guo et al., 2003). These previous authors reported that mutation of the chl1 gene 

decreases stomatal opening and transpiration rate of the mutants. The consequence of this 

mutation is the enhancement of drought tolerance in the mutants as compared to the wild 

type. The fact is that these mutants were unable to accumulate nitrate in their guard cell.  

The radiation use efficiency of sorghum is lower than that of maize (Muchow and 

Sinclair, 1994; Sinclair and Horie, 1989). Sorghum can escape drought by slowing the 

initiation of tissue dehydration (Borrell et al., 2006). Many variations were found among 

sorghum genotypes as far as their transpiration rates are concerned. Mortlock and 

Hammer (1999) related those variations to the differences between leaf areas. One of the 

sorghum varieties most susceptible to drought is Tx671 (Wright and Smith, 1983).  

The delay in leaf senescence is a great means to increase drought tolerance in 

sorghum (Mahalakshmi and Bidinger, 2002). Therefore for a global map of the genes 

involved in drought tolerance, attention needs to be paid to gene expression patterns in 

leaves also. In other words, by combining work on both root cell walls and leaves from 

seedlings to fully developed plants, one can more precisely find genes that account for 

the tolerance of drought in sorghum. For both KS 19 sorghum sources (originated from 

Nigeria) and the B 29 sources (mostly grown in the US), the mechanism of the leaf 

greenness under drought conditions is different (Mahalakshmi and Bidinger, 2002). So it 

is likely that different genes that control drought tolerance may be found depending on 

the cultivars. After evaluating 81 stay-green sorghum lines at ICRISAT, Mahalakshmi 
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and Bidinger (2002) found many tropical lines (IS 22380, QL 27, QL 10, E36XR16 8/1) 

that stay green very well as compared to ―temperate lines B 35 and KS 19.‖ 

Sorghum has 25 species clustered in 5 subgenera; the species that are cultivated 

belong to the subgenera Eusorghum (Price et al., 2005). But little screening has been 

done on them to assess which ones are truly drought tolerant. Studies are being done at 

the Kansas State University and at the Texas A&M University to screen for drought 

tolerant sorghum in a worldwide database. Based on preliminary results provided by 

Kofoid (2008), among the 1500 germplasm lines recently assessed at Kansas State, only 

38 lines exhibit a great level of pre-flowering tolerance whereas 20 lines proved to be 

post-flowering tolerant. We are interested in some particular sorghum varieties. One of 

those is P898012 which has been successfully used to transform sorghum using 

microprojectile bombardment since 1993 (Casas et al., 1993; Lu et al., 2009). P898012 

was created by Gebisa Ejeta at the Purdue Sorghum Improvement Program (Jenks et al., 

1994). Px898012 is said to be resistant to drought (Casas et al., 1993). In Niger and 

Sudan, P898012 showed resistance to pre and post flowering (Casas et al., 1993) and can 

produce 2 Mg/ha of biomass (Wenzel et al., 2001). The sorghum varieties that stay green 

after flowering are also usually drought tolerant so are of interest for the project (Harris et 

al., 2007a). BTx642 and RTx7000 were used to map the QTL associated with the stay 

green trait (Harris et al., 2007a). However, the traits that confer the stay green phenotype 

were mostly found on the chromosome of BTx642 (Harris et al., 2007a). Four main stay 

green loci were identified in BTx642, and were proved to be sufficient to confer the stay 

green phenotype  (Harris et al., 2007a), suggesting that BTx642 is drought tolerant. 

IS12555 which is from Ethiopia is an ancestor of BTx642 (Harris et al., 2007a). Tx7000 
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is used in many breeding programs in the US because of its high biomass production 

(Kebede et al., 2001). In addition, Tx7000 does not resist post-flowering drought stress  

even though it does have the stay green trait (Kebede et al., 2001). However, it has the 

allele that induces early flowering, making it a pre-flowering drought tolerant line 

(Kebede et al., 2001). 
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9.  Characterization of the Roots, Biomass, and Leaves 

of Sorghum (Sorghum bicolor L. Moench) and Corn 

(Zea mays. L.)  grown under Two Different Water 

Conditions 

9.1. Abstract  

Drought is among the grandest challenges that our society is facing, and 

development of more drought tolerant crops is one element of a solution to the problem. 

In this research, our objective was to characterize the root and the leaf responses to 

limiting water, of sorghum varieties Tx7000, Tx642, RTx2817, Px898012, and M81E 

compared to a well-studied corn variety, FR697. Two systems were used to apply the 

drought stress: a two day system, and a 4 week system. Significant differences across the 

varieties were obtained in both systems with the length of their roots and leaves. Drought 

stress reduced the biomass yield and changed the morphology of the roots. In both 

systems, sorghum line Px898012 showed the least tolerance to drought by reducing its 

leaf growth, and even by dying quickly after 2 weeks of water withholding, whereas 

Tx642 showed the most resistance to drought. Px898012 was mainly unable to keep the 

water in its leaves under drought and to increase the protein expression of its roots. Our 

data suggest that the ability of a plant to hold its water and increase its root protein 

content is beneficial for its resistance to drought stress. We discovered that under 

drought, the diameter of the nodal roots increased. Although a significant difference was 

observed with the total roots, neither the diameter, weight, length, or the volume of the 

roots was correlated with drought tolerance. A combination of the change in the root 
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protein content and the leaf and root lengths correlated with the drought tolerance of the 

varieties studied. 

9.2. Introduction 

Sorghum (Sorghum bicolor L. Moench) and corn (Zea mays. L.) are among the 

most cultivated crops in the world. More than 7 million hectares are devoted to growing 

sorghum in the US (Rooney et al., 2007), with Kansas contributing 40 %  of the grain 

sorghum production (Mutava, 2009). In contrast to sorghum (whose origin is Africa), 

corn originated in Central America and has spread around the globe since the 1700s 

(Boyat, 1992; Gnansounou et al., 2005). Sorghum is the fourth most grown crop in the 

world (Ahmed et al., 2007; Grenier et al., 2004; Mutava, 2009). It is grown for grain, 

forage, food, sugar, starch, and biofuel production (Amaducci et al., 2004; Harris et al., 

2007a; Pholsen et al., 1998; Rattunde et al., 2001; Rooney et al., 2007). The use of corn 

and sweet sorghum to produce biofuel is very promising (Balat, 2007; Patzek, 2006; 

Patzek and Pimentel, 2005; Propheter, 2009; Zuurbier and van de Vooren, 2008).  For 

instance, in Kansas, 12 ethanol power plants run on corn  and grain sorghum (Propheter, 

2009), with a production capacity of 1.7 billion liters of ethanol per year (O‘Brien et al., 

2008).  

Besides the energy crisis, drought is one of the biggest challenges affecting 

humanity. Drought reduces crop yield (Mutava, 2009), and the sucrose content of grain 

because it prematurely desiccates plants (Ahmadi and Baker, 2001). Drought reduces 

sorghum root number, root:shoot weight ratios, and root biomass (Bhan et al., 1973; 

Pardales and Kono, 1990). Pre-flowering drought stress can lower plant yield, whereas 

post-flowering stress can lead to early senescence which is accompanied by lodging and 
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disease of the stalk  (Rosenow and Clark, 1995). Drought can even kill plant roots 

(Pardales and Kono, 1990), therefore weakening its ability to take nutrients and water 

from the soil. That is why water deficiency is increasingly becoming an important 

challenge for growing crops and feeding the world‘s growing population. 

Under drought, sorghum deposits silica in its endodermis (Purseglove, 1972), and 

glycine betaine up to 26-fold in its leaves (Wood et al., 1996). Interestingly, drought 

caused a 10 fold accumulation of proline in corn roots (Voetberg and Sharp, 1991), 

whereas in sorghum, proline accumulation was recorded up to 108-fold in the leaves, not 

the roots (Bhaskaran et al., 1985; Blum and Ebercon, 1977; Borrell et al., 2006; Wood et 

al., 1996). Additionally, abscisic acid accumulated in maize roots in water stress 

conditions and contributed to growth maintenance (Sharp and Lenoble, 2002). The 

accumulation of solutes help plants adjust their osmotic pressure (Wood et al., 1996), and 

better cope with drought. It is also known that sweet sorghum tolerates drought better 

than corn (Tesso et al., 2005; Tsuchihashi and Goto, 2004). 

The world‘s sorghum germplasm contains more than 35,000 accessions that 

significantly differ in their root system, height, grain yield, number of grains per panicle, 

leaf temperature, chlorophyll content, stomatal conductance and grain yields (Mutava, 

2009; Singh et al., 2008). The need to study those sorghum varieties in order to better 

understand drought and improve crop yields is real (Kebede et al., 2001; Mutava, 2009). 

Screening of sorghum germplasm is being done at Kansas State University (Kofoid, 

2008) and at Texas A&M University (Rooney, Personal communication). Much of the 

drought tolerance research on sorghum has been focused on the stay green trait: usually, 

sorghum cultivars that stay green after flowering are drought tolerant (Borrell et al., 
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2000; Harris et al., 2007b; Mahalakshmi and Bidinger, 2002; McBee, 1984; Rosenow et 

al., 1996; Rosenow et al., 1983). Stay green cultivars have the highest chlorophyll content 

(Ahmadi and Baker, 2001) and consequently an ability to conduct photosynthesis longer.  

Efforts are being made to understand drought in order to find the solution to make 

plants tolerate it better and consequently increase crop yield. For instance, sorghum 

Px898012 was created by Gebisa Ejeta at the Purdue Sorghum Improvement Program 

(Jenks et al., 1994). In Niger and Sudan, Px898012 showed resistance to pre and post 

flowering drought (Casas et al., 1993) and can produce 2 Mg ha
-1

 of biomass (Wenzel et 

al., 2001). Since 1993, Px898012 has been successfully used to transform sorghum using 

microprojectile bombardment (Casas et al., 1993; Lu et al., 2009). BTx642 and RTx7000 

were the sorghum cultivars used to map the QTLs associated with the stay green trait 

(Harris et al., 2007a). The traits that confer the stay green phenotype were mostly found 

on the chromosome of the BTx642 variety which is from the Ethiopian strain IS12555 

(Harris et al., 2007a). Four main stay green loci were identified in BTx642, and were 

proven to be sufficient to confer the stay green phenotype suggesting that BTx642 is 

drought tolerant (Harris et al., 2007a). It takes 64 to 78 days for BTx642 to flower, and its 

grain production  averages 1.8 Mg ha
-1

 (Mutava, 2009). Tx7000 is used in many breeding 

programs in the US because of it high biomass production (Kebede et al., 2001). 

Nevertheless, Tx7000 does not resist post-flowering drought stress; and does not have the 

stay green trait (Kebede et al., 2001). However, Tx7000 has the early flowering allele, 

therefore making it a pre-flowering drought tolerant line (Kebede et al., 2001). The corn 

cultivar FR697 is an inbred line released by Pioneer and is drought tolerant (Sharp et al., 

2004; Wu et al., 2001). 
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R. Sharp designed a kinematic system to accurately study the root development of 

corn grown in vermiculite medium under drought in 2 days (Sharp et al., 1988). That 

system has been accurately used to study the physiology and the biochemistry of corn and 

soybean root systems under drought stress (Sharp et al., 2004; Yamaguchi and Sharp, 

2010; Zhu et al., 2007). Maize roots continue to elongate under drought whereas leaves 

and shoots completely cease growing (Sharp and Davies, 1979). This response is the 

mechanism by which plants manifest their adaptation to drought stress (Sharp and 

Davies, 1989). Under drought, maize roots become thinner and more cylindrical (Sharp et 

al., 1988). Using the system designed by R. Sharp, it was found that above 12-20 cm 

from the root apex, the elongation of the primary roots is almost zero regardless of the 

water conditions (Sharp et al., 1988; Zhu et al., 2007).  

We attempted to take advantage of the kinematic system to study root 

development and pre flowering drought tolerance of 4 grain sorghum varieties (Tx642, 

Tx7000, RTx2817, and Px898012), one sweet sorghum variety (M81E), in comparison to 

the drought tolerant corn (Zea mays L. cv FR697). No one has described yet the leaf and 

root length response of sorghum lines in the R. Sharp system (Sharp et al., 1988). 

Additionally, to our knowledge, no one has compared the drought response of the 4 

sorghum genotypes described above to corn in a greenhouse environment yet.  

The objective of this research was to determine the impact of the age, variety, and 

water treatment on the leaves and roots of four sorghum cultivars in comparison to corn 

FR697. We studied the leaf and root length, biomass, tillering ability, water uptake, root 

architecture, plant height, and the number of leaves.  We hypothesized that corn and the 

different sorghum varieties would tolerate the drought stress in different ways, probably 
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through mechanisms that involve the roots and the leaves. We found that: (1) drought 

reduced the root and leaf length of 2 day sorghum and corn seedlings, (2) corn and 

sorghum varieties differed  in the length of their roots and leaves under water stress in 2 

days, (3) at 15 days after planting significant differences were found between the 

diameter, the surface area, and the volume of sorghum varieties and corn (4) drought 

reduced the aboveground biomass of 30 day sorghum and corn grown in a greenhouse 

environment, (5) the aboveground biomass of sorghum and corn varieties depended on 

the variety, and (6) the amount of water captured in a 30 days corn and sorghum varieties 

depended on the water treatment. 

9.3. Material and methods 

9.3.1. Description of the plant material 

Five sorghum varieties were used: Tx7000 (provided by Bill Rooney from Texas 

A&M University), Tx642 and (seeds were provided by John Mullett from Texas A&M 

University), Px898012 (a public line), M81E (seeds were provided by Gene Stevens from 

the University of Missouri, Columbia), and corn FR697 (seeds were provided by R. 

Sharp from the University of Missouri, Columbia). Tx642 and Tx7000 genotypes have 

contrasting drought responses (Rooney, personnel communication). Tx7000  is an old 

variety from the 1940‘s (Rooney, personnel communication) known as Caprock (Jordan 

et al., 1979).  It was the pollinator parent in the first commercially produced sorghum 

hybrid (Rooney, personnel communication). It is susceptible to everything but pre-

anthesis drought, of which it is quite tolerant (Rooney, 2009 personnel communication). 

 Tx642 (aka B35) is a partially converted selection of SC35 (Rooney, personnel 

communication).  According to the same author, it is known for its extremely strong 
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expression of stay green drought tolerance, which is a uniquely dominant trait in hybrids 

created using Tx642 as the female. It is susceptible to most diseases (except charcoal root 

because of the drought tolerance) and it is also susceptible to pre-flowering drought 

tolerance (Rooney, 2009 personnel communication).  RTx2817 is a partially converted 

version of SC170 which was used as a male parent in some hybrids in the mid 1970‘s 

until better versions were developed (Rooney, 2009 personnel communication). 

 Px898012 is a Purdue selected drought tolerant line (Jenks et al., 1994).and it is sold by 

Pioneer as a popular sorghum line. It  is commonly used for transformation work. M81E 

is a sweet sorghum variety from the USDA Meridian Mississippi breeding program 

(Broadhead et al., 1981). Not only is M81E an extremely productive line in the SE US, 

but it is moderately photosensitive and has high yields in this region (Rooney, 2009 

personnel communication). M81E is one of the sorghum lines mostly used in the US for 

biofuel production. 

9.3.2. Seed preparation and planting for the 2 day experiment 

The two days system experiment was carried out in R. Sharp‘s lab and based on 

the procedure originally established for corn (Sharp et al., 1988). The test was repeated 3 

times. Each time, for data was collected on 20 to 40 plants. Sorghum seeds of each line 

were sorted, and then sterilized in a 25% bleach and 0.1% Tween 20 solution for 10 

minutes. After sterilization, the seeds were rinsed with water for 10 minutes. The rinsed 

seeds were bubbled in 1mM CaSO4 for 18 hours (Photo 9.1). Germination paper was wet 

with 1mM CaSO4 and then placed in a plastic container. The seeds were lined on the 

germination paper and then transferred into the growing chamber (100% humidity and 
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temperature = 29°C). The plastic container was slanted so that the emerging roots will be 

orientated downward due to gravity. The seeds germinated under green light. 

 

Photo 9.1: Bubbling corn seeds 1mM CaSO4 before planting. 

(Photo: Roland Holou, Columbia, 2009). 

 

9.3.3. Vermiculate medium preparation and seedling transplanting during 

the 2 day experiment 

Two vermiculite mediums were used: well watered and severe water stress. The 

well watered vermiculite medium was prepared by mixing vermiculite with water (water 

volume = 4-5 times that of vermiculite). The water stressed medium received less water 

and its water potential was 16 bars, equivalent to about 8% water content. The 16 bar 

vermiculite solution was prepared using a isopiestic thermocouple psychrometer (Boyer 

and Knipling, 1965). Right after the vermiculite is prepared it was put in a double plastic 
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bag and placed in the growing chamber near 100% humidity, and 29  C. Before 

transplanting of the seedlings, the vermiculite was transferred into a Plexiglas boxes 

filled with vermiculite. The tube container was filled with vermiculite. The next day after 

the seeds were transferred into the growing chamber, the seedlings that were about 12-20 

mm long were transplanted into the plastic tube containing the vermiculite medium. The 

seedlings were separated from each other by at least 2.5 cm. After the seedlings were 

covered with vermiculite, the top of the tube was wrapped with plastic and secured with 

rubber to avoid either water loss or gain. The tube was kept in the growing chamber 

under green light.  

9.3.4. Root and leaf tissue collection of 2 days old seedlings 

Two days after transplanting the seedlings into the vermiculite, roots were 

extracted from the plants in the green chamber. The roots were pulled out of the 

vermiculite one at a time. During the harvest, the length of the primary root and the 

leaves were recorded using a ruler. The tissue samples were collected in under the green 

light chamber to avoid changes in gene expression induced by white light. Using different 

razor blades, roots were collected at 5 regions: 0-3 mm, 3-7 mm, 7-12 mm, 12-20 mm 

from the root apex, and the left over. Leaf samples were also collected. Automatically 

after harvest, the tissue samples were put in Eppendorf tubes, sealed and placed in liquid 

nitrogen. The tissue samples were stored at -80°C for later proteomic work. 

Some roots were collected and put in a bag for the determination of the volume 

and the surface area using WinRhizo software (Regent Inc, Quebec Canada). This 

software considered all sort of root. At the end of the harvest, sample of the vermiculite 

was taken. After the fresh weight was recorded, it was dried in oven until constant 
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weight. The water content was then calculated by subtracting the dry weight from the 

fresh weight and then dividing the difference by the fresh weight.  

9.3.5. Growth of plants in greenhouse  

The greenhouse experiment was done in the Sears greenhouse at the University of 

Missouri, Columbia (38° N, 92°W). The test was repeated two times. The day 

temperature was 26    C whereas the night temperature was 21    C. The days light was 

maintained for 16 hours compared to 8 hours for night. In addition to the sun light, 600 

watt high pressure sodium bulbs were set to come on when the light intensity gets below 

55Klux. The shade of the greenhouse closed when light intensity gets above 110 Klux.   

Three gallons plastic pots were filled with vermiculite Growing Mix (Red Hill, PA). 

They were thoroughly watered and excess water was allowed to drain overnight before 

the seeds were planted in the soil. The plants were watered thoroughly every other day. 

One week after germination, the plants were thinned to 4 plants per pot. A week after 

planting, 8 g of osmocote (18-6-12) and 7 g of ferrous sulfate was applied uniformly to 

the plant in each pot. That day, the pots were raised up by putting them onto another 

empty pot to avoid that the roots uptake the water that run on the floor after watering 

(Photo 9.2). At the age of 2 weeks, the plants were split into 2 groups. One group was 

watered as before until the end of the experiment. However, the water was withheld from 

the other group. When the plants were 2 weeks old, one plant was removed from each 

pot. It was separated into roots and leaves. The roots were scanned as described in the 2 

days experiment. After the roots were scanned, they were dried with the leaves samples 

in an oven. Two weeks after withholding the water, the plants were harvested. Before the 

harvest, the number of pots from each water treatment and from each variety was 
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separated into two groups. Half were harvested in the greenhouse for biomass 

measurement. The whole aboveground biomass was harvested and separated into leaves, 

tillers and the main plant. Each plant was dried separately. The second group of plants 

was brought into the growing chamber under green light where the tissues (leaves, stems, 

roots, and tillers) were harvested using different blades, as previously described for the 2 

day experiment.  

 

Photo 9.2: Plastic containers placed onto another one to avoid the running water to touch the roots during 

the water stress stage. 

This experiment was done in a greenhouse environment (Photo: Roland Holou, Columbia, 2010). 

 

After the harvest, the plants were frozen in liquid nitrogen and then stored in -

80°C for later proteomic work. Throughout the experiment, observations were made and 

data were collected on the number of leaves, the height of the plant, and the number and 

height of tillers. At the time of harvest, the root plant was carefully poured out of the pot 

and visual observations were made on the color and size of the root, and also to take 
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pictures. The water content in the plant and the water uptake per plant were determined 

as: 

Water content (%)= (Samples fresh weight - Samples dry weight)/ Samples fresh weight 

* 100 

Water uptake in biomass = [Biomass fresh weight * Water content biomass (%)]/100 

9.3.6. Protein content measurement 

The frozen tissues harvested under the green light growing chamber (as described 

in the 2 days system) were ground in liquid nitrogen and suspended (4:1 diluent-tissue 

ratio) in a protein extraction buffer (50mM Tris-cl, pH 6.8, 1mM EDTA, 1mM PMSF, 

1mM DTT and 10 mM 2-mercaptoethanol). Proteins were measured using the Bradford 

assay (Bio-Rad Protein Assay). The standard curve was made using BSA protein. The 

protein concentration in the extracted solution was determined based on the absorbance 

and the standard curve. The protein content in the root was determined by applied the 

dilution factor.  

9.3.7. Statistical data analysis 

The data were analyzed using the Proc mixed model in SAS 9.2 (SAS Institute 

Inc., Cary, NC). Significant differences were assumed for p≤0.05. The variety, the age of 

the plant, the water treatment (well watered or water stressed) were considered as the 

main fixed factors. During the harvest, 20 to 40 plants were considered and they were 

annotated from 1 to 40. That annotation number was used as the random variable during 

the proc mixed model analysis. For the Proc Mixed model, the estimation method was the 

Restricted Maximum Likelihood (REML). Means were separated and grouped by letter 
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using the macro developed by Saxton  (1998). The data were graphed and fitted into a 

model using Excel 2007 (Microsoft Corp, Redmond, WA) spreadsheet software.    

9.4. Results  

9.4.1. Root length at transplant for the 2 day experiment 

Our preliminary work showed that, unlike corn, a 24 hours exposure of sorghum 

seeds to CaSO4 solution made the seedlings and particularly Px898012 grow their 

primary root beyond the 20 mm recommended for transplantation in the 2 days system 

established by R. Sharp. That was why we grew the seedlings for only 18 hours before 

transplanting. At transplant, the length of the primary roots varied significantly between 

the varieties. The root of sorghum variety Px898012 was the longest (2.36 cm) whereas 

the shortest was the Tx7000 (1.34 cm). The other varieties were about 1.46 cm long at 

transplant (Figure 9.1). The capacity of Px898012 to extend its roots so much faster than 

other varieties of sorghum tested might have some bearing on its regeneration potential.  
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Figure 9.1: Root length at transplant in the two days system.  

Data are mean of 20 to 40 samples ± 1 Standard deviation.  
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9.4.2. Impact of 2 days of water stress treatment on root length 

The length of the root at harvest significantly depended on the variety (p<.0001) 

and the water treatment (p<.0001). A significant interaction was found between the effect 

of the variety and that of the water treatment (p<.0001). In both the well watered and the 

water stressed conditions, the length of the root was statistically different across the 

varieties used (p<.0001). In general, the application of the drought stress for two day 

reduced the length of their primary roots by half in most of the varieties (Table 9.1).  

Indeed, under well watered conditions, the length of the roots varied between 9 and 13 

cm. Under such conditions, the length of the P898012 roots was the highest, whereas that 

of M81E was the lowest (Table 9.1). In the well watered conditions, no significant 

difference was found with the length of the roots of Tx7000, RTx2817, and Tx642 (Table 

1). However, in drought stressed conditions, the root length of these 3 varieties were 

statistically different. In those conditions, the Tx642 root length was 4.7 cm compared to 

3.7 and 3.3 cm for Tx7000 and RTx2817 respectively (Table 9.1, Figure 9.2). This 

suggested that under drought, the ability of Tx642 to elongate its root is significantly 

higher than that of Tx7000 and RTx2817. Moreover, under drought, the corn variety had 

the highest root length, whereas the sorghum variety RTx2817 recorded the shortest 

root's length (Table 9.1, Figure 9.2). 

When the length of the root at transplant was subtracted from that at harvest for 

each variety, the Sorghum variety RTx2817 showed the least root increase under drought 

conditions (1.7 cm) (Figure 9.3). However, under drought, corn increased the length of its 

root by 5.6 cm compared to 3.8 cm for the best sorghum variety. These data suggested 

that with 2 days of drought stress, the drought tolerant corn FR697 is able to grow more 

roots than sorghum. However, under the 2 day drought stress treatment, we observed that 
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corn was not able to produce lateral roots whereas sorghum did. Knowing that lateral 

roots can improve the water uptake, it occurred that although corn produced longer 

primary roots than sorghum, the latter can compensate for the shorter primary roots with 

its lateral ones. In addition, nodal roots were also seen on sorghum roots under drought as 

opposed to corn. Corn has one primary root and up to four seminal whereas all the 

sorghum varieties have just one seminal root (Photo 9.3). On average, the water content 

of the vermiculite in the water stressed conditions at harvest was 7.8%.  

 

Table 9.1: Length of the leaves and the roots of sorghum and corn grown for 2 days under green  

light conditions. 

Variety Water 

Treatment 

† 

Mean (cm) Standard Deviation 

(cm) 

Root 

length at 

harvest 

Leaf 

length at 

harvest 

Root 

length at 

harvest 

Leaf 

length at 

harvest 

Corn FR 

697 

WS 7.06 a 0.04 cd 0.97 0.07 

WW 12.28 b 8.35 d 1.2 1.31 

M81E WS 5.24 c 0.5 b 0.66 0.54 

WW 9.03 d 9.04 c 0.9 0.81 

Px898012 WS 6.16 b 0.51 b 0.94 0.15 

WW 12.98 a 7.23 e 1.44 0.57 

RTx2817 WS 3.25 f 0.23 c 0.6 0.15 

WW 9.41 c 9.05 c 1.11 0.61 

Tx642 WS 4.71 d 0.74 a 0.58 0.32 

WW 9.36 c 10.95 a 0.98 1.55 

Tx7000 WS 3.69 e 0.17 b 0.58 0.07 

WW 9.61 c 9.44 b 1.29 1.46 

Average WS 4.94 0.39 1.49 0.36 

WW 10.48 8.99 2 1.64 

†: WS = water stressed and WW = well watered. 

Numbers followed by different group letters are statistically different (p≤0.05) within the same column for 

the same water treatment. Group separations are based on the least significant difference (P<0.05). Data are 
mean  of 20 to 40 samples. 
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Figure 9.2: Impact of water treatment on the root length of 2 days old plants.  

Data are mean of 20 to 40 samples ± 1 Standard Deviation.  

Figure 9.3: Root increase after 2 days water treatment.  

The root increase was determined by first averaging the root length at transplant for each cultivars and 

then subtracting that from the root length at harvest.  
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Photo 9.3: Corn and sorghum seminal roots at the age of 2 days.  

Corn (left) has one primary root and up to four seminal roots, whereas sorghum (right) has just one seminal 

root (Photo: Roland Holou, Columbia, 2009). 

9.4.3. Leaf length at harvest in the 2 days system 

Like the root, the length of the leaves at harvest was significantly dependent on 

the water treatment (p<.0001), the variety (p<.0001), and the interaction between the 

water treatment and the variety (p<.0001). The length of the leaves of the varieties was 

different regardless of the water treatment (p<.0001). In other words, in either the well 

water or the water stress conditions, the leaves length of the varieties was statistically 

different. This suggested that no matter the water condition, these cultivars elongate their 

leaves differently. 

In general, the length of the leaves from the well watered plants varied between 

7.23 cm and 10.95 cm. Under drought circumstances, the length of the leaf was highly 

reduced, up to 190 fold. The inhibition of corn leaf growth by drought was complete, 

whereas with sorghum, the leaves still grew, ranging from 0.17 cm to 0.74 cm. The 
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Tx642 variety produced more leaves in both the well watered and the water stressed 

condition (Table 9.1).  

At the end of the 2 day water treatment, the length of the leaf in the well watered 

condition was higher than that of the water stressed plants, depending on the varieties. 

The highest leaf length reduction was recorded with the corn variety, whereas the lowest 

reduction was with Tx642 (14.7 times reduction) and Px898012 (14.2 times reduction) 

varieties (Figure 9.4). Between the sorghum varieties, the leaf reduction was much more 

pronounced with the Tx7000 variety (55.3 times) (Figure 9.5). These results suggested 

that the impact of drought on the leaves is highly dependent on the tolerance of the 

variety to drought. Many authors claimed that Tx642 and Tx7000 are drought tolerant 

and drought susceptible respectively. If that is true, it mean that, based on our results, the 

drought tolerant variety sustained its leaf growth under drought more than the drought 

susceptible variety.  
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Figure 9.4: Impact of water treatment on the leaf length of 2 days old corn and sorghum plants. 
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The fact that corn almost stops its leaf growth when sorghum was still trying to 

grow, suggesting that sorghum can cope with drought much better than corn. Indeed, the 

growth of the leaves is beneficial for a plant because it is the leaves that will harness the 

sun light to make photosynthesis which will allow the plant to grow. Without leaves, no 

matter how much the roots elongate, a plant cannot increase it aboveground biomass. 

That is because the inability to grow the shoot under drought can limit photosynthesis and 

consequently the carbohydrate supply to the plant. So, a plant that keeps growing its 

leaves under drought is therefore still trying to produce more biomass that will increase 

its yield. Therefore, the growth of a leaf in drought conditions should be considered as a 

good indicator of a drought tolerant variety. In other word, the ability to elongate only the 

roots under drought is not the highest potential for a drought tolerant crop. In such 

conditions, although the roots may still be elongating, the overall performance of the 

plants will decrease and finally death may occur. That is why the Tx642, which continues 

Figure 9.5: Impact of the variety on the ratio of the leaf length of well watered and water stressed plants. 

 Leaf lengths were measured after 2 days of water treatment. The length of the roots in well watered  

conditions was divided by that in water stressed. Corn was much more affected by drought. 
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to balance the elongation of its leaves to that of its roots under drought (Table 9.1, Figure 

9.4), can be qualified as the most drought tolerant, at least under the 2 days system. It the 

2 days system, the leaves of Px898012 were highly reduced, and therefore, based on the 

explanation proved above, this cultivars may not be as drought tolerant as the other one in 

that system. May be Px898012 may have a post flowering drought tolerance, not a pre 

flowering ones.  

9.4.4. Height of the plants grown in greenhouse 

The difference between the height of the varieties was statistically affected by the 

age (p<.0001). At the age of 2 weeks, no significant difference existed between the height 

of the varieties (p=0.97). When the plants were 23 days or 1 month old, significant 

differences were found between their heights according to the variety regardless of the 

water treatment (p<.0001). Ten days after withholding the water, no significant difference 

was found between  the height of the well watered plants and the ones after stress (Table 

9.3). This suggested that a minimum of 2 weeks may be required before having a 

significant different in the height of plant submitted to drought in a greenhouse 

environment. The height of the 2 weeks old plant averaged 20 cm. At the age of 23 days, 

they were 23.4 cm. After 2 weeks of withholding the water, the water stressed plants 

were 26.6 cm high as compared to 31.4 cm for the well watered plants (Table 9.4). 

Differences were found between the varieties. The corn had more difficulties growing 

under drought than under the well watered conditions. Indeed, the height of the 2 weeks 

water stressed corn plants were 72.6% that of the well watered.  In contrast, the reduction 

in height was less with the sorghum varieties. Among the sorghum varieties, the Tx7000 

experienced the most reduction in height because of the drought as its height under water 
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stress was 80.6% that of the well watered. In contrast RTx2817 was able to keep growing 

in a way that its height under water stressed treatment was 95.8% that in the well watered 

condition. These data suggested that under drought, the ability of corn to grow in height 

is very limited as compared to sorghum. In addition, within the sorghum varieties the 

drought susceptible ones (Tx7000) also grow less. The elongation in height may be an 

indicator of drought tolerance of the cultivars we studied. The height of the average tillers 

was also affected by the age, the water treatment and the variety. 
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Table 9.2: Characteristic of corn and sorghum varieties grown in greenhouse environment under 2 water treatment at the age of 2 weeks 

Variables 

Water Mean Std. Deviation 

Treatment† Variety 

 
Corn 

M81E 

Px RTx Tx Tx Corn 

M81E 

Px RTx Tx Tx 

 
FR 

697 
898012 2817 642 7000 FR 697 898012 2817 642 7000 

Height (cm) WW 20.3 21.4 18.3 22.8 19.3 17.7 24.1 20.3 13.5 21.2 15 14.4 

Number of leaves WW 5.4 6.4 6.9 6 6.6 6.1 1.6 2.2 2.4 2.1 1.2 1.2 

Length 3rd  leaf (cm) WW 20.5 33.2 29.9 34.5 75.3 25.3 14 29.1 23.8 28.5 2.5 26.8 

Width 3
rd 

Leaf (cm) WW 9 2.5 2.7 3.1 6.4 2.8 
 

2 2.2 2.7 1.1 2.5 

Number of tillers WW 0 1 1.6 0.8 0 1.7 0 1.2 1.2 1.3 0 0.7 

Height tillers (cm) WW 
 

1 3.2 0.5 
 

2.2 
 

1.6 1.4 . 
 

0.4 

Number of leaves per tillers WW 
 

0.7 1.7 
  

2.2 
 

1 1 
  

0.4 

Whole aboveground fresh 

biomass (g) 
WW 9.1 3.8 4.4 3.1 4.3 3.5 1.9 1 1.8 0.5 1.5 1 

Whole aboveground dry 

biomass (g) 
WW 0.9 0.2 0.3 0.3 0.2 0.2 0.3 0.1 0.1 0.3 0.1 0 

Root fresh weight (g) WW 1.7 0.9 0.767 0.57 0.29 0.37 0.293 0.75 0.265 0.18 0.33 0.05 

Root dry weight (g) WW 0.093 0.022 0.045 0.02 0.02 0.02 0.029 0.005 0.024 0 0.01 0.01 

Water in whole 

aboveground biomass (g) 
WW 8.2 3.5 4.1 2.8 4 3.3 1.7 0.9 1.6 0.6 1.4 0.9 

Water content Whole 

aboveground biomass (%) 
WW 90 93.7 92.8 88.8 94.1 93.6 3.2 1.6 1.3 10.2 1.3 1.1 

Water content root (%) WW 93.9 95.3 93 95.6 80.8 93.3 0.1 2.7 1.7 1.4 10.1 0.8 

†: WW = well watered. The withholding of the water started the day the data in this table were taken. Data are average 12-18 plants  
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Table 9.3: Characteristic of corn and sorghum varieties grown in greenhouse environment under 2 water treatment at the age of 23 days 

Variables 
Water 

Treatment† 

Mean Std. Deviation 
Variety 

Corn 
FR 

697 

M81E Px898012 RTx2817 Tx642 Tx7000 
Corn 
FR 

697 

M81E Px898012 RTx2817 Tx642 Tx7000 

Height 

(cm) 

WS 34.6 24.5 21.3 25.2 25.4 19.1 1.8 1.5 1.4 2.2 1.4 1.4 

WW 35.4 25.2 21 25.1 24.8 20.6 2.6 1.9 2.2 1.1 1.5 2.2 

Number 

of leaves 

WS 7.6 5.8 5.8 6.4 6.9 5.7 0.5 1 0.7 0.5 0.6 0.5 

WW 7.4 5.9 5.6 5.6 6.7 5.6 0.7 0.7 0.7 0.5 0.8 0.5 

Number 
of tillers 

WS 0 2.7 3.2 1.6 1.9 3.2 0 0.6 0.6 1.1 1.1 0.6 
WW 0 2.6 3.5 2.7 1.6 4.1 0 0.5 0.5 0.7 1.4 0.6 

Height 

tillers 

(cm) 

WS 
 

13.5 11 11.4 8.3 7.4 
 

4.2 3.3 3 3.2 2.5 

WW 
 

11.7 9.2 10.7 8.9 8.3 
 

2.6 3.3 4.1 4.4 3 

Number 

of leaves 

per tillers 

WS 
 

4.1 4.5 4.3 3.6 3.9 
 

1 1.1 0.6 1.2 0.8 

WW 
 

3.8 4.2 3.8 3.3 4.1 
 

0.8 1.1 1 1.7 1.2 

†: WS = water stressed and WW = well watered. Data are average of 12 plants 
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Table 9.4: Characteristic of corn and sorghum varieties grown in greenhouse environment under 2 water treatment at the age of one month 

Variables Water 

Treatment† 

Mean Std. Deviation 
Variety 

Corn 

FR697 

M81E Px RTx Tx Tx Corn M81E Px RTx Tx Tx 
898012 2817 642 7000 FR697 898012 2817 642 7000 

Number of 

tillers 

WS 0 2.8 3 1.6 1.9 3.1 0 0.9 0.6 1.1 0.3 0.5 
WW 0 2.9 3.8 2.4 1.5 4.1 0 0.6 0.7 0.9 1.3 0.8 

Height tillers 

(cm) 

WS  15.9 11.7 11.6 7.3 8.3  4.2 2.9 3.6 3.5 3.6 
WW  19.9 12.5 16.3 9.9 13  7.2 6.7 6.2 8.3 5.7 

Number of 

leaves per tillers 

WS  4.4 4.3 4.3 3.5 4.2  0.8 0.7 0.6 1 1.1 
WW  4.9 4.6 4.7 3.9 5.1  0.6 1.4 0.8 2.1 1.3 

Whole 

aboveground 

fresh biomass 

(g) 

WS 49.4 25.2 14.2 28.8 29 23.4 7.2 5.3 1.9 5.2 4.5 5.3 
WW 150.7 69 66.6 76.6 63 81.1 33.7 32.9 21.3 8.1 13 20.8 

Whole 

aboveground 

dry biomass (g) 

WS 6.2 5.5 4.5 4.8 4.6 3.3 0.9 1.2 0.7 0.8 0.5 1.4 
WW 11.9 7.9 7.4 7.7 6.9 7.5 1.9 3.5 2.6 0.9 1.6 1.7 

Leaf fresh 

weight (g) 

WS 49.4 19 9.1 28.1 27 19.3 7.2 3.2 2 5 3.1 5.7 
WW 150.7 49.6 38.1 60 63 54.8 33.7 18.6 11 8.7 13 10.7 

Leaf dry weight 

(g) 

WS 6.2 4.1 2.9 4.7 4.5 2.8 0.9 0.6 0.8 0.8 0.5 1.2 
WW 11.9 5.7 4.3 6.1 6.9 5.2 1.9 1.9 1.5 1.3 1.7 1.1 

Tiller fresh 

weight (g) 

WS  7.3 5.1 1.3 2.8 4.1  4.1 0.5 0.8 1.7 2.6 
WW  21.7 30.5 21.6 2.8 28.1  18.2 9.7 5.8 0 12.5 

Tiller dry 

weight (g) 

WS  1.7 1.7 0.2 0.2 0.4  0.9 0.2 0.1 0.1 0.5 
WW  2.5 3.3 2 0.3 2.6  1.9 1.1 0.3 0 1.2 

Water uptake in 

whole 

aboveground 

biomass (g) 

WS 43.2 19.7 9.7 24 24 20.2 6.3 4.3 1.5 4.5 4.1 4 
WW 138.7 61.1 59.3 68.9 56 73.6 32 29.5 18.9 7.7 11 19.3 

Water content 

Whole 

aboveground 

biomass %) 

WS 87.5 78.1 68.1 83.2 84 86.8 0.6 2 2.9 1.1 1.7 3.8 
WW 91.9 88.4 89 89.9 89 90.5 0.8 0.9 1.6 1.2 0.6 1.2 

Water in all 

tillers (g) 

WS  5.6 3.4 1.1 2.6 3.7  3.2 0.4 0.8 1.7 2.1 
WW  19.3 27.2 19.6 2.5 25.5  16.3 8.6 5.7 0 11.3 

Water content 

tiller (%) 

WS  75 67.5 78.3 89 90.9  5.3 3.6 9.5 11 5.6 

WW   88.5 89.5 89.4 89 90.9   1.2 1.2 6.4   1.3 
†: WS = water stressed and WW = well watered. The withholding of the water started when the plants were 15 days old. Data are average of 12 plants  



 

282 

 

9.4.5. Number of leaves 

At two weeks after planting, no significant differences (p=0.13) were found 

between the number of leaves of the plants (Table 9.2). After 3 weeks, significant 

differences were found between varieties (Table 9.3, 9.4). By the time the plant matured, 

Tx642 had 18 leaves compared to 11 corn Tx7000. This suggested that at the age one 

month, the number of leaves is not a good parameter to classify the varieties.  

9.4.6. Tilering 

Tilering is the ability of a grass to generate a new plant (tiller) from and an 

existing one. Sweet sorghum showed a high potential to tiller. The number of tillers 

depended on the age of the plant (p<.0001), the water treatment (p<.0001), and the 

variety (p<.0001). At 14 days after planting, the number of tillers per plant already 

depended on the variety (p<.0001). In general, the average number of tillers produced by 

sorghum varied between 1 and 4, with the highest value obtained with Tx7000 and the 

lowest value with TX642 (Table 9.4, Photo 9.4). Considering that Tx642 is drought 

tolerant and that Tx7000 is drought susceptible as found in the literature, we can deduce 

that the inability of a sorghum variety to reduce the number of its tillers is a strategy to 

better cope with drought. However, the tilering and the drought tolerance may be totally 

independent traits. More evidences and characterization of other cultivars may be 

required to confirm our hypothesis. Nevertheless, like the relationship between a child 

and a parent, the tillers put pressure on the main original plant to grow until they become 

independent. As they are young, the tillers depend on the main plant until they can fully 

survive by themselves. If a problem such as drought occurs, the main plant may tend to 

help the tillers and itself to survive, and that can reduce the resource it allocated for itself. 
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Therefore, by reducing the number of tillers, a plant will be able to put its energy towards 

sustaining the main plant in case drought occurs. Additional data on biomass yield and 

water uptake in the plant will give more details on how the tillers are unfavorable for 

drought tolerance. The number of tillers of Px898012 was not different from that of 

Tx7000. 

  

Photo 9.4: Contrast between the number of tillers or Tx7000 and Tx642 in a greenhouse environment.  

Tx642 (right) has less tillers than the Tx7000 (left). (Photo: Roland Holou, Columbia, Missouri, 2010).  

 

9.4.7. Whole aboveground fresh biomass 

The whole aboveground biomass consisted of the tillers (if any) and the main 

plant (the original plant that gives rise to the tillers). The biomass production depended 

on the age (p<.0001), the water treatment (p<.0001), and the variety (p<.0001). 

Significant difference in the biomass production was found between the varieties after 2 

weeks (p<.0001) (Table 9.2). At the age of 2 weeks, the total biomass produced by corn 

was 9.1 g/plant whereas that of sorghum averaged 3.8 g. The fresh biomass of the well 
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watered plants ranged from 62.6 g to 150g/plant, with the highest recorded with corn and 

the lowest with Tx642.  In general, the drought reduced the fresh biomass of water 

stressed plants by one-third. At the age of one month, there was not a significant 

difference between the fresh biomass production of the sorghum varieties. However, the 

water stressed plants showed significant differences (Photo 9.5). Surprisingly, the 

sorghum variety Px898012 suffered much more from the drought than the drought 

susceptible Tx7000. Under drought stress, the fresh biomass yield of that Px898012 was 

one third that of the other sorghum varieties. The fresh biomass of its drought stressed 

plants were 21.3% that of the well watered. Tx642 suffered the least; its biomass 

production was reduced by 50% by the drought, whereas that of corn also was reduced by 

one-third. These data attested to the hypothesis that Tx642 is able to sustain its 

aboveground biomass even in drought conditions. Although in well watered conditions, 

the least aboveground biomass produced by the sorghum varieties was obtained with 

Tx642 (62.6 g/plant), under drought, that variety yielded the highest fresh biomass (28.5 

g/plant) (Table 9.4). In contrast, when considering the other sorghum varieties, Tx7000 

yielded the best biomass production under well watered conditions, but unfortunately, 

under the drought stressed treatment, its biomass yield was among the worst (Table 9.4). 

9.4.8. Whole aboveground dry biomass  

Significant variation was found in the dry biomass according to the age 

(p<.0001), the water treatment (p<.0001), and the variety (p<.0001). At the time the 

water began to be withheld, the varieties already differed in their dry aboveground 

biomass (p<.0001) (Table 9.2). At that time, the dry weight of corn aboveground biomass 

was 0.88 g compared to 0.27 for the sorghum varieties.  
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Photo 9.5: Change of leaf color and biomass after water withholding. 

Withholding the water for 2 days decreased the biomass (plants at the right). The water stressed plant lost 

their greenness and wilted. (Photo: Roland Holou, Columbia, Missouri, 2010). 

 

The dry biomass of the sorghum varieties was not statistically different at the age 

of 2 weeks. At the age of one month, the corn dry biomass was statistically different than 

that of the sorghum varieties in either water condition. The well watered corn produced 

11.9 g of dry biomass per plant compared to 6.2 g/plant for the water stressed.  So, the 2 

weeks of drought stress reduced the corn dry yield by half. The dry biomass yields of the 

well watered sorghum varieties were not statistically different at the age of one month. 

They averaged 7.5 g/plant. In contrast, significant differences were observed between the 

dry weights of the aboveground biomass of the sorghum varieties grown under water 

stressed conditions. In such conditions, the sweet sorghum variety (M81E) produced the 

highest yield (5.5 g/plant) whereas Tx7000 yielded the least value (3.3 g/plant). The dry 

weight of the Tx642 and Px898012 was not statistically different at the age of one month 

(4.5 g/plant). Although, at the age of one month the varieties differed in their dry 
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biomass, those differences were much more evident with the water stressed plants 

(p<.0001) than the well watered ones (p=0.0041). As the biomass is a product of 

photosynthesis, the fact that the difference between of the dry biomass of the varieties 

was more pronounced in water stress than in well water conditions mean that their 

photosynthesis ability is more different in drought condition than well water ones.  

 

9.4.9. Water content and uptake in aboveground biomass 

The amount of water that the plants put into their aboveground biomass depended on 

their age (p<.0001), the variety (p<.0001), and the water treatment (p<.0001). From 2 

weeks after planting until the end of the drought stress experiment, the amount of the 

water that the plants put into their aboveground biomass was statistically dependent on 

the variety regardless of the water treatment (p<.0001) (Table 9.4). During the course of 

the one month experiment, the amount of water that corn put in its aboveground biomass 

was higher than that of sorghum (Table 9.4). For instance, at the age of 2 weeks, corn put 

7.6 g of water into its aboveground biomass per plant whereas the sorghum varieties put 

2.3 to 3.6 g water per plant depending on the variety (Table 9.2). At 2 weeks, the amount 

of water that Px898012 put in its aboveground biomass was higher than that found in the 

other sorghum varieties (Table 9.2). However, as the plant aged, Px898012 lost its ability 

to put water in its aboveground biomass. At the age of one month, the highest amount of 

water found in the well watered sorghum varieties was recorded with Tx7000 (73.6 

g/plant) compared to 60 g/plant for Px898012. At that time, the amount of water that 

TX642 captured in its aboveground biomass was not statistically different than that of 

Px898012. Indeed, after withholding the water for 2 weeks, the amount of water found in 

Px898012 was 9.2 g/plant, one fourth of what corn put in each of its plants, and half to 



 

287 

 

one third the amount of water found in the other sorghum varieties. Under the water 

stressed conditions, RTx2817 and Tx642 kept the same amount of water in their 

aboveground biomass (23.9 g of water per plant). This means that Px898012 lost the 

excess water it had stored in its biomass quickly once the drought stress was established. 

In summary, after withholding the water for 2 weeks, the amount of water found in the 

aboveground biomass of the water stressed plants was about one third that in the well 

watered plants. Additionally differences were found in the ability of the plants to 

maintain their water levels under drought conditions. Overall, the amount of water in 

Tx642 water stressed plants was half the amount found in the well watered ones. In 

contrast, the amount of water found in the water stressed Px898012 plants was one sixth 

that of the well watered (Table 9.4). These results suggested that under water stress 

conditions, Tx642 was still able to uptake water from the soil and or lose it more slowly 

at the leaf level. In contrast, Px898012 was not able to uptake much water from the soil 

as it was drying and or it lost the water it had more quickly than the other plants. The 

ability of a plant to keep in water under drought may be related to its tolerance to that 

stress (Photo 9.6, 9.7).  

The water content of the aboveground biomass was statistically dependent on the age 

(p<.0001), the variety (p<.0001), and the water treatment (p<.0001). The water in the 

biomass was affected by the variety. At the time the water withholding started, the water 

content of Tx642 roots were the lowest (80.8%) and it was statistically different from that 

of the other plants including corn. At that age, the water content in the other plants 

averaged 94.2%. The lower water content in the roots of Tx642 is an indication that the 

water in the soil will move more easily toward the roots of that variety than the other. In 
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fact, the low water content means that solute concentrations in these roots are higher than 

in the other plants. In other word, the roots of Tx642 may be more concentrated in solutes 

than that of the other plants. Water usually moves toward a more concentrated solution. 

Therefore it is possible that the water move more easily toward the Tx642 roots than 

toward the other plants plant. Therefore, Tx642 may not spend much energy taking up 

water as compared to the other plants. Additionally, the low water content may also mean 

that Tx642 uses less water to survive. Under drought stress the fresh weight of the tillers 

was significantly lower than that of the main plant. In other words, the extent to which 

the drought reduced the biomass was higher with the tillers than with the main plant 

(Table 9.4). This implied that under drought the plant tended to move the water toward 

the main plant than toward the tillers. That may be one way the plants that reduce the 

number of tillers may cope better with the drought.  

 

Photo 9.6: How water stress affected Px898012 by the end of 2 weeks water withholding. 

Withholding water for 2 weeks killed Px898012 (left) whereas the plants that were well watered grew very 

well and produced more biomass (right). (Photo: Roland Holou, Columbia, Missouri, 2010).  
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Photo 9.7:  Effect of water treatment on leaves and roots production of Tx642.  

Withholding the water for 15 days (plant at right) increased the diameter of the roots. The leaves were 

fresher than that of PX898012 (Photo 9.6). Both plants are 30 days old. (Photo: Roland Holou, Columbia, 

Missouri, 2010). 

  

9.4.10. Roots architecture  

By being in contact with the soil, roots are the organs that experience the drought 

stress first. Their volume, surface and diameter can play key roles in how plants cope 

with drought. Two weeks after planting, the weight of the plants was already significantly 

dependent on the varieties (p<.0001). The fresh weight of corn roots was 1.7 g whereas 

that of the sorghum varieties ranged from 0.29 to 0.9 g/plant (Table 9.2, Figure 9.6). As 

far as the sorghum varieties are concerned, sweet sorghum produced more roots (0.9 

g/plant) whereas Tx642 and Tx7000 yielded the least. The water content of the roots 

averaged 95%. Furthermore, the roots of Px898012 are reddish (Photo 9.8).  
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Photo 9.8: Reddish color of Px898012 roots.  

Perhaps, PX898012 produced some secondary metabolites in its roots. (Photo: Roland Holou, Columbia, 

Missouri, 2010).  
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Figure 9.6: Effect of the variety and the water treatment of the root weight of 2 weeks old by corn and 

sorghum grown in a greenhouse environment. 
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Table 9.5: Summary of the root length, volume, surface area and diameter at the age of 2 weeks of sorghum 

and corn varieties grown in a greenhouse environment. 

Variety 

Mean† Std. Deviation 

Total root 

length 

(cm) 

Total 

root 

surface 

area 
(cm²) 

Total 

root 

volume 
(cm3) 

Average 

root 

diameter 
(mm) 

Total 

root 

length 
(cm) 

Total 

root 

surface 

area 
(cm²) 

Total 

root 

volume 
(cm3) 

Average 

root 

diameter 
(mm) 

Corn 164.6 a 37.9 a 0.70 a 0.73 ab 65.53 16.18 0.35 0.1 

M81E 112.2 bc 17.2 b 0.20 b 0.50 c 16.27 1.77 0.04 0.09 

Px898012 128.1 abc 30.0 a 0.63 a 0.78 a 31.74 10.67 0.44 0.3 

RTx2817 111.6 bc 17.2 b 0.21 b 0.51 c 33.9 3.8 0.05 0.06 

Tx642 84.2 c 15.5 b 0.23 b 0.60 bc 38.05 7 0.14 0.11 

Tx7000 145.7 ab 19.5 b 0.22 b 0.46 c 51.49 4 0.08 0.16 

Average 122.8 22.1 0.35 0.59 46.16 10.44 0.28 0.18 

†: The experiment was repeated two times and the data are average of 2-5 samples. Two weeks after 

plating, the root were harvested and scan using WinRhizo software (Regent Inc, Quebec Canada) software. 

The total length, volume, surface area and average diameter of the root were directly given by the software. 

This software considered all kind of root (primary, lateral nodal). Numbers followed by same letter are not 

statistically different. Significant difference existed between the root characteristic of the varieties. 

Significant difference existed between the root characteristic of the varieties. 

 

 

At the age of 2 weeks, the time we started to apply the water stress, the varieties 

differed in the total length, surface area, volume and average diameter of their roots 

(Photo 9.9). Generally, the difference between corn and Px898012 was not significant 

(Table 9.5).  Indeed, at the age of 2 weeks, the average root length was 122.8 cm. 

Significant differences were found between the varieties (P=0.026). At that time, the 

highest total root length was observed with corn whereas the lowest was found with 

Tx642 (Table 9.5). M81E and RTx2817 had similar root lengths. The total surface area 

and the volume of the roots were statistically different at the age of 2 week (p<.0001). 

Corn and Px898012 recorded the highest root surface area, which was almost twice that 

of the other varieties. The differences between the total root surface areas of the other 

varieties were not significant (Table 9.5) and it averaged 17 cm
2
. The total root volume 

averaged 0.35 cm
3
.  
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Photo 9.9: Corn and sorghum roots architecture at the age of 2 weeks.   

Significant difference existed between the root characteristic of the varieties. Photo: Roland Holou, 

Columbia, Missouri, 2010). 

Tx7000 Tx642 

Px898012 RTx2817 

Corn FR 697 M81E 
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The highest root volume was also recorded with corn and Px898012 (Table 9.5). 

The root volumes of the other varieties were not statistically different and on average it 

was 0.22 cm
3
, one-third that of corn or Px898012. The average diameter of the root 

depended on the varieties (p=0.0003). Px898012 recorded the highest average root 

diameter (Table 9.5). 

In general, we observed that sweet sorghum in the greenhouse produced more and 

bigger nodal roots than any other varieties studied. Those roots are visible by eye and 

without measuring them, the differences can be clearly seen. However, Tx7000 has fewer 

nodal roots than Tx642 (Photo 9.10).  

 

Photo 9.10: Nodal roots of sorghum varieties.  

Tx7000 (left) has less nodal roots than Tx642 (middle), and sweet sorghum (right) has more nodal roots 

than any of the varieties studied. Photo: Roland Holou, Columbia, Missouri, 2010).  

 

After 2 weeks of water treatment, significant differences were found between the 

plants that experienced drought and those that were well watered. Visual observations 

showed that the water stress significantly affected the growth of the roots. Most 

importantly, we observed that the diameter of the roots of the water stressed plants were 

higher than those of the well watered plants (Photo 9.11-9.15). At the age of one month, 

it was not possible to pull the plant out of the growing vermiculite pot and measure root 

diameter using a ruler. However, visible observation showed a difference. This suggested 
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that although the roots of the water stressed plants were not growing as long as the well 

watered plants, they instead expanded their diameter in order to increase their surface 

area. Indeed, the root surface area can be calculated based on the root diameter and the 

root length. Any increase of the root length or the root diameter should increase the root 

surface area. Therefore, if under drought, the diameter of the root increases, that means 

that the plant is employing a strategy to increase its root surface. In the soil, a plant takes 

water up through the roots. As the surface area of the root increases, so does the contact 

of the root with the soil. Consequently, the plant may uptake more water.   

Four months after planting, significant differences were still found between the 

plant root systems. Tx642 colonized the whole pot with roots (Photo 9.16), whereas 

sweet sorghum M81E continued to grow bigger roots (Photo 9.19). By that time, all the 

grain sorghum had flowered expect Px898012 (Figure 9.18). Px898012 continued to 

grow more leaves suggesting that if drought occurred at that time in the field, Px898012 

would not be able to have high yields of grain production. This was another indication 

that Px898012 was not as drought tolerant as the other varieties studies during the course 

of our experiment. Corn finished its life cycle by 3.5 months and even died at the end of 

the 4th month (Figure 9.20). 
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Photo 9.11: Effect of water treatment on leaves and roots production of M81E.  

Water was withheld for 15 days (plant at right). Both plants are 30 days old. (Photo: Roland Holou, 

Columbia, Missouri, 2010) 

 

Photo 9.12: Effect of water treatment on leaves and roots production of Px898012.  

Withholding the water for 15 days severely wilted the plant (plant at left), but the diameter of the roots 

increased. Both plants are 30 days old. (Photo: Roland Holou, Columbia, Missouri, 2010).  
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Photo 9.13:  Effect of water treatment on leaves and roots production of Tx642. 

Withholding the water for 15 days (plant at right) increased the diameter of the roots. Both plants are 30 

days old. (Photo: Roland Holou, Columbia, Missouri, 2010).  

 

 

Photo 9.14:  Effect of water treatment on leaves and roots production of Tx642.  

Withholding the water for 15 days (plant at right) significantly increased the diameter of the roots. Both 

plants are 30 days old. (Photo: Roland Holou, Columbia, Missouri, 2010).  
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Photo 9.15:  Effect of water treatment on leaves and roots production of corn.  

Withholding the water for 15 days (plant at right) significantly changed the leaves and the roots production 

by corn. Both plants are 30 days old. (Photo: Roland Holou, Columbia, Missouri, 2010).  

 

Photo 9.16: Roots production by Tx642 at the age of 4 months. 

(Photo: Roland Holou, Columbia, Missouri, 2010)
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Photo 9.17: Roots production by  RTx2817 at the age of 4 months. 

(Photo: Roland Holou, Columbia, Missouri, 2010). 

 

Photo 9.18: High biomass production by Px898012 at the age of 4 months. 

While all the other varieties flowered since one month, Px898012 was still producing leaves without a sign 
of flowering soon. (Photo: Roland Holou, Columbia, Missouri, 2010).
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Photo 9.19: Size of sweet sorghum plant and nodal roots at the age of four months.  

At the age of 4 months, sweet sorghum was not able to flower yet. Its roots were bigger than that of the 

other varieties. (Photo: Roland Holou, Columbia, Missouri, 2010). 

 

Photo 9.20:  Tx7000 and corn roots at the age of 4 months.  

At that time, Tx7000(left) and corn (right) already finished their life cycle. Photo: Roland Holou, 

Columbia, Missouri, 2010.
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9.4.11. Flowering time  

The plants grown in the greenhouse were followed up until their seeds production. 

Although Tx642 proved to be more drought tolerant, it did not produced much seeds 

(Photo 9.21). The varieties that produced more seeds were RTx2817 and Tx7000. At the 

age of 4 months PX899012 continue to grow leaves whereas all the other varieties 

flowers since about 3 weeks. It took four month before Px898012 start to flower. 

The variety that flower early was Tx7000, followed by RTx2817. This suggested 

that if the drought late during the growing season Tx7000 can survive it as it would have 

produced its seeds already. However, a late drought will hurt Px898012 and Tx642 as 

they flower late. Because Tx642 did not produce much seeds although it is drought 

tolerance, it may be necessary to cross that variety with those that produce higher seeds in 

order to breed for and hybrid that will have both the drought tolerance an high seeds 

production traits. Because, the plants are grown mainly for their seeds, Tx642 may not be 

of interest if it cannot produce seeds.  

 

Photo 9.21 : Head of Sorghum varieties. 

Tx642 (right) produce less seeds than and RTx2817 (left). (Photo: Roland Holou, Columbia, Missouri, 
2010). 
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9.4.12. Protein content of tissues  

On average, the protein content of the young leaves is higher than that of the other 

organs (Table 9.6). In contrast, the lowest protein content was found in the stem. The 

protein content depended on the tissues (p<.0001), the water treatment (p=0.0085) and 

the variety (p<.0001). A significant interaction (p<.0001) was found between the tissues 

and water treatment, tissue and variety, water treatment and variety. These results 

suggested that the expression of protein in these lines was different, but also that the 

differences of protein expression significantly varied depending on the tissue type and the 

water condition in which the plants were grown. Regardless of the tissue type, the protein 

content of the varieties was different (Table 9.7). The difference was less pronounced 

with the tillers in the water stressed condition. In general, the main changes occurred in 

the root, the leaves and the stems. In most cases, the protein expression increased in the 

roots, whereas it decreased in the leaves. Tx642 and Px898012 are the varieties in which 

the protein content changed the most (Table 9.6).  

On average, drought increased the protein in all tissues except the old leaves 

(Table 9.6). The highest change was observed with the leaves and the roots, suggesting 

that under drought, these tissues may be the site of many biochemical changes. On 

average, under drought, the protein content of the root increased almost 150% whereas 

the protein content of the leaves decreased about 30% as compared to the well watered 

plants (Table 9.6).  In well watered conditions, the highest protein in old leaves was 

found in Tx642, followed by Px898012. In water stressed conditions, the highest protein 

content was still observed with Tx642, but this time, Px898012 occupied the third 

position whereas M81E was second. This suggested that under drought, Px898012 lost 
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the ability to express protein in its old leaves. In both well watered and water stressed 

conditions, the lowest protein content in the roots was found in corn FR697 (Table 9.6), 

suggesting that the protein expression of sorghum in its root is higher than that of corn in 

the same organ. In well watered conditions, the highest protein content was recorded in 

Px898012, whereas Tx642 occupied the fourth position, concentrating only half as much 

protein as Px898012. Under water stressed conditions, the highest protein content in root 

was found in Px898012 and Tx642. Px898012 had the highest protein content in both 

conditions but the total amount of protein in the root did not change. However, Tx642 

almost doubled the protein concentration in its root in the water stressed conditions. This 

data suggested that one strategy of Tx642 to cope with drought may be to significantly 

increase its protein concentration (Table 9.6). Tx7000 also almost doubled the protein 

content in its roots under water stress. RTx2817 increased the root protein content more 

than 70%.  

In general, the protein content of the water stressed young leaves was about 30% 

less than the well watered plants. In both well watered and water stressed conditions, 

Tx642 recorded the highest protein content in leaves. However, in water stressed 

conditions, it decreased the leaf protein content by 40% half, compared to about 60% for 

Px898012. Nevertheless, the other cultivars keep the protein content of their young leaves 

constant. 
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Table 9.6: Protein content in roots, leaves, stem and tillers of corn and sorghum cultivars grown for 30 days in a greenhouse environment. 

Variety 

Protein content (%, g g-1 fresh weight)† 

Old Leaf Root Stem Tiller Young Leaf 

WS WW WS WW WS WW WS WW WS WW 

Corn FR 

697 
0.09  e 0.09 e 0.04 e 0.03 c 0.04 cd 0.03 c 

  
0.08 e 0.10 de 

M81E 0.17 a 0.13 c 0.07 d 0.06 b 0.03 d 0.02 d 0.12 b 0.08 c 0.13 c 0.13 cd 

Px898012 0.14 b 0.16 b 0.11 a 0.10 a 0.08 a 0.05 a 0.11 bc 0.17 a 0.11 d 0.26 b 

RTx2817 0.13 c 0.13 cd .010 b 0.06 b 0.07 b 0.05 a 0.10 c 0.12 b 0.15 b 0.14 c 

Tx642 0.18 a 0.22 a 0.11 a 0.06 b 0.05 c 0.05 a 0.14 a 0.18 a 0.18 a 0.30 a 

Tx7000 0.11 d 0.12 d 0.08 c 0.04 c 0.06 b 0.04 b 0.10 c 0.09 c 0.10 d 0.09 e 

Average 0.14 0.14 0.08 0.06 0.05 0.04 0.11 0.13 0.13 0.18 

†: Corn and sorghum tissues were harvested for one month under different water conditions in a greenhouse environment after 15 days. WW=well 

watered (plants were water thoroughly every other day), WS = water stress (withhold water for 15 days after the plant reach the age of 15 days). Plants 

samples were harvested and frozen in liquid nitrogen. Proteins were extracted using an extraction buffer of 50mM Tris-cl, pH 6.8, 1mM EDTA, 1mM 

PMSF, 1mM DTT and 10 mM 2-mercaptoethanol. 25 mg of plant tissues was mixed with 100 ml of extraction solution. Protein was measured suing 

Bradford assay (Bio-Rad Protein Assay). Most changes occurred with the young leaves and the root. WW=well watered, WS=water stressed 
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Table 9.7: Impact of variety on protein content according to the tissues and the water treatment. 

Tissues type† Well watered Water stressed 

Old leaf **** **** 

Root *** **** 

Stem *** *** 

Tiller *** * 

Young leaf **** **** 

†: Numbers in the table are the probability associated with the test. Significant difference is assumed for 

p≤0.05. ****: p<0.0001; ***: p<0.001; **: p<0.01; * : p<0.05 

9.5. Discussion  

We observed significant differences between the varieties used in this study. 

Additionally, the differences between the corn and sorghum varieties depended on their 

age and the type of water treatment. Those results concurred with that of other authors 

that found that the way plants tolerate drought depends on the moisture stress, the time it 

occurs and its duration (Kebede et al., 2001; Mutava, 2009). The impact of drought stress 

on the viability of plant roots were related to the duration of the drought (Pardales and 

Kono, 1990).  

Our results proved that drought reduces the length of the roots and the leaves of 

the 2 days sorghum and corn seedlings. We found that our corn and sorghum varieties 

differed in the length of their roots and leaves regardless of the water conditions in the 2 

day system. The results we obtained in the two day system are similar to those obtained 

by previous authors that used the same system with corn (Sharp et al., 1988). However, 

we discovered that the comparison of plant responses to drought in the 2 day system 

described here may be misleading if the root length is the only parameter of comparison. 

Indeed, in that 2 day system, the sorghum variety Px898012 was among the cultivars that 

had the highest root length regardless of the water conditions (Figure 9.2, 9.3). In 

contrast, its leaf length was the lowest under the 2 days drought stress (Figure 9.4). If 

someone was going to judge the best drought tolerant crop based only on the root length, 
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Px898012 should be chosen. However, when grown longer in the more field-like 

conditions of the green house, that variety died quickly in drought conditions (Photo 9.6) 

and lost its water quickly once the drought stress was established.  

Leaf data supported the greenhouse root data. In the 2 day system, data collected 

on leaves (Figure 9.4, Table 9.1) suggested that Px898012 would have difficulty growing 

its leaves under drought. These results proved that particular attention needs to be put on 

leaves when studying drought. The leaves are the place where photosynthesis takes place, 

whereas the roots are where water uptake from the soil occurs. Knowing that water is 

indispensable for photosynthesis, communication between roots and leaves must exist in 

order to help a plant cope with drought. Therefore, the leaves and the roots need to be 

studied cooperatively to grasp the full complexity of drought tolerance by a plant.  

We also found that under water stress conditions, Tx642 was still able to uptake 

water from the soil and/or lose it more slowly, whereas Px898012 was not able to do so 

dying quickly. Therefore, the amount of water a plant can store in its biomass can explain 

its ability to withstand drought. If a plant does not have enough water in its biomass, 

when the drought comes, it will lose its water reserve quickly, and then die. That may be 

why the plants that grow in the desert such as the crassulaceans (e.g. cacti, and orchids) 

have a lot of water in their tissues (Taiz and Zeiger, 2006). According to the same 

authors, these crassulaceans do not easily lose their water having developed a mechanism 

to keep it, even if they have to open their stomatas to uptake CO2. For instance,  for each 

gram of CO2 up taken, the amount of water lost by a crassulacean is 50-100g, compared 

to 250-300g for C4 plants, and 400-500g for C3 plants (Taiz and Zeiger, 2006). 

Therefore, the drought tolerance of a plant may not be related to just the ability of its 
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roots to grow well in order to take the water from the soil, but also to the ability of that 

plant to keep that water in the aboveground biomass so that photosynthesis and plant 

growth can still occur. A main problem for Px898012 was the inability to keep its water 

under drought. The ability of keeping the water may have link to stomatal activity. For 

instance, by controlling the opening and closure of the stomata, a plant can better 

withstand drought. Perhaps Tx642 has a higher ability to balance its water loss at the 

stomata level with the uptake of CO2. 

Martin (1930) observed that sorghum stomata are 1/2 to 2/3 smaller than that of 

corn. Additionally, sorghum has twice as many stomata per unit as corn (Martin, 1930). 

These stomatal characteristics may help sorghum to cope better with drought. We also 

observed that in well watered conditions, Tx7000 and Tx642 were not different; however, 

in water stressed conditions, they differed. Previous work proved that Tx7000 and Tx642 

lines differed in the stay green phenotypes (Harris et al., 2007b). Unfortunately, these 

authors did not provide evidence for a generic "drought tolerance and drought 

susceptibility‖. Even in the 2 day system, Tx642 was able to produce more roots (Figure 

9.2)  and leaves (Figure 9.4)  in drought conditions than Tx7000.  

At the age of 2 weeks, we observed a significant difference between the weights 

of the cultivars (Table 9.2). At that time, the lowest root weight in well watered 

conditions was recorded with Tx642, whereas Px898012 is among the sorghum cultivars 

that yielded the highest root weight. If someone focused on just the root weight of these 

varieties at the age of 15 days, Px898012 may have seemed drought tolerant because of 

its higher root yield, which would be the wrong conclusion. Therefore, the weight of the 
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root under well watered conditions may not be sufficient to select the best drought 

tolerant crop. 

We discovered that under drought the diameter of the nodal roots increased. This 

may be a strategy to increase water uptake. Previous studies proved that under drought, 

the expansin proteins are over expressed (Wu et al., 2001). These proteins may help 

expand the cell wall and therefore facilitate cell elongation. So, the increase of the nodal 

root size we observed in our research concurred with that previous finding. Pardales et al. 

(1990) observed that the number of sorghum nodal roots were not affected by a 21 day 

drought stress. However, a significant difference was found with the seminal root 6 days 

after drought stress began (Pardales and Kono, 1990), suggesting that nodal roots may 

still grow well under drought. Pardales and Kono (1990) observed that under drought, the 

morphology of the nodal roots changed and they appeared to be ―swollen and rigid, 

giving an impression of tuberized organs‖. The nodal roots highly impact the architecture 

of sorghum root system (Singh et al., 2008). A positive correlation was observed between 

drought tolerance and certain parameters such as root weight, volume, length, root:shoot 

ratio, and dry weight of 3 week old sorghum (Nour and Weibel, 1978).   

We observed that in contrast to sorghum, maize root systems consist of one 

primary root, and a variable number of nodal and seminal roots from which emerge the 

laterals ones. Those data corroborated with that of previous studies (Hochholdinger et al., 

2004; Sharp et al., 1988). Corn can have up to 13 seminal roots (Feldman, 1994; 

Kisselbach, 1949; Sass, 1977). Both corn  and sorghum have a vigorous root system and 

their nodal roots are oblique (Yamauchi et al., 1987).  
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We observed that at the age of 15 days, the dry root weight of the cultivars varied 

from 0.022 g to 0.093 g, with the highest value obtained with corn FR697. Among the 

sorghum varieties studied, Px898012 recorded the highest root dry weight at the age of 

15 days. The root dry weight obtained in our study at the age of 15 days was lower than 

that obtained with sorghum at the 6 leaf stage (Singh et al., 2008). Indeed these authors 

found that at the stage of 6 leaves, sorghum root weights ranged from 0.287 to 0.867 g, 

whereas the total nodal length ranged from 217 to 304 cm (Singh et al., 2008). These 

authors did not report what was the age of their sorghum at the 6 leaves stage, but in our 

cases the plant have 6 leaves toward the end of the first month. The total root lengths we 

recorded in our system at the age of 15 days ranged from 84 to 167 cm (Table 9.5). The 

difference may be explained by the fact that we used different varieties and also a 

different system. Indeed Singh et al. (2008) studied the root system in a rhyzotron. In 

hydroponic medium, Jordan et al. (1979) observed that, at the age of 59 days, Tx7000 

had 32 roots, which measured in total 1227 cm, and occupied a volume of 68.1 cm
3
. 

Those values are higher than those observed in our experiments.  

At the age of 2 weeks, the time when we started to apply the water stress, the 

varieties differed in the total length, surface area, volume and average diameter of their 

roots, with the highest value observed with corn and Px898012. In spite of its higher root 

size, Px898012 died quicker. We can conclude that the size of the roots is not the sole 

factor controlling plant drought tolerance. Some biochemical functions must also be 

involved. Px898012 was the only cultivar that had reddish roots. That may play some role 

in its response.  
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Our results proved that, the protein content depended on the tissues, the water 

treatment, and the variety. In general, the main changes in protein content occurred in the 

roots, the young leaves, and the stems. In most cases, the protein expression increased in 

the roots, whereas it decreased in the leaves. We found that, under drought, Px898012 did 

not significantly increase the protein expression in its roots, whereas the other varieties 

increased their root protein content by 70% or more. These results suggested that the 

inability of Px898012 to cope with drought may also be partially explained by its 

inability to increase the protein content in its roots.  

Solutes accumulation help plants to adjust their osmotic pressure (Wood et al., 

1996). As proteins are solutes, their increase will also increase the solutes pressure in 

roots and therefore contribute to the osmotic pressure adjustment. Water moves toward 

regions of lower water potential, that is regions of lower free energy (Taiz and Zeiger, 

2006). Solutes diminish the free energy of water because they dilute it (Taiz and Zeiger, 

2006). The increase of any solutes in a system decreases the free energy of that system 

(Taiz and Zeiger, 2006). Consequently, the increase of protein content in a root will 

decrease the free energy, causing the water to move faster towards the root. Therefore, 

the increase of protein content in a root in a water stressed situation may be a mechanism 

of the plant to increase the ability of its root to uptake water from the soil. So, between 

two plants, the one that has the higher protein content may have a higher ability to uptake 

water from the same type of soil. Our results showed that in either well watered or water 

stressed conditions, the lowest root protein content was found in corn FR697 (Table 9.6). 

This may imply that in any water stress, the sorghum varieties we studied may have a 

higher ability to uptake water from the soil than the corn FR697. If that is true for corn 
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FR697, which is a drought tolerant cultivar (Sharp et al., 2004; Wu et al., 2001), that may 

be true for most of the other corn cultivars. This may partially explain why sorghum is 

generally seen as more drought tolerant that corn (Tesso et al., 2005; Tsuchihashi and 

Goto, 2004). 

9.6. Conclusion 

In summary, our results pointed out the complexity of the plant resistance to 

drought. We discovered that the sorghum line Px898012 is not as drought tolerant as the 

other varieties if the stress is applied in less than a month. In both the 2 and the 30 day 

trials, that cultivar was not able to handle the drought. In addition, we found that screens 

for drought tolerant plants need to balance the change in both the leaves and the roots 

depending on the stress. If we had focused only on the roots, we would have mistakenly 

considered Px898012 as the most drought tolerant. Our results proved that the leaves 

should not be ignored.  
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10. General Conclusion and Implication 

Our results showed that nitrogen fertilization and the soil type are determinant 

factors in maximizing the biofuel feedstock production from corn and sweet sorghum. 

We also found that the harvest date is crucial for balancing maximal biomass production 

with minimal nutrient removal from switchgrass. 

The biomass yield from corn and sweet sorghum depended on the soil type and 

the N fertilization rate. In general, our results showed that N fertilization of sweet 

sorghum grown after cotton and soybeans had no significant effect on the biomass yield 

on loam and sand soil types. In contrast to sweet sorghum, corn always responded to N 

fertilization, and 179 to 224 kg N ha
-1 

was required for maximum grain yield. Based on 

the biomass response, it seems unnecessary to apply N to sweet sorghum in an attempt to 

increase the biomass yield on loam and sand in a cotton/soybean rotation system. 

However, N will always be needed on clay. Overall, the loam soil is the best soil to 

produce biomass from sweet sorghum and corn. We also observed that the corn 

responded to the N rate in the same field where sweet sorghum did not require N, 

suggesting that sweet sorghum may have another mechanism to uptake N from the soil. 

Its root system and inhibition of biological nitrification may have played a role in its lack 

of response to N fertilization. In general 67 kg N ha
-1 

yielded the optimum sweet sorghum 

biomass. 

The soil type and the N rate highly impacted the juice yield, the content and yield 

of sugars, and the dry bagasse yield. On average, N fertilization improved the sugar 
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content of the juice; and a negative correlation was found between the sugar content and 

the juice yield of sweet sorghum. Generally, the lowest sugar content was found in the 

clay whereas the highest was in the loam. The impact of the N fertilization rate on the 

sugar content of the juice was more pronounced in the clay. We showed that N 

fertilization always increased the sugar yield in the clay soil, whereas in the loam, a 

significant sugar response was recorded only if the sweet sorghum was planted after corn. 

Our results showed that a significant difference existed between the juice, sugar, and 

bagasse yields during the year, and we linked that difference to the changes in the 

weather. A minimum of 67 kg N ha
-1 

is required to obtain the maximum sugar, bagasse 

and juice yield. Our data suggested that sweet sorghum should never be grown after corn.  

Although we studied sweet sorghum in the most detail, we also analyzed the 

components of the corn kernel. We found that N fertilization changed the composition of 

the corn kernel. As the N rate went up, the oil and starch content of the grain significantly 

decreased, whereas the protein content increased. In contrast, as the N fertilization rate 

increased, the protein, starch and oil yields increased until they reached a maximum at 

179 kg N ha
-1

. In general, the increase of the N fertilization rate increased the uptake of 

most nutrients until the maximum was reached around the application of 179 kg N ha
-1

. 

Corn grain removed 31.2 to 201.3 kg N ha
-1

, 9.5-102.2 kg K ha
-1

, 2.9-19.6 kg P ha
-1

, 

according to the year and the N fertilization rate. The removal of most micronutrients was 

minimal and therefore they should be of little concern for farmers. Our data suggested 

that when farmers add N to their soil to improve grain yield for starch production to be 

used for biofuel production, they will also be increasing the nutrient removal. In contrast, 

when farmers will be adding too much N to their soil to increase the grain yield, they will 
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be reducing the starch content in those grains. Consequently the quality of the grain will 

differ based on the agronomical practices used by the farmers. Thus, the biofuel yield will 

vary as well. A fair arrangement would be for ethanol plants to pay farmers a premium 

for corn with high starch content. An economical analysis needs to be done in the future 

to determine the most economical and optimum N rate that will yield a higher starch 

yield with minimum nutrient removal.  

Sweet sorghum removed several nutrients in its whole aboveground biomass: 

179-355 kg N ha
-1

,  83-350 kg ha
-1

, 13.3 kg ha
-1 

, 2-18 kg Ca ha
-1

, 13-28 kg Mg ha
-1

, 3.1-

5.5 kg Fe ha
-1

, 0.4 to 4.2 kg Zn ha
-1

, 1.1-1.9 kg Mn ha
-1

, 0.2-0.5 kg Cu ha
-1

. Generally, 

the micronutrient removal by sweet sorghum was minimal and was significantly affected 

by the year, the soil type and N rate. The return of the leaves and the bagasse to the soil 

significantly reduced the nutrient removal by sweet sorghum. Based on the N removal in 

the total aboveground biomass, a minimum of 179 kg N ha
-1 

may be required if the entire 

biomass is used for biofuel purposes. Rotating with a legume crop such as soybean would 

help reduce that amount.  

Since growing sweet sorghum is not a typical crop, some farmers may be hesitant 

to grow it. Therefore, the uncertainties related to this new crop may also affect it 

adoption. Farmers can still retain this risk by diversifying their crops. For instance, 

farmers will have to grow both soybean and sweet sorghum in their farm in a way that 

they will be able to rotate them. They should not opt to grow corn before sweet sorghum 

because of its negatives impact on yield. Because of the high variation of biomass and 

subsequently ethanol along year, farmers may choose to take insurance. Insurance 

Company will have to request a high premium so that they can save enough to be able to 



 

314 

 

pay indemnities to farmers during years of lost. Because farmers may not be able to pay 

for very high premium, the government needs them to subsidies sweet sorghum 

production. Because sweet sorghum produce high biomass, given farmers a good carbon 

credit may help them to have much income and do not worry much about the premium. A 

government price support will also be a great tool to promote the adoption of biofuel 

from sweet sorghum. If well manage, sweet sorghum really have the potential to 

overcome corn.  

We observed that switchgrass biomass yield and nutrient removal depended on 

the cultivar. The maximum annual biomass production of the Blackwell cultivars was 

6.9-9.5 Mg ha
-1

, compared to 22-29.1 Mg ha
-1

 for the Alamo, with significant variation 

observed across the year. The Blackwell variety removed fewer nutrients than the Alamo; 

thus there was a direct correlation between the amount of biomass and the amount of 

nutrients removed. The maximum nutrients removed by Blackwell averaged 204 kg N ha
-

1
, 7 kg P ha

-1
 and 76 kg K ha

-1
. From July to November the nutrient uptake in the 

aboveground biomass decreased. As switchgrass senesced, most of the nutrient content of 

the roots did not significantly change. Contrarily, the nutrient content of the rhizomes 

increased. We also discovered that the nutrients returned to diverse locations in the soil, 

but generally in and under the clump. We recommended that the switchgrass biomass be 

harvested in late November in order to minimize the nutrient removal, maximize biomass 

yield and reduce the costs associated to drying.  

Our data showed that drought can significantly reduce the biomass production and 

change the root morphology of sorghum and corn. As biofuel is produced from biomass, 

biofuel production can be also affected by drought. After characterizing the root and leaf 
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responses to limiting water, for grain sorghum, sweet sorghum, and corn using two 

different methods, we found significant differences across the varieties. Px898012 

showed the least tolerance to drought by reducing its leaf growth, and even died quickly 

within 2 weeks of withholding water, whereas Tx642 showed the most resistance to 

drought. Our results showed that under drought, the diameter of the nodal roots increased. 

Although a significant difference was observed with the total root, neither the diameter, 

weight, length, nor the volume of the roots was correlated with drought tolerance. A 

combination of the changes in the root protein content and the leaf and root lengths 

correlated with the drought tolerance of the varieties studied. 
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