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ABSTRACT 
Rice (Oryza sativa L.) is a staple food consumed worldwide. Some rice cultivars are preferred 

over others due to their distinctive aroma which contributes to consumer acceptability and 

increased economic importance. New Rice for Africa (NERICA) is an inter-specific high yielding 

upland rice variety, which is a promising crop for addressing food insecurity in Africa.  NERICA 1, 

4 and 10 were released to farmers in Kenya for cultivation in 2009. Although studies have shown 

variations in NERICA yield due to environmental factors such as soil and weather patterns, 

there is no information on their influence on volatile flavor compounds (VFCs) composition, 

hence aroma quality. Some NERICA varieties are said to be aromatic but the constituents 

contributing to the aroma have not been identified. Indeed, it is not documented if different 

varieties produce varying aroma complexes. Nitrogen (N) fertilizers are applied to increase crop 

yields, usually accompanied by changes in composition of plant secondary metabolites. Despite 

changes in physiological and chemical parameters of plants with environment and N-rates, it is 

not documented how NERICA varieties vary in growth parameters in Lake Victoria basin. The 

objective of this study was to investigate agronomic performance and composition of organic 

volatile compounds of cooked NERICA 1, 4 and 10 varieties and their variations due to location 

of production and nitrogen fertilizer rates. The experiments were set up at KALRO farms in 

Kibos, Oyani, and Maseno University Botanic garden in a split plot design with three NERICA 

varieties (sub plots) and four nitrogen fertilizer levels (20, 60, 100 and 140 KgN/ha as main 

plots) replicated three times. Field data obtained included plant height, number of tillers and 

leaf chlorophyll content. Grains were harvested at maturity, sun-dried for seven days, de-hulled 

and milled. The volatiles flavour compounds were extracted using Licken-Nickerson distillation 

method; quantified using Gas Chromatography with ethyl decanoate as an internal standard and 

identified by Gas Chromatography Mass Spectrometry (GC-MS). Agronomic performance was 

influenced by varietal differences and geographical location of production. Significant (p≤0.05) 

differences were observed in leaf chlorophyll content of the NERICA varieties at different 

location of studies, while tillering ability did not vary. Plant height numerically increased with 

increased N-rates with NERICA 4 cultivated in Kibos being significantly (p≤0.05) taller than 

those from Maseno and Oyani. This was partly due to favourable soil parameters at Kibos. A 

total of 110, 100, and 100 VFCs were detected in NERICA 1, 4 and 10, respectively. NERICA 

1 was superior to NERICA 4 and 10 in terms of VFCs concentration. The classes of compounds 

detected were green leaf volatiles, terpenes and aromatic compounds. The main aroma 

compound 2-acetyl-1-pyrolline (2-AP) was detected in NERICA 1 samples from Oyani and 

Maseno at 60 KgN/ha and 100 KgN/ha, respectively. Kibos site at N-rate 140 KgN/ha was most 

suitable for growth parameters, while NERICA 4 had highest growth parameters at all sites. 

NERICA 1 is aromatic possibly due to the presence of 2AP, while NERICAs 4 and 10 lacked 

2AP hence non-aromatic. Maximum VFCs occur at N-rates between 60 and 100 KgN/ha. The 

key aroma compound was detected at Maseno and Oyani sites. NERICA 4 is recommended for 

cultivation at Kibos site under N-rates 140 KgN/ha for maximum growth parameters while 

aromatic rice should be cultivated at Maseno and Oyani within N-rates 60 to 100 KgN/ha for 

increased quality of rice.  
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CHAPTER ONE 

1.0 INTRODUCTION 

1.1 Background 

Rice is a staple food consumed by many people worldwide (Bounphanousay et al., 2008). Rice 

belongs to the genus Oryza and comprises two cultivated species; O. sativa L. that originated 

from Asia and the African cultivated species O. glaberrima (Oikeh et al., 2008). It is estimated 

that by 2025, 10 billion people world-wide shall depend on rice as a main food and its demand 

shall reach about 880 million metric tons annually (Champagne, 2008). By August 2016, the 

annual world rice production was estimated at 481.08 million metric tons, a decrease from the 

previous year by 2.18% (USDA, 2016). The Economic Research Service of US, projects the 

global rice trade in 2017 at 40.5 million tons which is below the preceding year (USDA, 2016). 

Low rice production world-wide has led to high international and domestic prices, making the 

crop inaccessible to people in low income economies particularly in Sub-Saharan Africa. Indian 

consumers consider aroma, taste and grain length the most critical quality traits, while Asian 

consumers in the United States consider appearance, flavor and stickiness as the most important 

acceptance factors (Bergman et al., 2000; Suwansri et al., 2002). Flavor as a primary sensory 

quality attribute for consumers, is composed of odor (aroma) and taste. The latter is perceived 

by chemoreceptors within the taste buds on the surface of the tongue, while the former is 

assessed by chemoreceptors in the olfactory epithelium. 

Africa has lagged behind in rice production with most of the rice consumed imported from Asia 

and other continents. Both O. sativa and O. glaberrima have been cultivated in Africa since the 

introduction of the former by the Portuguese in 1500AD (Porteres, 1950). However, the 

combined yield of the two species has been quite low due to utilization of unimproved 

technologies and over dependence on irrigated varieties by African farmers. As a result, close to 

10 million tons of milled rice valued at over US$ 1.4 million is imported into Africa each year 

(Cho et al., 2014). Serious concerns have been raised on the quality of rice imports since Africa 

is considered a dumping ground for substandard rice (AfricaRice, 2015). The 2008–2009 global 

food-price crisis was a major incentive to increase domestic rice production in Africa through 

implementation of national rice development strategies (FAO, 2011). Consequently, rice 

production in Sub-Saharan Africa rose by 16–18% in 2008 and a further 4.5% in 2009 (FAO, 

2011). 



2 

 

The increase in rice production in Africa was partly attributed to the entry into production of 

New Rice for Africa (NERICA). NERICA is an inter-specific hybrid of O. sativa and O. 

glaberrima developed by West African Rice Development Association (WARDA) in Cotonou, 

Benin (Somado et al., 2008). NERICA varieties are upland grown and have gained prominence 

in Africa due to their reputation in cooking quality, nutrition values and perceived high aroma 

(Kimani et al., 2010). The WARDA breeders combined the high yield potential and short 

growth cycle of O. sativa with the high tillering ability, tolerance to low water availability and 

resistance to pests and diseases of O. glaberrima to produce NERICA varieties (Mokuwa et al., 

2013; Linares, 2010). Although the resultant NERICA varieties had better traits for survival and 

higher yield in the non-irrigated African soils than the parental lines (AfricaRice, 2010), the 

volatile flavor compounds that contribute to aroma in these NERICA varieties have not been 

identified.  

Rice production in Kenya is below potential with the country producing only 20% of its national 

requirements (Economic Review of Agriculture, 2010).  The annual consumption of rice in 

Kenya increased by 12% in 2015 to 560,000 metric tons from 500,000 metric tons in 2014 

(USDA, 2016). This increase was attributed to population growth, higher incomes and changing 

dietary preferences of urban dwellers (Kamau et al., 2010). Despite the rapid increase in rice 

consumption, production has fluctuated between 150,000 and 155,000 metric tons per year 

during the same period (USDA, 2016). This deficit has often been met through imports from 

East Afican Community (EAC), Common Market for Eastern and Southern Africa (COMESA) 

and the world market, mostly from Asia. About 95% of Kenyan rice is grown under irrigation 

while the remaining is rain-fed (Kore et al., 2007). Irrigated ecosystems require heavy 

investments that are unaffordable to many small-scale rice farmers making the rain-fed 

ecosystems the viable option (Kore et al., 2007). The recent introduction of NERICA 1, 4 and 

10 varieties in the Kenyan production systems provided a desirable alternative to mitigate the 

import deficit, while reducing the unsustainable irrigated rice area production. The Kenya 

National Irrigation Board (KNIB) and the County governments have promoted the expansion of 

NERICA varieties production in Kenya due to their numerous agronomic advantages (Gitonga, 

2016). However, the optimal rates of nitrogen ferfilizer to maximize production and increase 

consumer acceptability of NERICA 1, 4 and 10 have not been developed. 

The diverse agro-ecological sites of Lake Victoria Basin provide suitable growing conditions for 

the NERICAs (Olembo et al., 2010).  NERICAs 1, 4 and 10 were tested and released to farmers 
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in Kenya for cultivation in 2009 by the Ministry of Agriculture, through the advice of National Rice 

Technical Committee (NRTC) (Onyango et al., 2010). The varieties are currently cultivated in 

several regions of Lake Victoria basin including Oyani in Migori County, Maseno and Kibos 

both in Kisumu County (Olembo et al., 2010). Although previous studies showed variations in 

yield due to environmental factors such as soil and weather patterns (Kore et al., 2007; Olembo 

et al., 2010), there is no information on the influence of these factors on the aroma profile of 

NERICA varieties and how the volatile flavor compounds affect the aroma. Developments of 

appropriate production protocols that influence aroma quality of the NERICAs may provide 

insightful information to rice breeders for varietal improvement so as to meet the rapidly 

changing consumer demands. 

Growth parameters are important selection tools in assessment of the performance of any crop. 

In rice production, important growth parameters include plant height, number of tillers per hill 

and chlorophyll content. Chlorophyll is a major chloroplast component for photosynthesis and 

relative chlorophyll concentration has a positive relationship with photosynthetic rate (Anjum et 

al., 2011). Assessment of chlorophyll content is an effective way of monitoring plant growth 

and estimating photosynthetic productivity (Chen et al., 2007). Similarly, higher tillering ability 

and greater plant height in rice reflect better plant establishment and strongly influences yield 

and other quality traits such as rice aroma (Chaunabasappa et al., 1998). Tillering, the 

production of lateral branches is an important agronomic trait that determines shoot architecture 

and grain production in rice (Hussein et al., 2014). Indeed, each tiller has the potential to 

produce a seed-bearing inflorescence and hence, increase yield. However, a balance between 

number and vigor of tillers is required, as unproductive tillers consume nutrients and reduce 

grain production (Hussein et al., 2014). Plant height is a selective morphological marker in rice 

breeding which modifies yield enhancing characters and finally shapes grain quality (WARDA, 

2008). Rice plants under optimal nitrogen fertilizer rates tend to grow to maximum heights and 

produce more tillers which translate to higher yields and better-quality outputs (Li et al., 2003). 

There has been no study to evaluate variations in plant height, tillering ability and chlorophyll 

content of the released NERICA varieties due to different nitrogen rates in the different Lake 

Victoria regions. 

Aroma is an important trait in rice and contributes to consumer acceptability and hence 

increases economic importance (Sakthivel et al., 2009). Progressive interest on scented rice 

production and flavour improvement has a direct influence in economic benefits due to 
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improved marketability. Superior rice flavor increases consumer satisfaction, overall 

acceptability and the probability of repeated purchase (Bergman et al., 2000), hence selection 

for flavor in rice breeding programs is critical. Although the initial breeders of NERICA 

varieties aimed at producing lines that could withstand the harsh African growing conditions, 

aromatic rice varieties were also produced (Jones et al., 1997). Indeed, NERICA 1 was found to 

have favourable aroma giving it a premium market price because of superior quality of 

fragrance (Jones et al., 1997). The occurrence of fragrance in rice has been attributed to genetic 

factors, environmental conditions and pre-harvest and post-harvest treatment of the crop during 

cultivation. For instance, the genetic origin of fragrance in NERICA 1 grain was attributed to a 

mutation on BADH2 gene which is responsible for fragrance in most modern rice varieties 

(Asante et al., 2010). WARDA breeders involved in the development of the NERICA varieties 

explained that several fragrant rice varieties were planted in a field near the breeding nursery 

during the development of NERICA 1 and this may have led to production of aromatic varieties 

(Jones et al., 1997). On the other hand, aroma synthesis was attributed to higher total soil 

nitrogen due to increased L-proline synthesis in some Asian rice varieties (Yang et al., 2012). It 

however remains to be determined if there are variations in the volatile compounds responsible 

for aroma in NERICAs 1, 4 and 10 cultivated in Lake Victoria basin. 

As a quantitative trait, environmental factors affect the expression of rice aroma 

(Bounphanousay et al., 2008). Site characteristics such as biotic and abiotic components 

influence aroma quality in different rice varieties (Champagne, 2004). Each variety performed 

best, with respect to quality traits, in its own native area of cultivation (Ali et al., 1991). Some 

aromatic varieties express their aroma only in specific areas while others may show variations in 

aroma content depending on environmental condition (Champagne, 2004). The cropping 

systems of Lake Victoria basin have diverse agro-ecological zones and heterogeneous soils 

(Jaetzold et al., 2007). It has not been evaluated if variation in agro-ecological sites of 

production of NERICA varieties influences the concentration of volatile flavor compounds 

(VFCs) responsible for aroma.  

1.2 Statement of the Problem 

Despite introduction of NERICA varieties to overcome low and inadequate rice production, 

deficits in production still occur. This is possibly due to use of inappropriate agronomic inputs. 

For example, the optimal rates of nitrogen fertilizer application to increase production of 

NERICA 1, 4 and 10 have not been developed.  
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Plant growth parameters such as plant height, number of tillers per hill and chlorophyll content 

are important indicators of yield which are highly influenced by cultural practices such as 

nitrogen fertilization and prevailing environmental conditions. However, despite release of 

NERICA varieties into the cropping systems of Lake Victoria basin, no study has evaluated the 

effect of varying nitrogen fertilizer rates and sites of production on plant height, tillering ability 

and chlorophyll content of the rice varieties for increased rice production and quality. 

Aroma is an important trait in rice which contributes to consumer acceptability and hence 

increases economic importance. The cropping systems of Lake Victoria basin with its diverse 

agro-ecological zones and heterogeneous soils may influence the composition of volatile flavor 

compounds in rice. NERICA 1 is classified as aromatic while NERICA 4, and 10 are non 

aromatic. The variations in the volatile flavor compounds of the NERICA varieties as 

influenced by varieties, agro-ecological sites of production and nitrogen fertilizer rates have not 

been quantified.  

 

1.3 Objectives 

1.3.1 Broad Objective 

To assess variations in selected agronomic traits and composition and concentrations of volatile 

flavour compounds (VFCs) in selected NERICA varieties grown in Lake Victoria Basin and 

effect of nitrogen fertilizer on their levels. 

1.3.2 Specific Objectives 

1. To evaluate the effect of varieties, nitrogen fertilizer rates and sites of production on leaf 

chlorophyll, plant height and number of tillers of NERICA 1, 4 and 10.  

2. To identify and compare the concentrations of volatile flavour compounds in NERICA 1, 4 

and 10 varieties. 

3. To evaluate the effect of nitrogen fertilizer rates on the composition and concentrations of 

volatile flavour compounds of NERICA 1, 4 and 10. 

4. To determine the influence of agro-ecological zone of production on the composition and 

concentrations of volatile flavour compounds in the NERICA 1, 4 and 10. 

1.4 Null Hypotheses, Ho  

1. Leaf chlorophyll content, plant height and tiller number of NERICA 1, 4 and 10 do not vary 

with variety, nitrogen fertilizer rates and location of production. 
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2. There are no variations in the composition and concentration of volatile flavour compounds 

of NERICA 1, 4, and 10 varieties. 

3. The composition and concentrations of volatile flavour compounds of NERICA 1, 4 and 10 

do not vary with nitrogenous fertilizer rates.  

4. The composition and concentrations of volatile flavour compounds of NERICA 1, 4 and 10 

do not vary with location of production. 

1.5 Justification 

Selection criteria for breeding programmes in rice are currently unavailable. Understanding 

agronomic traits that can be linked to productivity shall lead to early of such programmes. The 

national and county governments currently spend a lot of revenue on importation of quality 

aromatic rice from Asia and other continents. Policy makers rely on qualitative scientific studies 

to increase investment in domestic rice production to save on revenue used to import aromatic 

rice. Development of agronomic practices that lead to high quality rice production shall improve 

demand and price of rice.      

Aroma is an important quality parameter of rice. Determination and identification of rice with 

desirable aroma will lead to commercial exploitation of varieties that produce good aroma and 

enhance consumer preference and price of rice. Rice breeders’ currently lack flavor quality 

assessment and progeny selection tool. Availability of scientific measure of aroma in NERICA 

is therefore necessary.  

1.6 Significance of the study  

 

Development of qualitative scientific studies is expected to increase investment in domestic rice 

thus increased production. This would save on revenue used to import aromatic rice from Asia 

and other continents. Development of agronomic practices that lead to high quality rice 

production shall improve demand and price of rice.      

Determination and identification of rice with desirable aroma will lead to commercial 

exploitation of high quality aromatic varieties, which will enhance consumer preference hence 

price of rice. Creation of a scientific measure of aroma in NERICA varieties will enable rice 

breeders’ use it as a tool for flavor quality assessment and progeny selections.  
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CHAPTER TWO 

2.0 LITERATURE REVIEW 

2.1 History of NERICA varieties 

The African cultivated rice, Oryza glaberrima, was domesticated by local farmers along the 

Niger River long before Asian cultivated rice, Oryza sativa, was introduced into Africa (Oikeh 

et al., 2008). O. glaberrima is well adapted to the harsh agro-ecological conditions 

characteristic of West Africa, and possesses tolerances to a wide range of biotic and abiotic 

stresses (Oikeh et al., 2008). However, O. glaberrima varieties are plagued by low yield 

potentials and some unfavorable traits for economic rice production, such as susceptibility to 

lodging and shattering. This prompted the West Africa Rice Development Association 

(WARDA) to develop inter-specific hybrids between O. sativa and O. glaberrima, in an effort 

to bring the beneficial tolerances of O. glaberrima into a high-yielding O. sativa genetic 

background (Jones et al., 1997).  

Over 300 inter-specific inbred lines were developed by WARDA through crossing of O. sativa 

subspecies japonica variety WAB56-104 (recurrent parent), with the O. glaberrima variety 

CG14 (donor parent) (Jones et al., 1997).  The resultant lines are collectively referred to as New 

Rice for Africa (NERICA) varieties. NERICA varieties are early maturing, high yielding, pest 

and disease resistant, acid soil tolerant and are able to withstand drought (Apaseku and Dowbe, 

2013). The cultivars have acceptable organoleptic characteristics, including good taste and 

aroma which compare favorably with imported rice (WARDA, 2001).  WARDA breeders set 

out to produce upland varieties that could exhibit stress tolerances under African environmental 

condition but other marketability features such as fragrance were produced (Oikeh et al., 2008). 

NERICA 1 is said to possess fragrance in the grain, a characteristic that both the WAB56-104 

and CG14 parents lacked. Breeders involved in the development of NERICA explained that 

several fragrant varieties were planted in a field near the breeding nursery and this may have led 

to production of aromatic varieties (Jones et al., 1997). From its west-African origin, NERICA 

cultivation is now widespread in sub-Saharan Africa including East Africa where it is mostly 

cultivated in Uganda and to a lesser extent in Kenya. In Kenya, NERICA 1, 4 and 10 were 

released to farmers in 2009 by the Ministry of Agriculture, through the National Rice Technical 

Committee on Rice (MOA, 2010). The varieties are cultivated in several regions of Lake Victoria 

basin (Olembo et al., 2010). However, no scientific attention has been given to the quality 

attributes such as aroma of the released varieties. 
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2.2 Plant secondary metabolites 

Plant secondary metabolites are naturally occurring organic compounds which are not directly 

involved in plant growth, development or reproduction (Purcaro, 2007). Volatile organic 

compounds can serve as attractants in plants pollinated by bees, beetles, butterflies, moths and 

bats (Dodson et al., 1969; Galen & Kevan, 1983; Nilsson, 1983; Pellmyr, 1986; Williams, 1983; 

Williams and Whitten, 1983; Dudareva and Pichersky, 2000). Volatile compounds mediate 

many interactions between organisms, including plant response to pathogen infection (Shulaev 

et al., 1997), plant-parasitoid signaling in response to herbivory (Turlings et al., 1990) and 

plant-pollinator communication during flowering (Turlings et al., 1990). However, the volatiles 

emitted from the vegetative parts, especially those released after herbivory, protect plants by 

deterring herbivores or attracting the enemies of herbivores (Pichersky & Gershenzon, 2002).  

They have different pleasant odours and are therefore used in perfumery (Agarwaal, 1998; 

Charlwood and Charlwood, 1998). Other exploitable properties of monoterpenoids are anti-

bacterial, anti-fungal and anti-cancer activities and in chemotherapy (Charlwood and 

Charlwood, 1998). Volatile organic compounds (VOCs) aid plants in functions such as 

tolerance to environmental stress, competition and species interactions. Biosynthesis of VOCs 

depends on the availability of carbon, nitrogen and sulfur as well as energy provided by primary 

metabolism. Majority of VOCs are synthesized through blends involving four classes; 

terpenoids, aromatics, fatty acid derivatives, and amino-acid derived products. The volatile 

compounds are synthesized from precursors whose hydrophilic functional groups have been 

removed or masked through reduction, methylation and acylation reactions. Their lipophilicity 

allows plant volatiles to traverse membranes readily and evaporate into the atmosphere. 

Terpenoids are derived from condensation of a C5 precursor isopentenyl pyrophosphate and its 

allylic isomer, dimethylallyl pyrophosphate (Baldwin, 2016). In plants, two independent, 

compartmentally separated pathways – the mevalonic acid (MVA) and methylerythritol 

phosphate (MEP) – are responsible for the formation of these C5-isoprene building units 

(McGarvey and Croteau, 1995). The MVA pathway gives rise to sesquiterpenes (C15), while the 

MEP pathway provides precursors to volatile hemiterpenes (C5), monoterpenes (C10) and 

diterpenes (C20) (Dudareva et al., 2005). Aromatic VOCs comprise phenylpropanoid and 

benzenoid compounds (Knudsen et al., 2006), which originate from phenylalanine through 

chain-shortening of trans-cinnamic acid and incorporation of structures from lignin 

biosynthesis. Plant phenolics are a heterogeneous group of aromatic VOCs soluble in organic 

https://en.wikipedia.org/wiki/Cell_growth
https://en.wikipedia.org/wiki/Reproduction
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solvents although a few are large, insoluble polymers. Fatty acids derived VOCs such as 1-

hexanal, cis-3-hexenol, nonanal and methyl jasmonate arise from C18 unsaturated linoleic or 

linolenic fatty acids (Song et al., 2005). Numerous VOCs are derived from amino acids such as 

alanine, valine, leucine, isoleucine, and methionine, or intermediates in their biosynthesis 

(Knudsen et al., 2006). The biosynthesis of amino acid derived volatiles in plants is believed to 

proceed in a similar way to that found in bacteria or yeast (Dickinson et al., 2000; Beck et al., 

2002; Tavaria et al., 2002). The amino acids undergo an initial deamination or transamination 

catalyzed by aminotransferases, leading to the formation of the corresponding a keto-acid. 

These α-keto-acids can be further subjected to decarboxylation, reductions, oxidations and/or 

esterifications, forming aldehydes, acids, alcohols and esters (Reineccius, 2006). 

2.1.1 Composition of volatile flavor compounds in aromatic rice 

2.2.1.1 Role of nutrients on aroma production in rice 

The primary chemical components in rice grains are lipids, starch and proteins, which vary with 

production environment, soil chemical factors and the rice cultivar (Tok, 2007). For example, 

the lipid content ranges from 1 % to 4 %, protein from 6 % to 8 % and starch from 60 % to 80 

% between different cultivars (Kennedy and Burlingame, 2003). Rice lipids are generally 

classified as starch lipids which are associated with the starch granules and non-starch lipids 

which compose other cellular components. Non-starch lipids are primarily located near the 

surface (bran); and as a consequence, are significantly reduced during milling. The free fatty 

acids in rice are mainly palmitic, stearic, oleic and linoleic acid (Zhou et al., 2002). Volatile 

compounds formation from lipids results from lipolysis (breakdown of lipids to produce fatty 

acids), lipid oxidation and decomposition (Zhou et al., 2002). Lipase produces free fatty acids 

that may undergo oxidation during lipolysis. In addition to enzymatic action, heat during 

cooking also results in lipolysis. Hydroperoxides formed with lipid oxidation readily decompose 

yielding a variety of products with varying molecular weights and odor thresholds. 

Decomposition products include aldehydes, ketones, alcohols, furanones, acids, lactones and 

hydrocarbons, many of which impact flavor (Zhou et al., 2002).  

The protein content of brown rice is between 6.6 to 7.3 % (Tok, 2007). Much of rice protein is 

present in protein bodies that are stable even during heating. The primary protein in rice is 

glutenin, which is insoluble in water. Albumin and globulin also present, are water soluble, and 

are prevalent in the bran (Zhou et al., 2002). Volatile sulfur compounds (e.g., hydrogen sulfide, 

dimethyl sulfide) concentration decreases during protein oxidation during cooking (Zhou et al, 
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2002). Carbonyl compounds formed by lipid oxidation react with the sulfuhydryl groups in 

cysteine or methionine decreasing the formation of volatile sulfur compounds.  

2.2.1.2 Volatile flavor chemistry in rice 

A large number of compounds contribute to the aroma and flavor of rice. Previous studies on 

VFCs revealed over 200 volatile compounds in rice, but only a few contributed to the 

characteristic rice aroma (Yajima et al., 1978; Buttery et al., 1988; Widjaja et al., 1996; 

Jezussek et al., 2002). Later studies reported more than 200 volatile compounds in rice, 

although only a few were identified as influencing the aroma and flavor of cooked rice 

(Champagne, 2008), but  determining which volatile compounds are responsible for the 

perceived aroma in rice is a difficult task (Jezussek et al., 2002). With the exception of 2-acetyl-

1-pyrroline (2AP) (1), no one single compound can be said to contribute a characteristic aroma 

(Jezussek et al., 2002). Several compounds are thought to work collectively to influence aroma 

quality. Perceived aroma is not strictly additive but may result from interactions of several 

volatile compounds (Buttery et al., 1988). 

 (1) C6H9NO 

The Maillard reaction is the primary route for aroma formation in rice and it’s enhanced by heat 

treatment prior to analysis (Tok, 2007). In studying rice aroma, all samples are parboiled in 

distilled water which hastens the reaction for formation of important volatiles such as 2AP (Fig. 

10). Volatile compounds are produced when during heating the carbonyl group of a reducing 

sugar and an amino group of an amino acid or protein react forming N-substituted 

glycosylamine or fructosylamine (Reineccius, 2006). Subsequent fragmentation and release of 

the amino group results in deoxyosones, which can react in countless ways to produce Maillard 

reaction products. Such compounds include furans, nitrogen-containing heterocyclic 

compounds, oxygen-containing heterocyclic compounds and sulfur-containing heterocyclic 

compounds (Van Moerkercke, 2012). Resultant compounds including ornithine, proline and 

glutamate can be converted to a common metabolite β-
 

pyrroline-5-carboxylic acid, via three 

distinct enzymes: ornithine amino-trasferase, proline dehydrogenase and β-
 

pyrroline-5-

carboxylic acid synthetase. On this basis, a biosynthetic pathway to 2AP was proposed (Costello 

and Henschke, 2002; Hofmann and Schieberle, 1998; Huang et al., 2008; Schieberle, 1990; 
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Yoshihashi et al., 2002). The glutamic acid is converted by the bi-functional enzyme 1-

Pyrroline-5-Carboxylate Synthetase (P5CS) to glutamic-gamma-semialdehyde, which cyclizes 

spontaneously to P5CS. The latter undergoes decarboxylation from glucose with the 

intermediacy of fructose-1-6, diphosphate, to give 2AP. Alternatively, P5CS may react directly 

with methyl glyoxal (MG) to give final product, P5CS can also be obtained from proline by 

proline dehydrogenase (Huang et al., 2007).   

 

Fig 1. The biochemical pathway of 2-acetyl-1-pyrroline synthesis 

Several studies (Buttery et al., 1983; Jezussek et al., 2002; Lam and Proctor, 2003) have used 

methodical approaches to determining which volatile compounds are important contributors to 

the aroma and flavor of rice. The variations in 2AP concentrations of 10 rice varieties are shown 

in Table 1 (Buttery et al., 1983). The range of concentration was from 6 ppb to 90 ppb in the 

milled rice. The brown rice had concentrations of 2-acetyl-1-pyrroline from 100 ppb to 200 ppb. 

The variations demonstrated that the aroma quality changed with varieties. The presence of 2AP 

and variations in other VFCs due to cultivar differences in the NERICAs cultivated in Lake 

Victoria basin is still unknown. 
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Table 1. Concentration of 2-acetyl-1-pyrroline (ppm) in cooked rice varieties 

Variety Brown Milled 

Malagkit Sungsong 0.09 0.2 

IR841-76-1 0.07 0.2 

Khao Dawk Mali 105 0.07 0.2 

Milagross 0.07 0.17 

Basmati 0.06 NR 

Seratus Malam 0.06 NR 

Azucena 0.04 0.16 

Hieri 0.04 0.1 

Texas Long Grain <0.008 NR 

Calrose <0.006 NR 

KEY: ppm = parts (weight) of compound per million.NR = Not Recorded: (Buttery et al., 1983) 

Rice volatiles have been intensively studied as important aspects of consumer acceptance as 

shown in Table 2 (Yajima et al., 1979; Tsuzuki et al., 1981; Maga, 1984; Tsugita, 1985; 

Widjaja et al., 1996; Lam and Proctor, 2003; Wongpornchai et al., 2005; Champagne, 2008). 

Although much progress has been made in identification of volatile flavor compounds and 

determination of aroma values (AV) in rice flavor, it is still unclear if environmental factors of 

production would cause variation in levels and composition of volatile flavor compounds. It was 

previously assumed that volatiles with low odor threshold would be more probable contributors 

to the overall aroma or flavor of rice. For instance, the aldehydes (E) 2-nonenal (threshold [T] = 

0.08 ppb) and (E, E) - 2, 4-decadienal (T = 0.07 ppb) had the lowest odor threshold, and were 

considered to likely contribute to the aroma (Buttery et al., 1988). Other aldehydes with 

relatively low thresholds but likely to contribute to aroma were (E)-2-decenal (T = 0.4 ppb), 

octanal (T = 0.7 ppb), nonanal (T = 1 ppb), and decanal (T = 2 ppb) (Buttery et al., 1988). It was 

concluded, based on their aroma value, hexanal (grassy flavor) and 2-pentylfuran contributed 

more to flavor change in milled rice early in storage rather than later (Lam and Proctor, 2003). 

2-nonenal (rancid flavor) and octanal (fatty flavor) contributed more to the overall flavor of 

milled rice during long-term storage (Lam and Proctor, 2003). The variations of these volatile 

compounds in NERICA varieties have not been studied. 



13 

 

Table 2. VFCs previously identified in rice. 

Compound Formula Reference Compound Formula Reference 

Benzaldehyde C7H6O 

Tsuzuki et al 

1975 

 

Tridec-2-enal 

 
C13H24O 

Yajima et al 

1979 

Octanal C8H16O 
Yajima et al 

1979 
Hexanal C6H120 

Tsuzuki et al 

1981 

3-Methyl butanal C5H10O 
Yajima et al 

1979 
Heptanal C7H14O 

Widjaja et al., 

1996 

E-2-Heptenal  C7H12O 
Yajima et al 

1979 
Furfural C5H4O2 

Widjaja et al., 

1996 

5 methyl furfural 
 

C6H6O2 

Tsuzuki et al 

1981 
3-Furaldehyde 

C5H4O2 

 

Tsuzuki et al 

1975b 

 

Undecanal C11H22O 
Yajima et al 

1979 

β-Cyclocitral 

 
C10H16O Tsugita, 1985 

Z-2-Nonenal  C9H16O 
Buttery et al., 

1988 
Acetaldehyde C2H4O 

Tsuzuki et al 

1975b 

 

E, E-2,4-Nonadienal C9H14O 
Buttery et al., 

1988 
Pentanal C5H10O 

Buttery et al., 

1988 

2-Furaldehyde 
 

C5H4O2 
Tsugita, 1985 Nonanal C9H18O Tsugita, 1985 

3-Cyclohexene-1-

carboxaldehyde 
C7H10O Tsugita, 1985 β-ionone C13H20O  

6-Dodecanone C12H24O  Alpha ionone C13H20O 
Jezussek et al., 

2002 

2-Decanone C12H24O 
Buttery et al., 

1988 

Cryptone 

 
C9H14O 

Buttery et al., 

1988 

3-Octen-2-one 

 
C8H14O 

Yajima et al 

1979 
Acetophenone C8H8O 

Jezussek et al., 

2002 

Geranyl acetone C13H23O 
Widjaja et al., 

1996 
2,3-Octanedione C8H14O2 

Widjaja et al., 

1996 

2,5-Octanedione C8H14O2 
Widjaja et al., 

1996 
2-hexanone C6H12O Maga, 1984 

2-Nonanone C9H18O 
Yajima et al 

1979 

2-Pentadecanone-

6,10,14-trimethyl 
C18H36O 

Buttery et al 

1982 

6-Methyl-5-hepten-

2-one 
C8H14O 

Buttery et al 

1983b 
2-Heptadecanone C17H34O 

Buttery et al 

1982 

2 –Heptanone C7H14O 
Yajima et al 

1979 

2- Acetyl-1-

pyrroline 
C6H10ON 

Buttery et al., 

1983 

Methyl pyrazine C5H6N2 
Buttery et al 

1982 
Pyrrolidine C6H10ON Tsugita, 1985 

Pyridine C5H5N 
Buttery et al 

1982 

Cyclopentane, 

Ethyl 
C7H14 

Buttery et al., 

1988 

Tetradecane 

 

C14H30 

 
Maga, 1984 Cyclopentane C5H10 Maga, 1984 

1-Decene C10H20 Tsugita, 1985 Octane C8H18 
Widjaja et al., 

1996 

1-Heptene C7H14 Tsugita, 1985 
Dodecane,2,6,10 

,trimethyl 
C15H32 

Buttery et al., 

1988 

Heptane,2-methyl C8H18 
Widjaja et al., 

1996 

Cyclopentane, 

butyl 
C9H18 

Widjaja et al., 

1996 

Nonadecane C19H40 
Tsuzuki et al 

1981 
Tridecane C13H28 

Widjaja et al., 

1996 

Benzene 

acetaldehyde 
C10H12O3 

Yajima et al 

1979 
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Table 2. Contd...VFCs previously identified in rice. 

Compound Formula Reference Compound Formula Reference 

Octadecane C18H38 Tsuzuki et al 1981 Dodecane C12H26 Tsugita, 1985 

Eicosane C20H42  Tsugita, 1985 Heptadecane C17H36 Tsugita, 1985 

p-Cymene C10H14 Tsuzuki et al 1981 
Pentane,2,3,4-

trimethyl 
C8H18 

Jezussek et al., 

2002 

Limonene C10H16 Tsuzuki et al 1981 
Methyl 

octadecanoate 
C19H38O2 

Yajima et al 

1979 

2,4-

Dimethylfuran 

 

C6H6O 

Widjaja et al., 

1996 
Naphthalene C10H8 

Tsuzuki et al 

1981 

2,5- 

Dimethylfuran 
C6H8O Tsugita, 1985 o-Cymene C10H14 

Tsuzuki et al 

1981 

2-Heptylfuran C11H18O Yajima et al 1979   Tsugita, 1985 

1,2-Benzothiazole 

 

 

C7H5NS 
Tsuzuki et al 1981 

Naphthalene,2,3,6

-trimethyl 
C13H14 

Jezussek et al., 

2002 

Dimethyl 

disulfide 
C2H6S2 Tsuzuki et al 1978 Styrene C8H8 

Widjaja et al., 

1996 

Decanoic acid 

 
C10H20O2 Buttery et al 1982 Vinylfuran C6H6O 

Jezussek et al., 

2002 

Hexadecanoic acid 
 

C16H32O2 
Tsugita, 1985 2- Pentylfuran C9H14O 

Yajima et al 

1979 

Carvacrol 

 
C10H13O Tsugita, 1985 2-Acetyl furan C6H6O2 

Yajima et al 

1979 

Methyl chavicol C10H12O Yajima et al 1979 
Dimethyl 

trisulfide 
C3H6S3 

Tsuzuki et al 

1978 

Dodecan-1-ol 

 

C12H26O 

 
Yajima et al 1979 

Thymol 

 
C10H14 

Buttery et al., 

1988 

Hexanoic acid 

ethyl ester 
C8H16O2 Tsugita, 1985 

Octadecanioic 

acid 
C18H36 Tsugita, 1985 

Linalool 
 

C10H18O 
Yajima et al 1979 

Methyl 

tetradecanoate 
C15H30O2 

Yajima et al 

1979 

Isobutyl 2-

methylbutanoate 
C8H16O2 

Jezussek et al., 

2002 
Octylformate C9H18O2 

Buttery et al 

1982 

Methyl 

propanoate 
C4H8O2 Buttery et al 1982 Nonanol 

 

C9H20O 

Yajima et al 

1979 

Dec-1-en-3-ol C10H20O 
Buttery et al., 

1988 
Decan-1-ol 

 

C10H22O 

Yajima et al 

1979 

Methyl linoleate C19H34O2 Yajima et al 1979 Terpinen-4-ol C10H18O 
Buttery et al 

1982 

Cedrol –epi C15H26O Buttery et al 1982    

 

2.2.1.3 Terpenoid biosynthesis 

Monoterpenes, diterpenoids, triterpenoids and sesquiterpenoids are the most important 

constituents of essential oils (Solomons, 1997). They are products of secondary metabolism 

synthesized in most cellular organelles and stored in specialized secretory structures. Apart from 

the rare hemiterpenoids (containing a single C5 skeleton), there exist monoterpenes. Isoprene (2) 

is a classic example of hemiterpenoids (Agarwaal, 1998). 

 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C13H14&sort=mw&sort_dir=asc
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Monoterpenes consist of two isoprene (C5 carbon) units, formed by head-to-tail condensation to 

produce a C10 branched chain or ring. The metabolic pathway of terpenes starts with the 

condensation acetyl coenzyme A (3) from acetic acid and malonyl coenzyme A (4) from 

malonic acid, (Fig 2). They condense to form (5), which decarboxylates to form aceto acetyl 

coenzyme A (6). Another molecule of malonyl coenzyme combines with aceto acetyl coenzyme 

to form (7). The latter then decarboxylates to form hydroxyl methyl glutarate (8), on addition of 

NADPH, mevalonic acid (9) arises. The isoprene unit, normally in the form of isopentyl 

pyrophosphate (IPP) (10) readily converted to dimethylallylpyrophosphate (DMAPP) (11) as 

shown in the figure below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2: Biosynthesis of IPP from acetyl coenzyme A (Mann, 1978) 

 

The intermediate compound IPP (10) is readily converted to monoterpenes by condensation 

with DMAPP (11) to give nerylpyrophosphate (NPP) (12) and geranylpyrohosphate (GPP) (13) 

(Fig 3). The cyclic, bicyclic and acyclic species are derived from NPP (12) and GPP (13) (Fig 

3). When the phosphate group is eliminated, linalyl (14) and neryl (15) cations are formed. NPP, 

LPP and GPP are in isomerism. They form menthyl (α-terpenyl) cation which also forms 

3) (4) (5) (6) 

(7) (8) 

(10) 

(9) 

(11) 
) 

2) 
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various cations. Neryl cation (16) gives the cyclic classes. Rationalization of many 

monoterpenoid skeletons is made possible through hydride shifts, internal additions and 

rearrangements 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3: Formation of neryl pyrophosphate (NPP) and geranyl pyrophosphate (GPP) (McCaskill 

& Croteau, 1997; Fraga, 1998) 

 

The biosynthesis of sesquiterpenes is shown in Fig 4. Sesquiterpenes are C15 hydrocarbons 

which arise from the cyclisation of 2E, 6E-farnesyl pyrophosphate (FPP) (17) with nerolidyl 

pyrophosphate (NPP) (18) and 2Z, 6E-FPP (19) which are in isomerism. Subsequent 

rearrangements results in farnesyl (20) and nerolydyl cation (21) (Bouwmeester et al., 1999; 

Mckaskill & Croteau, 1997). Cyclization followed by hydride shifts results in numerous 

sesquiterpene skeletons: farnesane (22), bisabolane (23), cadinane (24), humulane (25), 

caryophyllane (26), eudesmane (27), eremophillane (28), elemane (29), germacrane (30), 

bicyclogermacrane (31), carotaene (32), aromandrane (33) and guainane (34)  

 

 

 

 

Resonance stabilized allylic 

neryl cation (16) 

Resonance stabilized allylic 

geranyl cation (15) 

(10) (11) 

(13) (14) (12) 
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(Scheme 4) (McCaskill & Croteau, 1997; Fraga, 1998).  

 

Fig 4. Biosynthesis of sesquiterpenes and homoterpenes (McCaskill & Croteau, 1997; Fraga, 

1998).  

Other important compounds previously implicated with the fragrance trait in rice included 

alkanals, alk-2-enals, alka-2, 4-dienals, 2-pentylfuran and 2-phenylethanol (Widjaja et al., 

1996). Recently, while reporting the volatile chemistry of black rice (aromatic specialty rice 

popular in Asia), guaiacol, indoles, and p-xylene, in addition to 2AP, were reonsible for its 

unique flavour (Yang et al., 2008). Sensory panels observed that rice with lower protein content 

had higher levels of desirable sweet aroma/taste and lower levels of undesirable flavor attributes 

(Park et al., 2001; Champagne, 2008). The volatile flavor compounds responsible for the 

desirable sweet aroma in aromatic NERICA varieties have not been quantified. 
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2.3 Effects of ecological factors on plant secondary metabolites 

Similar plant species growing under different environmental conditions show significant 

differences in the production and accumulation of secondary metabolites (Turtola et al., 2005). 

The plant-environment interaction induces plant-stresses mediated by synthesis of secondary 

metabolites as adaptive responses. Ecological factors known to influence plant secondary 

metabolites production include seasonal weather variations, edaphic factors of the site and 

storage (Champagne et al., 2008). Under induced stress conditions of drought, the total amount 

of terpenes and resin acids increased, simultaneously with a decrease in the growth of Pinus 

sylvestris and Picea abies seedlings (Turtola et al., 2005). Higher artemisin secretion (Brown, 

2010) and flavonoid biosynthesis activation (Jaakola et al., 2004) have been observed, with 

increased temperatures. Conversely, more anthocyanin was produced with lower temperatures 

(Lin-Wang et al., 2011). In Pinus elliotii, monoterpene emission rates, particularly those of α - 

and β -pinene, myrcene, limonene and β -phellandrene, increased exponentially with an increase 

of temperature, between 20°C and 46°C. In black tea, the volatile compounds varied with 

location of production (Mahanta et al., 1988; Owuor et al., 1988; Robinson and Owuor 1992), 

cultivars (Owuor et al., 1990). Similarly, the overhead volatile compounds of tea varied with 

cultivars (Odak et al., 2016). Indeed, the unsaturated fatty acids in tea that produce green leaf 

volatiles also varied with region of production (Okal et al., 2012; Owuor et al., 2011) and the 

precursors to non-volatile flavor compounds (Kwach et al., 2016) varied with location of 

production. However, the variations in the volatile flavor compounds in NERICA varieties due 

to agro ecological conditions within the Lake Victoria basin have not been documented. 
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2.3 Quality of aromatic rice as dependent on ecological sites 

Prevailing environmental conditions of the cultivation site and crop management practices 

highly affect rice yield and aroma (Champagne et al., 2008). Site characteristics such as biotic 

and abiotic components influence aroma quality in different rice varieties. Reportedly, each 

variety performs best, with respect to quality traits, in its own native area of cultivation (Ali et 

al., 1991). Although some varieties can be cultivated widely without any effect on yield, the 

quality of resultant grains, especially aroma vary with geographical area of production 

(Champagne, 2004). Some aromatic varieties express their aroma only in specific areas while 

others may show variations in aroma content depending on environmental conditions 

(Champagne, 2004). 

Day/night temperatures of 25/15 ºC during ripening result in better aroma of basmati rice 

(Bhattacharjee et al., 2002), while early transplanting diminishes the aroma (Ali et al., 1991). 2-

AP concentration in Khao Dawk Mali 105 variety differed due to production location ranging 

from 87 to 532 ppb (Yoshihashi et al., 2004). The 2-AP concentrations in Hieri, Miyakaori and 

Sari Queen (Japanese aromatic cultivars) were higher in brown rice harvested early and ripened 

at a low temperature (Itani et al., 2004). The basmati and jasmine types had stronger aromas 

when harvested at the beginning of winter (Lorieux et al., 1996). High altitude and low soil 

moisture also increased 2-AP concentration in aromatic rice (Nakamura, 1998), the latter 

through an increased proline concentration - a substrate in 2-AP biosynthesis (Yang and Kao, 

1999). For superior quality, cultivation at a cool temperature and high altitude, application of 

low levels of nitrogen, early harvesting, and drying at a low air temperature are recommended 

(Itani et al., 2004). Environmental factors such as cool weather during flowering and grain 

development; fertile soil, direct sowing, production on lighter soils and upland conditions, low 

soil moisture during grain filling, and manual deshelling were also observed to affect rice aroma 

(Singh et al., 1997). Soil factors affect rice quality traits presumably through the interaction of 

volatile nutrients with aroma related volatile compounds (Singh et al., 1997). The type and 

composition of the soil as one of the determinant factors in secondary metabolites composition 

and that of volatiles in particular has been reported in other plants (Sampaio et al., 2016). The 

growth of many plant species is severely depressed in poorly drained soils, greatly reducing 

crop and essential oil yields and affecting volatiles composition (Pang et al., 2007). 

Supplementation of soil with important nutrients increased volatile flavor compounds 

concentration although the separate addition of the same nutrients gave different results in the 
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yield and composition of the same oils (Hornok, et al., 2004). In farmers’ perception, lighter 

soils and upland conditions favor the formation of aroma (Singh et al., 1997). Evidently, 

environmental characteristics of site of cultivation have a great bearing on the production of 

volatile compounds in plants and rice in particular. NERICA varieties have been introduced into 

Lake Victoria Basin and appropriate planting sites need to be determined that will maximize 

aroma to increase market appeal. Currently, it is not known how the aromatic qualities of 

NERICA varieties vary when grown in different agro-ecologies. 

2.4 The influence of nitrogen and nitrogen regimes on rice aroma quality 

Soil chemical composition especially the level of inorganic ions such as nitrogen during field 

production influence the eventual aroma of cooked rice (Rohilla et al., 2000). That NERICA 

varieties adapt well to difficult production environments (Oikeh et al., 2008) and low levels of 

farming inputs (Apaseku and Dowbe, 2013) cannot be gainsaid. High rates of nitrogen 

fertilizers application reduce the quality of rice including aromatic flavor (Itani et al., 2004). To 

obtain higher concentrations of 2-AP in aromatic rice, it is recommended that the crop be grown 

in a cool climate with relatively low levels of nitrogen fertilization and harvested earlier than 

ordinary cultivars (Itani et al., 2004).  Aroma, softness, whiteness, stickiness and glossiness of 

cooked milled rice of Khao Dawk Mali 105 variety were deteriorated with increasing dosages of 

applied nitrogen (Suwanarit et al., 1996). Thus, soils low in nitrogen generally produced higher 

quality aromatic rice grains (Suwanarit et al., 1996).  Late nitrogen fertilizer application 

especially during flowering, affected the nutritional quality of paddy rice which has a bearing on 

the aroma of cooked rice (Perez et al., 1996). At the same time, split nitrogen applications were 

recommended for obtaining high paddy rice grain quality (Perez et al., 1996). Although higher 

yield of NERICA varieties were reported in Western Kenya due to variation in nitrogen levels 

(Atera et al., 2007), it remains to be determined if such variations have a significant effect on 

volatile flavor compounds. However, the influence of nitrogen fertilization on the concentration 

of the concentration of volatile flavor compounds in NERICA varieties. 

Nutritional composition of rice is highly affected by fertilization and cultural practices. For 

instance, amylose and protein contents of rice cultivars vary with nitrogen fertilizer application 

which in turn may influence the aroma and flavor of the cooked rice (Juliano et al., 1965). Low 

protein content was recorded in rice samples of the same cultivar which were more flavored 

than those with higher protein content (Juliano et al., 1965). This observation was corroborated 

by two descriptive sensory panels (Park et al 2001; Champagne et al., 2004), that rice with 
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lower protein content had higher levels of desirable sweet aroma/taste and lower levels of 

undesirable flavor attributes. In 17 diverse cultivars grown over two crop years in one location, 

hay-like and sweet aromatic flavors were correlated positively and negatively respectively, with 

protein content (Champagne et al., 2004). Protein content of short grain cultivars milled to 

different degrees (8- 14%) correlated highly and positively with hay-like puffed corn, raw rice, 

and wet cardboard, and negatively with sweet taste (Park et al., 2001).  

2.5 Effect of nitrogen on other growth parameters 

The efficiency of fertilizer use in upland rice production systems is a factor of plant height, tiller 

number and dry matter content (Kore et al., 2007). Increase in yield components with increased 

nitrogen levels was observed in Malian upland rice varieties at different growth stages (30 days 

after transplanting (DAT), 45 DAT and at 60 DAT) (Haque et al., 2004). At maturity, the tallest 

plant, the highest number of tillers and the highest dry matter content were found where higher 

amount of nitrogen was applied (Haque et al., 2004). However, excess nitrogen application 

made the crop succulent and enhanced lodging during grain filling stage (Sidhue et al., 2004). 

The number and length of panicles and the percentage of spikelet sterility increased with the 

increase of nitrogen levels (BRRI, 2002). Maximum grain number per panicle was also 

observed with application of 25 KgN/ha and beyond that rate, there was a decline due to lodging 

of the crop during grain filling (Kumar et al., 2003). The highest number of grains per panicle 

was observed up to 60 KgN/ha (Kumar et al., 2003). In a separate study, higher doses of 

nitrogen made the crop tall and increased vegetative growth that enhanced crop lodging during 

grain filling stage resulting into higher spikelet sterility (Moriwaki, 1999). Excess nitrogen 

application reduced carbohydrate content resulting into abnormal development of pollen grains 

(Sharma and Singh, 1999). However, no significant difference was found in 1000-grain weight 

due to the application of nitrogen (Shivay and Singh, 2003). The individual grain weight is 

usually a stable varietal character and the management practice has less effect on its variation 

(Yoshida, 1981). In a separate study vigorous crop growth for nitrogen treatments resulted in 

higher straw yields of fine rice (Salam et al., 2004). The straw yield increased significantly with 

the nitrogen rates up to 75 KgN/ha. However, there was no significant difference in straw yield 

between 75 and 100 KgN/ha, but 100 KgN/ha showed higher straw yield than other levels of 

nitrogen. Influence of nitrogen rates on growth parameters of the NERICA varieties has not 

been studied. It is also not documented if the responses to nitrogen rates of these growth 

parameters vary with location of production.                                               
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2.6 Analysis of aroma by gas chromatography - olfactometry 

One key objective of flavor research is to identify the potent aroma components of a food. The 

methods involved in characterization of key aroma compounds include isolation and separation 

using different techniques. These are followed by sensory evaluation as to qualify and quantify 

the derived data (Reineccius, 2000). 

Isolation techniques used in flavor analysis include steam distillation-solvent extraction in 

which the volatile profile obtained is influenced by volatility of the aroma compounds during 

the concentration of the solvent extract (Reineccius 2006) and solubility during solvent 

extraction of the distillate. Headspace trapping is the most prefered of these methods (Knudsen 

et al., 1993; Dobson, 1991; Hills and Schutzmann, 1990) since it generates floral volatile 

profiles devoid of wound related compounds and extraction artifacts (Bergström et al., 1980; 

Mookherjee et al., 1990; Dobson, 1991). In dynamic headspace technique, scent compounds are 

concentrated in a small glass or plastic chamber and are swept by a flow of filtered air over a 

cartridge packed with adsorbent particles (Dobson, 1991; Bicchi & Joulain, 1990; Williams, 

1983). In static headspace method, the adsorbent satchets hang on the floral parts without 

passing air. In the purge and trap method, the compounds with the highest vapor pressure are 

preferentially removed and trapped on Tenax depending on their polarity. Solid phase micro 

extraction (SPME) (Sides et al., 2000), is a fast technique (Flamini et al., 2003) that does not 

use a solvent, and is based on the adsorption of chemical compounds onto an extracting phase 

like polydimethylsiloxane (PDMS) on a fused silica fiber (Shang et al., 2001, Fernando & Grun, 

2001). The adsorbed volatiles are thermally desorbed from the fiber in the injector port of GC. 

Solvent extraction, especially simultaneous distillation extraction (SDE) using the Likens-

Nickerson’s method (Sides et al., 2000), is a classical method that employs reduced pressure in 

order to reduce boiling point of flavor components and minimize thermally induced artifacts. 

Classical steam distillation allows the investigation of higher boiling point compounds, which 

may be relevant for the odor characteristics determination of the total concentration of the 

volatiles (Scheirer, 1984). It is practical for use even in laboratories with low technological 

endowment (Marsili, 2007). The SDE has the advantage that it is easy to use and several 

injections into the gas chromatography column may be made from one isolate (Sides et al., 

2000). The procedure involves boiling the sample in water at atmospheric pressure making it 

suitable only for pre-boiled foods (Marsili, 2007). A major disadvantage of SDE is the need to 

remove some of the solvents from the isolate in order to produce a sample sufficiently 
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concentrated for analysis, inevitably resulting in losses of some volatile compounds. In this 

study, Lickens and Nickerson’s apparatus, using a modified simultaneous distillation and 

extraction (SDE) method (Gu et al., 2009) was used in the extraction process to allow total 

extraction of the compounds, even those with high boiling points. This method closely mimicks 

how aroma is perceived during the rice cooking and preparation The resultant concentrate was 

then subjected to analysis by a gas chromatography-mass spectrometry (GC-MS) for 

identification of peaks, because key aroma compounds are usually volatiles or semi-volatiles 

(Ameenah, 1994; Flamini et al., 2002; Fernando & Grun, 2001).  
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CHAPTER THREE 

3.0 MATERIALS AND METHODS 

3.1 Study sites 

Field trials were conducted on three NERICA varieties (1, 4 and 10) at three sites; KALRO-

Kibos Research fields and Maseno University Botanic Garden in Kisumu County and KALRO-

Oyani Research sub-station in Oyani County within the Lake Victoria Basin. KALRO-Kibos is 

located at an altitude of 1173 m above the sea level, longitudes of 34
o
 24” 13’ E and latitudes of 

00
o
 03” 01’S, within the lower midland ecological zone (LM 3). The site has heavy black clay 

soils (vertisols), fairly typical of the Kano plains (Jaetzold et al., 2009). Mean annual rainfall 

data during the last 25 years is 1323 mm and temperature ranges between 16-31
o
C (Jaetzold et 

al, 2009). Maseno University Botanical Garden lies within the upper midland agro-ecological 

zone (UM 1), at an altitude of 1500 m above sea level within longitudes 34
o
25’47’ E and 

latitudes 00
o
1

’
N 0’12

’
S. The area receives a bimodal mean annual rainfall of 1750 mm and a 

mean annual temperature of 28.7
o
C (Mwai, 2001). The soils at the site are classified as 

acrisol/dystric nitosols, with pH ranging between 4.6 and 5.4 (Sikuku et al., 2010). These soils 

are reddish brown and well drained, deep-reddish brown and slightly friable clay (Mwai, 2001). 

KALRO – Oyani is located within the lower midland ecological zone (LM 2), at an altitude of 

1138 m above the sea level, longitudes of 34
o
 28” 00’E and latitudes of 01

0
 04” 00’S (Jaetzold 

et al., 2009). The soils at the site are classified as andosols. Such soils are moderately deep, 

firm, dark grey, brown, firm, clay soils in valley bottoms (Jaetzold et al., 2009). 

3.2 Field experiments 

3.2.1 Soil sampling  

Soil sampling was done at the selected experimental sites. At each site, four replicate samples 

were collected within an area of 10 m
2
 by randomly sampling four corners within the 

experimental site. One kilogram of soil was collected from a depth of 5 - 20 cm using a shovel. 

To avoid cross contamination, the shovel was sprayed in between sampling with 5% sodium 

hypochlorite solution in a wash bottle, rinsed with water three times and dried using a sterile 

cloth. The soils were placed in 1 Kg brown paper bags and put in bucket containers away from 

sunlight for preparation for chemical analysis. 
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Fig 5. The experimental sites in Lake Victoria basin. 

3.2.2 Chemical analysis of soil samples 

The soil samples were air dried, crushed using a wooden roller and passed through a 0.5 cm 

mesh to remove any plant or grass fragment. Four hundred grams of the prepared soil samples 

in quadruplicates were placed in brown paper bags, tightly sealed and submitted to KALRO’s 

National Agricultural Research Laboratories in Nairobi for soil chemical analysis. 

3.2.2.1 Determination of soil pH 

Soil pH was determined using the CaCl2 method (Thomas, 1996). To a soil sample weighing 10 

g, 25 ml of 0.01M CaCl2 solution was added. The mixture was shaken on a shaker for 30 

minutes. Prior to taking the pH reading from a pH meter, the electrode was thoroughly rinsed to 
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free it of buffer solution. The suspension was stirred up and the electrode immersed into the 

suspension making sure it did not touch the base of the beaker. When the pH reading was stable, 

the displayed value was recorded. 

3.2.2.2 Determination of soil organic carbon 

A modified Walkley-Black dry combustion method was used to determine the percentage of 

organic carbon in the soil samples (Anderson and Ingram, 1983). To prepare a working 

standard, about 15 g of sucrose was dried at 105
o
C for 2 hrs and 11.87 g of it dissolved in water. 

The solution was made up to 100 ml in a volumetric flask, to make a 50 mg C ml
-1

 solution. 

Twenty-five mililitres of the solution were pipetted into labeled 100 ml volumetric flasks, and 

made to the mark with deionized water. Two milliliters of each of these working standards were 

pipetted into labeled 150 ml conical flask and dried at 105
o
C in an oven. One gram of air-dried 

soil sample was weighed into 150 ml flask to which 10 ml of 1N K2Cr2O7 was added and the 

contents were gently swirled until the sample was completely wet. This was followed by the 

addition of 20 ml of concentrated H2SO4 with further swirling to ensure through mixing of the 

solution in a fume cupboard. After cooling the solution, 50 ml of 0.4 % BaCl2 was added. The 

solution was left to stand over-night and the absorbance of the samples and the standards were 

read at 600 nm on UV visible spectrophotometer (Spectronic-20-Bausch and Lamb). 

3.2.2.3 Determination of exchangeable cations 

Total exchangeable cations were determined following extraction using 1 M acidified 

ammonium acetate (Lindsay and Norvell, 1978). Air-dried soil samples weighing 10 g were put 

in 150 ml plastic containers to which 40 ml of I M ammonium acetate were added. The 

containers were tightly closed and put on a reciprocating shaker (Stuart Flask model) for 1 hr. 

The solution was then filtered through a Whatman number 125 filter paper into 250 ml flasks. 

The remaining soil was washed using 1 M ammonium acetate making the volume in the 

collecting flask to about 90 ml. Fresh 1 M ammonium acetate was used to raise the mark to 100 

ml. After leaching the bases, potassium (K) and sodium (Na) emission were read on a flame 

spectrophotometer with the filter set on either K or Na while magnesium (Mg), manganese (Mn) 

and calcium (Ca) absorption were read on an atomic absorption spectrophotometer (AAS) 

model SpectrAA50 using the respective lamps (Thomas, 1982) and the peaks evaluated against 

the Inductive Coupled Plasma (ICP) standards (Jones, 2001). 
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3.2.2.4 Determination of available phosphorus 

Soil available phosphorus (P) was measured using the Olsen method (Olsen et al., 1954). An 

air-dried soil sample weighing 2.5 g was placed into 250 ml polythene shaking bottle followed 

by addition of Olsen’s extracting solution (0.5 M NaHCO3 at pH 8.5). The mixture was put on a 

shaker for 30 minutes and the suspension filtered through Whatman No. 42. Five mililiters of 

0.8 M boric acid and 10 ml of ascorbic acid reagent were added and allowed to stand for 1 hr. 

The P content was determined colorimetrically from a phosphorus molybdate complex formed 

by addition of acidified ammonium molybdate (Okalebo et al., 2002).  

3.2.2.5 Determination of total nitrogen 

Total soil N was determined using the semi-Kjeldhal method (Anderson and Ingram, 1983). An 

air-dried soil sample weighing 0.5 g was digested using a digestion solution made of Kjetab 

(1.72 g). An acid resistant 5 ml pippete was used to add 3.5 ml of concentrated sulphuric acid. 

The mixture was placed on a pre-heat alluminium digester at 360 
o
C for 2 hrs. Three reagent 

blanks were included to each batch. The mixture was allowed to cool and 25 ml of distilled 

water added. A further 75 ml of distilled water was added and allowed to settle. Standards were 

prepared by oven drying 7 g of ammonium sulphate [(NH4)2SO4] at 105
o
C for 2 hrs. About 

4.714 g of dry ammonium sulphate was dissolved in 1000 ml of deionized water (1000 mg 

N/litre) and 50 ml of the solution was pipetted into 500 ml volumetric flask. Two and a half 

mililitres of the digested blank was added to each flask before marking it, to the mark with 

distilled water. Total nitrogen was determined on a Flow Injection Analyzer (Jones, 2001). 

3.2.3 Planting site preparation 

At each site, a research field of 9.5 m by 32 m was selected. Field preparation was done through 

manual groundbreaking after clearing and burning the debris, followed by one plough and one 

harrowing using disc plough. The plot areas were leveled using a rake and left for 2 weeks and 

prepared to a fine tilth. 

3.2.4 NERICA seed treatment and planting procedure 

Seeds of NERICA 1, NERICA 4 and NERICA 10 were obtained from KARLO - Kibos station. 

The seeds were treated with Apron star 42 WS (thiamethoxam + difenoconazole + metalaxyl–

m) at the rate of 1 sachet 10g/Kg of seed 2-3 days before planting. Planting consisted of opening 

up of the spots to dibble in the filled NERICA seeds of each variety at the rate of 50 Kg/ha, at a 

spacing of 25 cm × 15 cm. 
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3.2.5 Field experimental design and layout 

Field experiments at each of the three sites (Plates 1-3) were arranged in a split plot with 

nitrogen fertilizer levels as the main plots and the NERICA varieties as sub plots (Fig. 6). 

Experimental sub plots measured 2.1 m by 2.5 m, separated by 0.5 m wide footpaths, while 1 m 

wide footpaths between the treatments were used. Replication was done three times at each site. 

Four inorganic nitrogen fertilizer regimes (20 KgN/ha, 60KgN/ha, 100 KgN/ha and 140 

KgN/ha) were broadcast in form of Calcium Ammonium Nitrate (CAN) in two split doses at the 

rate of half a dose at 21 days (tiller initiation stage) and the next half at 42 days (maximum 

tillering stage) post emergence. 

3.3 Collection of agronomic data 

3.3.1 Chlorophyll content 

A flag leaf was selected per hill and used to determine the chlorophyll content of the NERICA 

varieties due to N-fertilization. Measurement was taken at weeks 6 8, 10 and 12 post-emergence 

(Sikuku et al., 2007). A Minolta SPAD-502DL (Konica Minolta Optics Inc. Korea) hand-held 

meter was used for non-destructive data collection. Leaf transmittance was taken in the 

wavelength of 600 – 700 nm. The flag leaf was gently pressed using the SPAD meter until a 

consistent reading was observed. This was done on 12 plants in each plot and average values 

recorded in arbitrary SPAD units. 

3.3.2 Plant height 

Four hills in each plot were randomly picked and marked for evaluation of plant height. A 1-

meter ruler was vertically held from the soil level to the tip of the tallest plant in the hill and the 

height obtained in centimeters. Measurement was taken at weeks 2, 4, 6, 8, 10 and 12 post-

emergence (Sikuku et al., 2007). Results obtained were averaged and recorded. 

3.3.3 Number of tillers 

In each plot, four hills were randomly identified and marked at the onset of the experiment and 

used to determine tiller numbers fortnightly from 28 days post emergence. Number of tillers 

were counted on each hill and the four values averaged, and represented in whole numbers. 
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Fig 6.  Field layout of the trials on NERICA 1, 4 and 10 at varying nitrogen fertilizer rates 

KEY: N0 – 20 KgN/ha; N1 – 60 KgN/ha; N2 - 100 KgN/ha; N3-140 KgN/ha 

V1 – NERICA 1, V2 – NERICA 4, V3 – NERICA 10  

 

 
Plate 1. Research field at 

Maseno University, 

Kisumu County. 

 

 
Plate 2. Research field at 

KALRO Kibos, Kisumu 

County. 

 
Plate 3. Research field at 

KALRO Oyani, Migori 

County.

 
Plate 4. NERICA 1 

grains 

 

 

Plate 5. NERICA 4 

grains 

 

32.2 m 

19.5 m 
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Plate 6. NERICA 10 

grains 

3.4 Sampling of rice grains for volatile flavor compound analysis   

Sampling of rice grains (Plates 4-6) for volatile flavor analysis was done when the crop was 

mature and completely browned. Sampling was done manually using a sickle by cutting the 

panicle and placing the harvested crop in an upright position to dry before threshing. The grain 

samples were sun dried on a concrete floor for 6 hours a day for 7 days with 3 turnings per day 

to reduce the moisture content to 14% for quality storage awaiting analysis. This was followed 

by threshing by hand and winnowing using traditional baskets to separate chaff from the grains. 

The samples were bulked by putting together each variety under specific nitrogen treatment 

from each of the three replications. Bulking was done to obtain a manageable number of 

samples for analysis. Each bulked sample was individually finely ground using mortar and 

pestle and weighed using an electric balance into 50 g portions, stored in zip-lock bags and 

placed in a well labeled air-tight plastic container in a refrigerator at 5 °C until further testing.  

3.5 Extraction and analysis of volatile flavor compounds 

3.5.1 Extraction of volatile compounds 

A modified Likens-Nickerson apparatus was used for extraction through the simultaneous steam 

distillation and solvent extraction method (Terashi and Kint, 1993). A sample of 50 g was 

crushed and weighed on an electronic balance, then poured into a 500 mL round bottomed flask. 

Five milliliters of silicon antifoam/antibump (Sigma Aldrich) were mixed with 6 litres of 

distilled water and boiled for 2 hours to obtain a volatile free mixture. Two hundred milliliters 

of the water-antifoam mixture were transferred into a 2.0000 quick fit FR500/4S 500 ml round 

bottomed flask containing 50 g of the sample, 2.5 ml of n-Hexane (99% Sigma Aldrich) and 125 

µL of ethyl decanoate (99% Sigma Aldrich), as an internal standard. The mixture was bolied for 

1 hour in a modified Lickens and Nickerson apparatus. From time to time, the organic volatiles 
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from the mixture was condensed and accumulated in the U-tube of the apparatus, from where 

they were tapped into a clean, dry, 2 ml glass vial. The organic layer was dried with anhydrous 

sodium sulphate (Na2SO4) to remove any traces of water, transferred into a clean 2 ml glass vial 

and the sample kept refrigerated at -80 
0
C for further analysis. 

3.6 Volatile analysis and identification 

Both GC and GC-MS were used for analysis. The GC was performed on Shimadzu model GC-

2010 equipped with a flame ionization detector. A 50 m silica gel capillary column (film 

thickness 0.2µm and 0.25mm inner diameter) was used. Oven temperature was programmed 

from 35 
0
C to 250 

0
C, followed by 5 min hold at 230 

0
C. The flow rate of the carrier gas 

nitrogen was 3.0 ml/min and detector gases 40.0 ml/min (hydrogen) and 400.0 ml/min (air) 

respectively. The detector temperature was set at 230
0
C. A sample volume of 1µl was injected 

in a split-less mode. Analysis on GC-MS was conducted using an Agilent 7890A Series Gas 

Chromatograph coupled to a Mass Specrtometer Agilent 5973 quadruple detector). The gas 

chromatographic conditions were as follow; helium was used as a carrier gas at a flow rate of 

1.2 ml/min, inlet temperature of 270
0
C, transfer line temperature of 280

0
C and column (250µm 

film thickness and 0.25mm internal diameter). Oven temperature was programmed from 35
o
C 

for 5 minutes, then 10
o
C /minute to 280 

o
C for 10.5 minutes. Parameters for electron impact 

sample ionization were as follow: mass selective detector maintained at an ion source 

temperature of 250
0
C and quadruple temperature of 180

0
C; electron energy, 70 eV; source 

temperature of 250
0
C. Fragment ions were analyzed at 40-550 m/z mass range in the full scan. 

The compounds were quantified as ratio of the peak area of each compound to that of ethyl 

decanoate (internal standard) (Baruah et al., 1986). Identification of the compounds was done 

by comparing the fragmentation patterns with mass spectral data in mass spectral library 

(NIST/EPA/NIH., 2008) and literature. Confirmation of compounds was done by injecting 

samples with VOCs authentic stanadards which led to the enhancement of peaks being analyzed 

at a particular time. The authentic standard was then analysed alone. Formation of peaks with 

the same retention time and fragmentation pattern confirmed the identity of the compound being 

analysed.  

3.7 Data analysis  

 

Data from the field experiments and laboratory analysis were organized into a matrix and 

subjected to two and three-way analysis of variance (ANOVA) using MSTAT-C and where 

significant, means were separated using Least Significant Difference at [LSD5%] and percentage 
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coefficient of variation calculated. The percentage variation of each compound was obtained as 

a percentage of the quotient of standard deviation and mean.  
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CHAPTER FOUR 

4.0 RESULTS AND DISCUSSION 

4.1 Chemical analysis of soil samples 

The chemical properties of soil samples from the three study sites are shown in Table 3. Kibos 

site had a near neutral pH of 6.51 which differed with the acidic pH of Maseno site (3.76) and 

the moderately acidic pH of Oyani site (5.07). Soil pH influences the uptake of inorganic 

nitrogen by most plants including rice. Optimum soils for NERICA varieties are within pH 

ranges of 5.5 – 6.5 (Oikeh et al., 2008). Soils from Kibos with an average pH of 6.5 were in the 

optimum range while Maseno and Oyani had acidic and slightly acidic soils, respectively. Thus, 

Kibos soils have a potential for increased yield of NERICA varieties. 

The soil nitrogen values ranged between 0.17 - 0.21 % for all sites and were deficient in 

nitrogen for optimal NERICA production (Nwilene et al., 2008). Less than 1.0 % of nitrogen 

may not support proper plant growth and such soils need amendments (Nwilene et al., 2008). 

For rice production, soil nitrogen content of 1% per kilogram of nitrogen is considered optimal. 

In Lake Victoria basin, there is a high variability in soil nitrogen (Jaetzold et al., 2007), 

although most soils have inherently low nitrogen (Ojiem et al., 2001). The NERICA varieties 

may require additional nitrogen fertilization to optimize production under rain fed systems 

(Ronoubigouwa, 2008). Low input farmers who have adopted NERICA cultivation in Lake 

Victoria basin need to apply nitrogenous to fertilizer to remedy the deficiency. 

Available phosphorus levels varied with soils from Kibos having a high value of 289.00 ppm 

compared to Maseno and Oyani, which ranged from 8 to 20 ppm. These low levels of available 

phosphorus were attributed to fixation due to the acidic nature of the soils (Bambara and 

Ndakidemi, 2010). Levels below 25 ppm phosphorus per kilogram of soil are inadequate for 

NERICA production (Oikeh et al., 2013) since it serves the plant in root development, tillering, 

early flowering and ripening (IRRI, 2002). Maseno and Oyani soils were therefore suitable in 

terms of phosphorus levels for NERICA production. Potassium is required in large amounts of 

more than 0.1% of the plant’s dry weight for root growth and plant vigour (IRRI, 2002).  

Potassium levels of 0.21 – 0.78 meq % for Maseno and Oyani, and 1.11 meq % for Kibos were 

therefore inadequate. Microelement composition of the soils varied as follows; Ca (4.90 meq % 

for Kibos and a range of 1.40 – 3.00 meq% for Maseno and Oyani); Mg (5.17 meq % for Kibos 

and a range of 2.87 – 0.93 meq % for Maseno and Oyani); Mn (0.45 meq % for Kibos and a 
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range of 0.81 – 0.67 meq% for Maseno and Oyani); Cu (1.14 meq % for Kibos and a range of 

2.03 – 3.90 meq % for Oyani and Maseno); Fe (17.20 meq % for Kibos and a range of 21.30 – 

23.00 meq % for Maseno and Oyani); Zn  (3.72 meq % for Kibos and a range of 2.40 – 5.42 

meq % for Maseno and Oyani) and Na (0.32 meq % for Kibos and 0.08 – 0.18 meq % for 

Maseno and Oyani). All microelement levels were below optimum for rice production (IRRI, 

2007) except the levels of iron. Deficiency of microelements in the soil hinder root growth and 

development, cause leaf chlorosis, irregularity in soil pH, increase iron toxicity, and increase 

convertion of nitrate to nitrites (IRRI, 2011). This has a great bearing on rice growth and crop 

productivity. The major cause of low microelement is continual removal through subsequent 

cropping without fertilization or organic matter cycling (Okalebo et al., 2002). Yet, 

microelements influence the intake of important plant growth enhancing compounds such as 

nitrates and phosphates (IRRI, 2011). At Oyani and Maseno, the levels of calcium, potassium, 

and magnesium in the soils were below the recommended rates for optimum growth in the 

NERICA (IRRI, 2011). Therefore, the levels of copper and iron were higher in Oyani and 

Maseno than in Kibos soils. Negative effect of heavy metals on plant metabolism include 

stunted growth, long duration of growth and impaired flower and seed setting (Tisdale et al., 

1993). The high levels of heavy metal in Maseno and Oyani could cause slow growth, poor 

tillering and low chlorophyll content in these sites, while Kibos soils showed potential for better 

tillering and chlorophyll content, indicating that the soils had potential for high yield.  

The pH values, percentage nitrogen and available phosphorus at Kibos were within 

recommended ranges (IRRI, 2011) for optimal growth and production of NERICA varieties. 

However, Maseno and Oyani soils may require soil ammendments through liming (Ojiem et al., 

2001) and fertilization (Oikeh et al., 2013) to optimize production of the NERICA varieties.   

Table 3. Variation in soil chemical status of the three sites. 

Site pH 
N 

(%) 

Org. C 

(%) 

       

(ppm) 

K 

(meq) 

Ca 

(meq) 

Mg 

(meq) 

Mn 

(meq) 

Cu 

(ppm) 

Fe 

(ppm) 

Zn 

(ppm) 

Na 

(meq) 

Kibos 6.51 0.21 2.08 289.0 1.11 4.90 5.17 0.45 1.14 17.20 3.72 0.32 

Maseno 3.76 0.16 1.57 8.00 0.21 1.40 0.93 0.81 3.90 23.00 5.42 0.08 

Oyani 5.07 0.21 2.04 20.00 0.78 3.00 2.87 0.67 2.03 21.30 2.40 0.18 

NOTE: Values show averages of seven sampling points per site. Av – available. 
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4.2 Agronomic performance of NERICA varieties 

4.2.1 Plant height 

4.2.1.1 Effect of varieties on plant height 

Variations in plant height of NERICA 1, 4 and 10 varieties are shown in Fig. 7 and Table 4. An 

average height of 44.0 cm was observed in NERICA 4 plants in week 6, which was significantly 

(p≤0.05) taller than 42.90 cm and 38.69 cm for NERICA 1 and 10 respectively. A similar trend 

was observed in Week 12, in which NERICA 4 produced significantly (p≤0.05) taller plants 

(82.58 cm) compared to 78.53 cm and 75.7 cm obtained from NERICA 1 and 10 respectively. 

NERICA 4 performed better than NERICA 1 and 10 making it a preferable variety in the Lake 

Victoria basin. NERICA 4 grows faster and shows weed competitiveness, an indicator of a 

potential high yielding variety. Varietal responses of NERICA to different growing conditions 

were previously attributed to inherent genetic traits and prevailing environmental conditions 

(Kore et al., 2007). In particular, varietal plant height enhancement in rice has been attributed to 

genetic improvements through classical breeding (Yu et al., 2012). In this study, NERICA 4 

performed better than NERICA 1 and 10 in terms of plant height, an important yield enhancing 

trait (WARDA 2008). The variety had taller plants in weeks 6 and 12, which may be attributed 

to its inherently longer inter-nodal lengths (Ashrafruzzamann et al., 2009; Krishnan et al., 

2011). A study conducted in Alupe within Lake Victoria basin showed that amongst the upland 

cultivars recently introduced into the cropping systems, NERICA 4 registered the highest 

panicle length at all stages of growth (Sikuku et al., 2016). Indeed, the maximum height of 

82.58 cm achieved by NERICA 4 in Week 12 in the current study is within the IRRI index of 

intermediate group of rice plants (BI-IRRI-WARDA, 2007), and compared favorably with 

previous work on rain-fed upland NERICA varieties (Fukuta et al., 2012; Anyang et al., 2015). 

Plant height is a selective morphological marker in rice breeding which modifies yield 

enhancing characters and finally shapes grain quality (WARDA 2008). For instance, lush 

growth of rice plants with great heights result in better inflorescence setting, eventually 

producing larger grains with higher proximate nutrient concentration (Sarkar et al., 2014). 

Taller rice varieties have a competitive advantage over weeds which results in higher grain 

biomass (Anyang et al., 2015). Compared to other rain-fed upland varieties, NERICA 4 have 

erect leaves that allow good light penetration deep into the canopy (Fischer et al., 2001), a 

higher panicle production and greater ability to partition photosynthates for plant development 

(Oikeh et al., 2008). NERICA 4 had taller plants, although this was significantly different in 

Weeks 6 and 12. Thus NERICA 4 may have a better growth potential in Lake Victoria basin 

soils. 
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Fig 7. Effect of varieties on plant height (cm) 

 

4.2.1.2 Variation in plant height with nitrogen fertilizer rates 

Although nitrogen fertilizers are key inputs for increased rice yields (Alam et al., 2009; Dastan 

et al., 2012), variation in nitrogen levels did not cause a significant difference in plant height 

(Fig 8) except in Week 12. A rate of 140 KgN/ha was significantly higher in week 12, 

indicating a late response of the NERICA varieties. In Marakwet District in Kenya, NERICA 

varieties showed no significant difference in plant height even upto 56 DAS, although a 

significant difference was observed at maturity (Kinyumu et al., 2009). The results were 

however contrary to previous studies where aromatic paddy rice varieties showed significant 

increases in plant height with increase in nitrogen rate (Awan et al., 2011; Ghanbari-Malidarreh 

et al., 2009; Rahman et al., 2007). Among the factors of rice production, fertilizers play an 

important role and higher productivity requires increased nutrient inputs (Linquist et al., 2001). 

The amount of nitrogen required and its management varies depending on variety, soil 

conditions, cultural practices, crop rotations, and other factors (Linquist et al., 2001). Plant 

height modifies yield enhancing characters and finally shapes grain quality (WARDA 2008). 

Thus, nitrogen being a primary nutrient in plant metabolism, positively influences plant growth 

at later stages of development. Evidently, high levels of fertilizer (140 KgN/ha) at later stages of 

growth is suitable for enhanced plant height in the NERICA varieties. 

 LSD, (p≤0.05)  
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Fig 8. Effect of N-rates on plant height (cm) 

 

4.2.1.3 Effect of sites on plant height 

Plant height varied (p≤0.05) with site of production throughout the growing season (Table 4, 

Fig. 9). Kibos site had significantly (p≤0.05) taller plants while the shortest plants were obtained 

from Maseno. Agro-ecological factors which contribute immensely to rice plant height include 

soil chemical status, soil moisture and prevailing environmental conditions (Pascual et al., 

2016). Results of chemical analysis of soil samples from the three sites (Table 3) revealed 

variation in macro-elements such as nitrogen, phosphorus and potassium. The highest plant 

height of NERICA varieties at Kibos site could be attributable to available phosphorus level, 

pH, calcium and nitrogen levels which were within the recommended rates for NERICA 

cultivation (IRRI, 2011). Inherently high soil phosphorus at Kibos significantly influenced 

overall height of the NERICA plants. Secondly, since most nutrients produce the best effects 

under a balanced nutrition, the optimal levels of P and N as exhibited in the Kibos soils may 

have resulted in better plant growth as observed in taller plants. Lastly, at Oyani and Maseno 

study sites, the levels of Ca, K, and Mg in the soils were below the recommended rates for 

optimum growth (IRRI, 2011). Soil acidity is a main hindrance to availability of inorganic 

nutrients such as nitrogen, calcium, magnesium and molybdenum. These nutrients influence the 

plant growth (Bambara and Ndakidemi, 2010), which may have negatively influenced plant 

height at Maseno and Oyani. Rainfall regimes and environmental temperature positively 

influence overall plant growth (Pascual et al., 2016). NERICA varieties, cultivated under rain-

 LSD, (p≤0.05)  
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fed conditions require even distribution of rainfall (IRRI, 2011). These conditions may not have 

been optimum during the field trials in this study (Appendix 3a-f). Kibos site experienced 

longer duration of rainfall days (118) with a total rainfall of 1211.9 mm which may have led to 

taller plants, relative to Maseno and Oyani. Kibos site is therefore potential for increased rice 

production. 

 
Fig 9. Effect of sites on plant height (cm) 

 

 LSD, (p≤0.05)  
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Table 4. Effect of site, N-rate and NERICA varieties on plant height (in cm) during Weeks 2 - 12    

WEEK SITE 
VAR 

(NERICA) 

N-RATES 
VAR 

MEAN 

SITE 

MEA

N 

C.V

% 
20 60 100 140 

WEEK 2 

MASENO 

1 14.19 14.11 13.33 14.52 14.04 

14.20 8.41 4 14.43 13.21 14.13 15.41 14.29 

10 14.04 13.75 13.88 15.42 14.27 

MEAN N  14.22 13.69 13.78 15.11    

LSDp≤0 05 NS NS   

KIBOS 

1 13.58 17.50 17.00 17.90 16.49 

16.73 15.01 4 16.77 19.56 15.83 16.03 17.05 

10 17.12 17.48 15.52 16.48 16.65 

MEAN N 15.83 18.18 16.12 16.80    

LSDp≤0 05 NS NS   

OYANI 

1 14.58 14.90 15.15 15.34 14.99 

14.44 7.21 4 14.18 13.92 15.19 14.14 14.35 

10 14.18 14.08 13.75 13.87 13.97 

MEAN N  14.31 14.30 14.70 14.45    

LSDp≤0 05 NS NS   

ALL 

SITES 

1 14.12 15.50 15.16 15.92 15.17 

15.12 12.06 4 15.13 15.56 15.05 15.19 15.23 

10 15.11 15.10 14.38 15.25 14.96 

MEAN N  14.79 15.39 14.86 15.45    

LSDp≤0 05 NS NS 0.88  

WEEK 4 

MASENO 

1 23.11 23.24 21.31 22.57 22.56  

21.82 

 

 

10.03 

 
4 24.60 21.67 20.36 24.63 22.81 

10 19.57 20.09 19.50 21.20 20.09 

MEAN N  22.43 21.67 20.39 22.80    

LSDp≤0 05 NS 1.85   

KIBOS 

1 32.33 32.91 36.71 34.79 34.18  

33.58 

 

 

9.32 

 

4 34.44 31.33 36.79 35.23 34.45 

10 32.81 33.00 29.54 33.12 32.12 

MEAN N 33.19 32.41 34.34 34.38    

LSDp≤0 05 NS NS   

OYANI 

1 23.60 25.63 27.17 26.28 25.67  

24.27 

 

 

10.07 

 

4 21.21 23.53 26.24 23.98 23.74 

10 22.91 24.50 23.48 22.72 23.40 

MEAN N  22.57 24.55 25.63 24.33    

LSDp≤0 05 NS NS   

ALL 

SITES 

1 26.34 27.26 28.39 27.88 27.47  

 

 

11.3 

 
4 26.75 25.51 27.80 27.95 27.00 

10 25.10 25.86 24.17 25.68 25.20 

MEAN N  26.06 26.21 26.79 27.17    

LSDp≤0 05 NS NS 1.46  

 

 

WEEK SITE 
VAR 

(NERICA) 

N-RATES 
VAR 

MEAN 

SITE 

MEA

N 

C.V

% 20 60 100 140 

WEEK 6 

MASENO 

1 36.40 41.05 35.45 33.68 36.64 

35.64 12.67 4 39.93 35.90 32.92 40.60 37.34 

10 31.43 34.98 31.18 34.20 32.95 

MEAN N  35.92 37.31 33.18 36.16    

LSDp≤0 05 NS NS   

KIBOS 

1 51.64 49.10 52.23 54.78 51.94 

51.99 8.81 4 53.05 56.42 58.82 54.12 55.60 

10 45.63 52.14 46.32 49.61 48.42 

MEAN N 50.10 52.55 52.46 52.83    

LSDp≤0 05 NS 3.81   

OYANI 

1 34.04 40.98 42.43 42.99 40.11 

37.95 11.02 4 34.75 39.71 41.04 40.71 39.05 

10 31.61 38.17 35.81 33.16 34.68 

MEAN N  33.46 39.62 39.76 38.95    

LSDp≤0 05 4.09 3.54   

ALL 

SITES 

1 40.69 43.71 43.37 43.82 42.90 

41.86 13.11 4 42.58 44.01 44.26 45.14 44.00 

10 36.22 41.76 37.77 38.99 38.69 

MEAN N  40.10 43.16 41.80 42.65    

LSDp≤0 05 NS 2.67 3.23  

WEEK 8 

MASENO 

1 50.11 55.97 51.91 49.71 51.92  

50.51 

 

 

11.68 

 
4 53.49 50.31 44.83 54.66 50.82 

10 47.47 52.67 45.68 49.29 48.78 

MEAN N  50.36 52.98 47.47 51.22    

LSDp≤0 05 NS NS   

KIBOS 

1 72.94 65.54 74.08 74.31 71.72  

71.68 

 

 

9.18 

 
4 70.33 71.87 75.26 71.66 72.28 

10 67.61 76.83 66.76 72.96 71.04 

MEAN N 70.29 71.41 72.03 72.97    

LSDp≤0 05 NS NS   

OYANI 

1 48.22 55.06 54.41 58.28 53.99  

54.13 

 

 

8.27 

 
4 49.43 57.74 55.92 57.50 55.15 

10 50.97 56.26 53.25 52.57 53.26 

MEAN N  49.54 56.35 54.52 56.12    

LSDp≤0 05 4.37 4.37   

ALL 

SITES 

1 56.12 58.86 60.13 60.77 59.21  

 

 

9.58 

 
4 57.75 59.97 58.67 61.27 59.42 

10 55.35 61.92 55.23 58.27 57.69 

MEAN N         

LSDp≤0 05 NS NS 3.28  

NOTE: NS – Not significant; S – Site; N – Nitrogen; VAR – Variety 
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Table 4. Contd…. 

WEEK SITE 
VAR 

(NERICA) 

N-RATES VAR 

MEAN 

SITE 

MEAN 

C.V% 

20 60 100 140  

WEEK 10 

MASENO 

1 66.18 65.55 65.13 59.13 63.99 

62.99 

11.93 

4 67.62 64.21 54.43 68.50 63.69 
 

10 62.03 64.43 58.29 60.37 61.28 

MEAN N 65.27 64.73 59.28 62.67    

LSDp≤0 05 NS NS   

KIBOS 

1 78.45 74.32 79.43 80.46 78.16 

78.70 8.44 4 77.36 80.72 84.36 80.33 80.69 

10 75.81 80.28 73.10 79.73 77.23 

MEAN N 77.21 78.44 78.96 80.17    

LSDp≤0 05 NS NS   

OYANI 

1 54.67 65.38 65.05 68.48 63.39 

64.03 6.66 4 59.57 67.08 67.83 69.96 66.11 

10 58.31 62.21 65.44 64.36 62.58 

MEAN N 57.52 64.89 66.10 67.60    

LSDp≤0 05 3.60 NS   

ALL 

SITES 

1 66.43 68.41 69.87 69.36 68.52 

68.57 9.94 4 68.18 70.67 68.87 72.93 70.16 

10 65.38 68.97 65.61 68.15 67.03 

MEAN N 66.67 69.35 68.12 70.15    

LSDp≤0 05 NS NS 3.96  

WEEK 12 

MASENO 

1 78.17 78.19 79.36 69.91 76.41  

75.50 

 

12.59 

4 78.43 75.71 69.26 80.08 75.87 
 

10 70.66 77.46 70.89 77.86 74.22 

MEAN N 75.26 78.40 80.85 79.60    

LSDp≤0 05 NS NS   

KIBOS 

1 84.85 80.68 86.20 86.46 84.55 

85.13 6.85 4 83.62 92.38 96.33 87.81 90.04 

10 79.31 82.62 78.46 82.81 80.80 

MEAN N 78.22 84.49 82.30 85.30    

LSDp≤0 05 NS 4.93   

OYANI 

1 62.77 76.32 76.99 82.41 74.62  

76.18 

 

5.29 4 72.62 85.37 81.32 88.01 81.83 

10 65.75 71.50 74.05 77.04 72.08 

MEAN N 71.90 77.19 74.46 79.23    

LSDp≤0 05 3.93 3.41   

ALL 

SITES 

1 75.75 77.12 73.17 75.95 78.52 
 

78.93 
9.36 4 82.59 85.23 87.00 85.69 82.58 

10 67.05 77.73 77.45 82.49 75.70 

MEAN N 75.13 80.02 79.20 81.38    

LSDp≤0 05 4.27 3.70 3.70  

NOTE: NS – Not significant; S – Site; N – Nitrogen-rate; VAR – Variety 
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4.2.2 Leaf chlorophyll content 

4.2.2.1 Effect of varieties on leaf chlorophyll content 

Inter-varietal comparisons of leaf chlorophyll contents on NERICA 1, 4 and 10 showed significant 

(p≤0.05) differences in weeks 6 and 8. (Fig. 10 and Table 5). NERICA 4 leaves had the highest 

chlorophyll content throughout the study season. Similar results had been recorded by (Sikuku et al., 

2016). Plant leaf chlorophyll content is responsible for photosynthetic efficiency (Gietson et al., 

2016) and varietal differences have been detected in several plant species (Dey et al., 2016) 

including rice (Bekere et al., 2014). Most varietal differences were attributed to the genetic capacity 

of the plant to metabolize soil nitrogen, which is an important nutrient in the biosynthesis of 

chlorophyll (Gietson et al., 2016). Although significant (p≤0.05) differences in chlorophyll content 

were observed, a genetic characterization of 131 quantitative trait loci of NERICA varieties reported 

a close genetic constitution between them (Fukuta et al., 2012). However, NERICA 4 has erect 

leaves that allow good light penetration deep into the canopy (Fischer et al., 2001). NERICA 4 

leaves had higher leaf chlorophyll content, an indication of a greater potential for growth and 

increased production of grains, and is therefore more suitable for cultivation in Lake Victoria basin. 

    

 
Fig 10. Variations in leaf chlorophyll content with varieties 

 

 

 LSD, (p≤0.05)  
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4.2.2.2 Effect of nitrogen rates on leaf chlorophyll content 

Leaf chlorophyll content significantly (p≤0.05) varied with nitrogen rates between weeks 6 and 12 

(Fig. 11 and Table 5). In week 6 and 12, 140 KgN/ha resulted in the highest leaf chlorophyll content, 

while in weeks 8 and 10, the highest values were observed at nitrogen rates of 140 KgN/ha and 60 

KgN/ha repectively. Thus, the higher nitrogen rate of 140 KgN/ha positively influenced leaf 

chlorophyll content similar to previous research (Sikuku et al., 2016). Metabolic nitrogen is required 

for chlorophyll synthesis and its deficiency leads to loss of green color in the leaves, decrease leaf 

area and intensity of photosynthesis (Anjum et al., 2011). Thus, assessment of chlorophyll content is 

an effective way of monitoring plant growth and estimating photosynthetic productivity (Chen et al., 

2007). Indeed, higher leaf chlorophyll intensity due to high nitrogen fertilization is a reflection of the 

NERICA plant nitrogen status, and its overall yield potential (Sikuku et al., 2016). In contrast, 

excessive use of fertilization has been associated with nitrogen losses through ammonia 

volatilization and leaching (Peng et al., 2010). Recommendations for nitrogen-use efficiency in rice 

cropping systems include adjustment of nitrogen rates, based on leaf chlorophyll readings (Hu et al., 

2010). Thus, the highest nitrogen fertilizer rates tested (140 KgN/ha) had the greatest leaf 

chlorophyll content and is preferable for the NERICA varieties for growth and weed 

competetiveness.  

 
Fig 11. Effect of N-rates on leaf chlorophyll content (SPAD units) 

 LSD, 

(p≤0.05) 
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4.2.2.3 Effect of sites on leaf chlorophyll content 

Chlorophyll content of the NERICA varieties varied at the three sites (Table 5, Fig. 12). The highest 

(p≤0.05) chlorophyll contents were recorded at Kibos site throughout the study period. The major 

site factors that influence enhanced chlorophyll content include soil type, topography and 

environmental conditions. Kibos soils had the highest amounts of phosphorus, magnesium and 

nitrogen (Table 3) which are key metabolites in chlorophyll synthesis, and their higher levels at 

Kibos soils may have culminated in the observed higher leaf chlorophyll content. Maseno and Oyani 

sites experienced lower environmental temperatures (Appendix 1b and 1c) which was not favourable 

for high leaf chlorophyll development (Akparobi, 2009). Low growing temperatures for rice plants 

results in chlorosis, retarded growth and reduced yield (Akparobi, 2009). Though Oyani site had 

better rainfall distribution (Appendix 1c), the soil moisture was low due to high temperatures 

experienced throughout the growing season (Appendix 1d). Further, Oyani soils have low water 

retention capacity (Jaetzold, 2009) which may have negatively influenced plant metabolic processes 

such as chlorophyll synthesis. Maseno site received the least amount of rainfall (1120.56 mm within 

117 days) throughout the growing season (Appendix 1f), which may have contributed to the low 

SPAD values detected. Kibos site has a potential for production of high yielding NERICA varieties.  

 

 
Fig 12. Effect of site on leaf chlorophyll content 

 

 LSD, (p≤0.05) 
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Table 5.  Influence of site, N-rate and NERICA varieties on leaf chlorophyll content  

 

    NOTE: NS – Not significant; S – Site; N – Nitrogen VAR – Variety  

WEEK SITE VAR 

(NERICA) 

N-RATES VAR 

MEAN 

SITE 

MEAN 

C.V

% 20 60 100 140 

WEEK 6 

MASENO 

1 34.57 33.70 35.19 33.93 34.34 

34.89 4.72 4 35.56 34.61 35.68 37.20 35.76 

10 34.35 34.46 34.44 34.98 34.56 

MEAN N  34.83 34.25 35.10 35.37    

LSDp≤0 05 NS NS   

KIBOS 

1 39.77 38.88 39.80 40.98 39.85 

40.32 3.72 4 40.01 39.27 41.80 41.64 40.68 

10 40.90 40.31 40.45 40.10 40.44 

MEAN N 40.22 39.48 40.68 40.90    

LSDp≤0 05 NS NS   

OYANI 

1 32.33 35.28 36.94 36.02 35.14 

35.29 5.0 4 34.32 37.15 36.10 37.59 36.29 

10 32.24 35.80 34.56 35.15 34.44 

MEAN N  32.96 36.08 35.87 36.25    

LSDp≤0 05 1.72 NS   

ALL 

SITES 

1 35.55 35.95 37.31 36.98 36.45 

 4.8 4 36.63 37.01 37.86 38.81 37.58 

10 35.83 36.86 36.48 36.74 36.48 

MEAN N  36.00 36.61 37.22 37.51    

LSDp≤0 05 0.99 0.86 0.86  

S×N 1.72    

WEEK 8 

MASENO 

1 38.92 39.53 39.23 38.58 39.06 

39.03 5.13 4 39.44 40.03 39.01 38.97 39.36 

10 37.85 39.19 39.25 38.41 38.68 

MEAN N  38.74 39.58 39.16 38.65    

LSDp≤0 05 NS NS   

KIBOS 

1 42.00 44.39 44.11 44.70 43.80 

44.11 2.44 4 43.52 44.99 45.34 44.31 44.54 

10 42.41 43.82 45.06 44.75 44.01 

MEAN N 42.64 44.40 44.83 44.59    

LSDp≤0 05 0.91 NS   

OYANI 

1 37.47 37.58 40.07 39.64 38.69 

39.46 3.86 4 38.31 41.70 41.42 41.96 40.84 

10 38.68 39.43 38.03 39.27 38.85 

MEAN N  38.15 39.57 39.84 40.29    

LSDp≤0 05 1.49 1.29   

ALL 

SITES 

1 39.46 40.50 41.13 40.97 40.51 

 4.05 4 40.42 42.24 41.92 41.75 41.58 

10 39.65 40.81 40.78 40.81 40.51 

MEAN N  39.84 41.18 41.28 41.17    

LSDp≤0 05 0.93 0.80 0.80  

WEEK SITE VAR 

(NERICA) 

 

N-RATES 
VAR 

MEAN 

SITE 

MEA

N 

C.V

% 
20 60 100 140 

WEEK 10 

MASENO 

1 41.66 41.61 41.07 41.76 41.66 

41.39 3.88 4 41.54 42.55 41.29 41.31 41.54 

10 41.25 41.10 40.34 41.04 41.25 

MEAN N  41.48 41.75 40.90 41.37 41.48   

LSDp≤0 05 NS NS   

KIBOS 

1 42.65 45.48 45.88 46.15 42.65 

44.97 2.64 4 45.01 45.95 44.80 46.02 45.01 

10 44.20 44.66 46.27 45.65 44.20 

MEAN N 43.95 45.36 45.65 45.94 43.95   

LSDp≤0 05 1.16 NS   

OYANI 

1 42.18 43.18 42.88 43.82 43.01 

42.98 4.12 4 41.88 44.19 43.75 43.87 43.42 

10 41.89 43.88 41.80 42.51 42.52 

MEAN N  41.99 43.75 42.81 43.40    

LSDp≤0 05 NS NS   

ALL 

SITES 

1 42.16 43.42 43.27 43.91 43.19 

43.19 3.71 4 42.81 44.23 43.28 43.73 43.51 

10 42.45 43.21 42.80 43.06 42.88 

MEAN N  42.47 43.62 43.12 43.57    

LSDp≤0 05 0.90 NS 0.77  

WEEK 12 

MASENO 

1 42.36 42.17 43.56 44.07 43.04 

42.82 11.93 4 43.80 42.52 43.12 42.79 43.06 

10 43.40 40.91 42.33 42.82 42.36 

MEAN N  43.18 41.87 43.00 43.23    

LSDp≤0 05 NS NS   

KIBOS 

1 41.56 45.18 44.49 45.13 44.09 

44.02 8.44 4 43.12 44.26 43.74 44.92 44.01 

10 44.69 41.76 45.07 44.39 43.98 

MEAN N 43.12 43.73 44.43 44.81    

LSDp≤0 05 NS NS   

OYANI 

1 39.95 43.86 42.83 45.69 43.08 

43.07 6.66 4 39.87 45.09 44.45 45.99 43.85 

10 38.20 42.19 43.06 45.72 42.29 

MEAN N  39.34 43.71 43.45 45.80    

LSDp≤0 05 1.80 NS   

ALL 

SITES 

1 41.29 43.74 43.63 44.96 43.40 

 9.94 4 42.26 43.96 43.77 44.57 43.64 

10 42.10 41.62 43.48 44.31 42.88 

MEAN N  41.88 43.10 43.63 44.61    

LSDp≤0 05 1.02 NS 0.88  

S×N 1.77    
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4.2.3 Tiller number 

4.2.3.1 Effect of varieties on tiller number 

The number of tillers did not significantly (p>0.05) vary with varieties (Fig. 13 and Table 6). In the 

three varieties, the number of tillers increased progressively with time. The absence of significant 

(p>0.05) varietal differences in the tillering of the NERICA varieties may be due to similarity in 

their genetic make-up (Jones et al., 2007). Previous studies on tillering in wheat, rice, barley and rye 

have demonstrated that it is a continual organogenesis process which is highly dependent upon the 

plant genetic networks (Hussein et al., 2014; Domagalska and Leyser, 2011; Wang and Li, 2008). 

Thus, the NERICA varieties responded similarly in terms of tiller production, which may be 

attributed to their close genetic make-up (Jones at al., 2007). The three varieties have similar 

tillering ability and therefore have similar a poteintial for high yields. 

 
Fig 13. Varietal variations in number of tillers per hill  
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4.2.3.2 Effect of nitrogen fertilizer rates on tiller number 

Nitrogen rates significantly (p≤0.05) influenced the number of tillers per hill in weeks 6, 8 and 10 at 

specific sites (Table 6, Fig. 14). In week 6, application of 100 KgN/ha had significantly (p≤0.05) 

higher tiller numbers that all other nitrogen rates applied.  In week 8, significantly (p≤0.05) the 

highest number of tillers were counted at 60 KgN/ha. Thus, 100 KgN/ha was suitable for maximum 

tiller number in the NERICA varieties at earlier stages of plant growth, while 60 KgN/ha resulted in 

more tillers at later stages of growth. Application of nitrogen fertilizer was done in two split doses 

during week 4 and week 6. Significant variations in tiller number was observed two weeks after 

each dose, due to availability of nitrates to the plants from inorganic nitrogen applied (Mattson et 

al., 2009). These findings are similar to (Fairhurst et al. 2007) in which application of nitrogen 

nutrients resulted in increased number of tillers and consequently higher grain yield. Tillering in 

rice is highly influenced by environmental factors of growth including agronomic inputs (Kebrom 

et al., 2013). Maximization of tillering through application of appropriate rates of nitrogen fertilizer 

is a major target of agronomic programs to enhance crop yield. In this study, 100 KgN/ha increased 

tiller numbers in Week 6, while 60 KgN/ha favored tiller formation at later stages of growth. Thus, 

application of 100 KgN/ha in week 4 and 60 KgN/ha in week 6 is suitable for higher tiller number 

of the NERICA varieties in Lake Victoia basin.100KgN/ha causes higherr tillering in the early 

stages. Such tillers have vigour and grow to bear seeds, while late tillering is disadvantageous 

because such tiller die before beraing any seeds. 100 KgN may be suitable for production of 

NERICA varieties. 

 

Fig 14. Effect of N-rates on number of tillers per plant 

 LSD, (p≤0.05)  



46 

 

4.2.3.3 Effect of sites on tiller number 

There was a significant (p≤0.05) difference in tiller number of the NERICA varieties at the three 

study sites throughout the growing season (Table 6, Fig. 15). Kibos site had the highest tiller 

number per hill throughout the growing season. High tillering ability of the NERICA varieties 

observed in Kibos site was interpreted as a good yielding attribute (Sikuku et al., 2006). However, 

previous work (Espino, 2014) reported that a good rice stand should produce plants with one to 

three tillers, unlike poor stands whose plants may produce up to 12 tillers. When many tillers per 

plant are produced, panicle maturity will be uneven, compromising grain quality at harvest (Singh 

et al., 1997). When stands are very dense, tillers may not even develop or may die before they can 

produce a panicle due to shading (Espino, 2014). As previously reported (Table 3), Kibos site had 

better soils and received sufficient rainfall (Appendix 1a) for growth and development of the 

NERICA varieties, although more tiller numbers may not have a direct relationship to higher yields. 

Thus, productivity of NERICA varieties in terms of tiller number was higher at Kibos site, in 

comparison to Maseno and Oyani, indicating that Kibos was a more suitable site for NERICA 

cultivation. 

 

Fig 15. Influence of sites on number of tillers per hill 

 

 LSD, (p≤0.05)  
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Table 6. Effect of site, N-rate and NERICA varieties on number of tillers per hill 
WEEK SITE VAR 

(NERICA) 

N-RATES VAR 

MEAN 

SITE 

MEAN C.V% 20 60 100 140 

WEEK 4 

MASENO 

1 0 1 1 1 1 

1 39.70 4 1 0 0 1 0 

10 0 1 0 0 0 

MEAN N  0 1 0 1    

LSDp≤0 05 NS  NS   

KIBOS 

1 5 2 4 5 4 

4 25.72 4 5 4 4 5 5 

10 5 4 3 5 4 

MEAN N 5 3 4 5    

LSDp≤0 05  NS NS   

V×N 1.77    

OYANI 

1 3 3 4 2 3 

3 38.61 4 1 2 4 3 2 

10 2 2 3 2 2 

MEAN N  2 2 3 2    

LSDp≤0 05  0.96 NS   

ALL 

SITES 

1 3 2 3 3 3 

 39.75 4 2 2 3 3 2 

10 2 2 2 2 2 

MEAN N  2 2 3 3    

LSDp≤0 05 NS NS 0.59  

S×N 0.79      

WEEK 6 

MASENO 

1 1 2 2 1 2   

64.8 4 2 1 2 1 1 1 

10 1 2 1 2 1   

MEAN N  1 2 2 1    

LSDp≤0 05 NS  NS    

KIBOS 

1 7 5 6 8 7  

16.5 4 7 7 6 4 6 6 

10 6 7 5 8 7   

MEAN N  6 6 6 7    

LSDp≤0 05  0.66 NS    

OYANI 

1 3 5 6 4 4  

33.4 4 2 4 5 5 4 4 

10 3 3 4 3 3   

MEAN N  3 4 5 4    

LSDp≤0 05  0.94 NS    

ALL 

SITES 

1 3 4 5 5 4 

  22.88 4 4 4 4 3 4 

10 3 4 3 4 4 

MEAN N 3 4 4 4    

LSDp≤0 05 NS NS 0.46  

S×N 0.93    

WEEK SITE VAR 

(NERICA) 

N-RATES VAR  

MEAN 

SITE 

MEAN C.V% 20 60 100 140 

WEEK 8 

MASENO 

1 4 5 4 4 4 

4 25.17 4 4 4 4 4 4 

10 5 6 3 4 4 

MEAN N  4 5 4 4    

LSDp≤0 05 NS NS   

KIBOS 

1 7 8 7 9 8 

7 16.14 4 7 7 8 6 7 

10 7 8 6 8 7 

MEAN N 7 8 7 8    

LSDp≤0 05 NS NS   

OYANI 

1 3 5 7 6 5 

5 28.87 4 3 6 5 6 5 

10 4 5 5 4 4 

MEAN N  3 5 6 5    

LSDp≤0 05 1.36 NS   

ALL 

SITES 

1 5 6 6 6 6 

 22.88 4 5 6 6 5 5 

10 5 6 5 5 5 

MEAN N  5 6 5 6    

LSDp≤0 05 0.70 NS 0.61  

S×N 1.21    

WEEK 

10 

MASENO 

1 8 9 7 8 8  

5 

 

9.53 4 8 8 8 7 8 

10 9 10 8 7 9 

MEAN N  5 6 5 5    

LSDp≤0 05 0.76 NS   

KIBOS 

1 9 9 8 10 9 

9 8.52 4 7 8 8 7 8 

10 8 9 7 9 8 

MEAN N 8 9 8 8    

LSDp≤0 05 0.74 NS   

OYANI 

1 6 7 7 8 7 

7 15.69 4 6 7 7 8 7 

10 6 7 6 7 6 

MEAN N  6 7 7 7    

LSDp≤0 05 NS NS   

ALL 

SITES 

1 7 8 7 9 8 

  12.59 4 8 8 8 8 8 

10 8 8 8 8 8 

MEAN N  8 8 8 8    

LSDp≤0 05 NS NS 0.48   

NOTE: NS – Not significant; S – Site; N – Nitrogen-rate; VAR – Variety
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4.3 Volatile flavor compounds detected on NERICA 1, 4 and 10  

4.3.1 Identities of volatile flavor compounds 

Chemicals present in the endosperm of rice grains determine the overall aroma, and rice plants with 

very similar genetics, such as the NERICA varieties would be expected to have very similar volatile 

profiles. Volatile compounds in rice are secondary metabolites under genetic control and are 

responsible for aroma production (Chen et al., 2008; Vanavichit et al., 2006; Srivong et al., 2005). 

A total of 112 volatile compounds were identified collectively in NERICA 1, 4 and 10 cultivars 

(Table 7). The compounds were classified as green leaf volatiles, aromatics and terpenoids. More 

than 200 volatile compounds have been identified in rice although only a few were observed to 

contribute to the characteristic aroma (Yajima et al., 1978; Buttery et al., 1988; Widjaja et al., 

1996; Jezussek et al., 2002). NERICA varieties are currently classified as non-aromatic rice (IRRI, 

2011). However, the findings of this study indicate that they have a variety of compounds that could 

contribute to aroma.   

The green leaf volatiles reported were (E, E)-2, 4-decadienal, nonanal, hexanal, E-2-nonenal, 

octanal, decanal, (E, E)-2, 4-nonadienal, E-2-undecanal, 2E-tridecen-1-al, furfural, decadienal <2E 

4Z>, 3-methyl butanal and undecanal. Amongst the green leaf volatiles detected, (E, E)-2, 4-

decadienal, nonanal, hexanal, E-2-nonenal, octanal, decanal, (E, E)-2, 4-nonadienal and E-2-

undecanal have been identified as primary compounds responsible for variations in the aroma of 

irrigated aromatic rice varieties (Mahattanatawee and Rouseff, 2010; Maraval et al., 2008; Yang et 

al., 2008). These compounds were observed in NERICA 1, 4 and 10 and confirms the likelihood 

that NERICA varieties are aromatic. Indeed, the three NERICA varieties had similar green leaf 

volatile profiles most of which were observed in previous studies. For instance, octanal, (E)-2-

nonenal, nonanal, heptanal, hexanal, decanal and (E)-2-octenal were major contributors in the 

aroma of seeds of Basmati-370, Ambemohar-157 (non-basmati scented), and IR-64 (non-scented) 

rice cultivars (Hinge et al., 2016), although heptanal content was significantly higher in the scented 

rice cultivars than non-scented one (Hinge et al., 2016). High concentrations of hexanal in food 

products give a pungent taste, while low concentration evokes a wide range of pleasant aroma 

(Jezussek et al., 2002). Aldehydes are contributors of rice aroma because of their low odor 

threshold value (Yang et al., 2008). In a sensory study of two Basmati varieties, the aldehydes (E) 

2-nonenal and (E, E)-2, 4-decadienal had the lowest odor threshold but were still major contributors 

of aroma (Buttery et al., 1988). Other aldehydes with relatively low thresholds that contribute to 

rice aroma were (E)-2-decenal, octanal, nonanal, and decanal (Buttery et al., 1988). Aliphatic 
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aldehydes are associated with lipid breakdown products and can be linked with flavors like grassy, 

fatty, and soapy (Lam and Proctor 2003, Grosch, 1982). Octyl formate, methyl octadecanoate, 

isobutyl butanoate, methyl tetradecanoate, methyl hexadecanoate, phthalic acid isobutyl octyl ester, 

dibutyl phtalate, hexanoic acid isobutyl ester and methyl linoleate were among the esters detected in 

the NERICA varieties (Table 8). Esters have nutritional and medicinal benefits and are abundant in 

brans of grain such as rice (Jariwalla, 2001; Escribano et al., 2004). Ethyl hexanoate, ethyl 

heptanoate, ethyl octanoate, and ethyl laurate were  detected in the leaves  of  Basmati-370, 

Ambemohar-157 (non-basmati scented), and IR-64 (non-scented) rice cultivars while ester acetic 

acid, 1,7,7-trimethyl-bicyclo(2,2,1)hept-2-yl, ester were reported in the leaves of  Ambemohar-157 

(non-basmati scented) cultivar, but not in grains (Hinge et al., 2016). Amongst the esters detected 

are medicinal and flavor active compounds that have previously been detected in other food 

compounds (Yang et al., 2008a; Zeng et al., 2008). Esters reported in NERICA varieties were octyl 

formate, methyl octadecanoate, isobutyl butanoate, methyl tetradecanoate, methyl hexadecanoate 

while the alkanols detected were 1-octen-3-ol, 3-methylpentanol and nonanol. In a separate study, 

1-pentanol, 1-heptanol, 1-octen-3-ol, and 3-octen-2-one were reported in black rice (Yang et al., 

2008), although 1-pentanol, 1-octen-3-ol and 3-octen-2-one did not appear to be significant 

contributors to the distinctive different aroma (Yang et al., 2008). The hydrocarbons reported in 

NERICA varieties were dodecane, 2,6,10-trimethyl, nonadecane, tridecane, dodecane, octadecane, 

eicosane, trisocane, tetratrioctane, hexadecane, cyclopentane nonyl, cyclopentane undecyl, 3-methyl 

tridecane, heptadecane, cyclopentane, methyl cyclopentane, octane, pentane,2,3,4-trimethyl, 

cyclopentane butyl, 2-methylhexane, hept-1-ene and tetradecane. Most hydrocarbons are byproducts 

of lipid oxidation and have little effects on the aroma attributes of food (Bryant and McClung, 

2011). The presence of similar compounds including octadecane, hexadecane, and tridecane 

suggests that their presence in the NERICA varieties does not influence aroma. For instance, 

tridecane, dodecane, octadecane, eicosane, hexadecane, cyclopentane have previously been reported 

in non-fragrant rice (Widjaja et al., 1996; Bryant and McClung, 2011). Hydrocarbons are mostly 

released due to incomplete burning of food during cooking (Food Safety Authority of Ireland, 

2016) and are not principally involved in conferring a pleasant aroma.  The furans 2,4-

dimethylfuran, 2,5-dimethylfuran, vinylfuran, 2-pentylfuran, 2-heptylfuran, benzofuran,2-methyl, 

furan,2-(2furanylmethyl)-5-methyl, 1H-pyrrole,1-(2-furanylmethy), furan, tetrahydro-2,5-dimethyl, 

furan,2,3-dihydro-4-methyl were also detected. These have been reported as odor active compounds 

in aromatic rice (Widjaja et al., 1996; Yang et al., 2008). The extraction process employed in this 

study involved heating of the NERICA samples which may have resulted in the high concentration 
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of aromatic furans including Pyrazine-2-methyl-6-ethyl, 2,4-dimethylfuran, 2,5-dimethylfuran, 

vinylfuran, 2-pentylfuran, 2-heptylfuran. Cooking duration affects the concentration of furans in 

foods and may eventually result in toxicity (Kim et al., 2009). Aromatic furans are found in cooked 

or thermally processed foods (Becalski and Seaman, 2005) and are the major compounds formed 

during the Maillard reaction (Becalski et al. 2005). Furan and its derivatives in foods contribute to 

their flavoring properties (Maga, 1979). Pentylfuran<2> was detected in high concentrations in BA-

370 as one of the major contributors of aroma in basmati flavor (Hinge et al., 2016), in California 

long-grain rice (Buttery et al., 1988) and brown rice cultivars (Jessuzek et al., 2002).  

Volatile aromatic compounds detected in NERICA 1, 4 and 10 varieties were 1-cyclohexene 

carboxaldehyde, benzaldehyde, benzene acetaldehyde, o-cymene, naphthalene-2,3,6-trimethyl, p-

cymene, naphthalene. The aromatic nitrogen containing compound pyrazine-2-ethyl-6-methyl was 

reported in NERICA varieties. Nitrogen containing compounds detected were methyl pyrazine, 2-

acetyl-1-pyrolline and pyridine, many of which are derived from rice bran (Buttery et al., 1983). 

Analysis of volatile flavor compounds in this study was done using rice grains with intact brans 

which may have contributed to the nitrogen containing compounds detected. A diverse range of 

nitrogen-containing heterocyclic compounds including pyrazine, methoxypyrazine, pyrrole, 

pyridine, pyrroline, pyrrolidine, pyrrolizine and piperine are formed in the Maillard reaction 

(Reineccius, 2006). In rice varieties with high protein content in the grain, the biosynthesis of 

nitrogen based volatiles is usually high since the protein serves a nitrogen source (Park et al., 1999). 

Terpenoids were the second most abundant group of compounds detected. Some terpenoids 

reported in this study were sesquiphellandrene (37), β-caryophellene (38), α-cedrene (39), α-

isocomene (40), sabinene (41), γ-gurjurene (42), α-cubebene (43), longifolene (44), β-phellandrene 

(45), β-acoradiene (46), α, -bisabolene  (47), β- biabolene (48), copaene (49), gamma-humulene (50), 

α-muurolene (51),  α-funebrene  (52) were also reported in NERICA varieties.  Rice plants damaged 

by C. suppressalis for 24 hours increase release of terpenes including limonene, copaene, β-

caryophyllene, α-bergamotene, germacrene D, δ-selinene, and α-cedrene (Zhou et al., 2011; Liu et 

al., 2015). Infestation of rice by chewing herbivores, such as C. suppressalis induces the release of 

a blend of volatiles that increase the efficiency of natural enemies (Lou et al., 2013). Terpenoids, 

the most common group of secondary metabolites, can directly affect insect performance or 

indirectly attract natural enemies of the attacking herbivore (Stam et al., 2015; Dicke et al., 2010; 

Hagenbucher et al., 2013; Liu et al., 2015).  
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The terpenoids detected in NERICA varieties were mainly isomeric bicyclic and tricyclic 

sesquiterpenes and monoterpenes. Terpenoids detected in NERICA 1, 4 and 10 including linalool, 

cedrol-epi, and terpinen-4-ol were already reported in other rice varieties (Buttery et al., 1983). 

Linalool, for instance elicits attractant response to red spider mites (Odak et al., 2016) and is a male 

pheromone attractant to bee Colettes cunucularius (Borg-Karlson et al., 2003) Among plant 

secondary metabolites, terpenoids are the most diverse class of natural compounds known to play a 
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role in food flavour (Caputi and Aprea, 2011). Terpenoids offer a wide variety of pleasant scents 

from flowery to fruity, to woody scents (Caputi and Aprea, 2011). Cedrol, α-cedrene, (E)-β-

caryophyllene, linalool, (E)-β-ocimene, (Z)-β-ocimene have been reported in different tea cultivars 

(Odak, 2016). Detection of a large group of terpenoids in the NERICA cultivars reveal the potential 

of NERICA varieties for production of highly aromatic rice, which warrants further integrated 

breeding and chemical analysis. Aromatics, monoterpenes and sesquitepenes defend plants against 

pests (Khan et al., 2008; Erbilgin et al., 2007; Jaenson et al., 2006; Zhang et al., 2015) 

 Sulphur containing compounds detected included dimethyl disulphide, 1, 2-benzothiazole and 

dimethyl trisulphide, imparting an off-flavor scent. Dimethyl disulfide is the principal volatile 

flavour component of processed tomatoes (Fischer and Scott, 1997). The sulfur group of any 

compound has a high flavour impact because it binds strongly to the olfactory receptors (Fischer 

and Scott, 1997). Volatile sulfur compounds are not major contributors to the aroma for several 

reasons. Carbonyl compounds formed by lipid oxidation can react with sulfhydryl groups on 

cysteine or methionine decreasing the formation of volatile sulfur compounds (Zhou, 2002). 

Likewise, protein oxidation reduces the level of volatile sulfur compounds (e.g., hydrogen sulfide, 

methylmercaptan, dimethyl sulfide, dimethyl disulfide and sulfur dioxide) formed during cooking 

(Zhou, 2002). 
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Table 7. Table ofidentities and retention times of VFCs detected in NERICA varieties at Kibos, Maseno and Oyani study sites. 

No. COMPOUND RT No. COMPOUND RT No. COMPOUND RT 

1 3-methyl pentanol  3.1336 41 Nonanone<2> 12.827 81 α-Bisabolene 18.8175 

2 3-Methyl-butanal  3.2799 42 Linalool 12.9557 82 β-Bisabolene 18.8170 

3 3-Methylhexane 3.4671 43 Benzofuran,2-methyl 13.131 83 δ-Cidanene 18.9753 

4 Cyclopentane,1,3-dimethyl 3.5782 44 6-Dodecanone 13.4881 84 Naphthalene,1,6,7-trimethyl 19.2563 

5 2,2,7,7-Tetramethyloctane 3.6130 45 Decene<1> 14.096 85 Amorphrene delta 19.2971 

6 2,2,3,5-Tetramethyl heptane 3.6192 46 Nonanol 14.0965 86 Tridecane, 7-hexyl 19.3380 

7 Cyclopentane,1,2-dimethyl 3.6543 47 Terpinen-4-ol 14.2603 87 Tetratrioctane 19.3907 

8 Furan,2,5-dimethyl 3.9820 48 Furan,2-(2furany lmethyl)-5-methyl 14.278 88 Hexadecene-1 19.6188 

9 Furan, tetrahydro-2,5-dimethyl 4.0462 49 1H-Pyrrole,1-(2-furanylmethyl 14.3246 89 γ-Muurolene 19.7417 

10 Vinylfuran 4.3446 50 Naphthalene 14.3773 90 Hexadecane 19.8322 

11 Cyclopentane, ethyl 4.5080 51 2-n-Heptylfuran 14.4475 91 Cedrol 20.0867 

12 1H-Pyrrole,1-methyl 4.7658 52 Dodecane 14.5411 92 Cyclopentane, nonyl 20.3911 

13 Dimethyl disulphide  4.795 53 Methyl chavicol 14.5703 93 Cyclopentane, undecyl 20.5020 

14 Pyridine 5.292 54 2E,4E-Nonadienal 14.7809 94 Tetradecane, 3-methyl 20.5022 

15 Heptane,2-methyl 5.4561 55 β Cyclocytral 14.939 95 Hexadecanol 20.5548 

16 Heptane,3-methyl 5.6840 56 Carvacrol, methyl ether 15.2372 96 Heptadecane 20.8883 

17 Heptane,4-methyl 5.6841 57 1,2-Benzothiazole 15.3192 97 Methyl tetradecanoate 21.2042 

18 Isobutyl 2-methylbutanoate 5.6842 58 Decanol 15.5999 98 Decanoic acid 21.5259 

19 1-Pentene 5.5731 59 1-Cyclohexene Carboxaldehyde 15.7462 99 Octadecane 21.9764 

20 2-hexanone 6.2224 60 Decadienal<2E,4Z) 15.9392 100 2-Pentadecanone -6,10,14-trimethyl 22.2513 

21 3-hexanol 6.3745 61 Tridecane 15.9919 101 2-heptadecanone 23.1056 

22 Hexanal 6.4682 62 Carvacrol 16.0387 102 Nonadecane 23.0177 

23 Pyrazine,methyl 7.0708 63 Thymol 16.044 103 Methyl hexadecanoate 23.3102 

24 Cyclotrisiloxane, hexamethyl 7.2112 64 Undecanal 16.1147 104 Phthalic acid, isobutyloctyl ester 23.5148 

25 Furfural 7.3574 65 E,E-2,4-decadienal 16.261 105 Hexadecanoic acid 23.5149 

26 2- Acetyl-1-pyrroline 9.5452 66 Furan,2,3-dihydro-4-methyl 16.6471 106 Dibutyl phthalate 23.6963 

27 Benzaldehyde 10.364 67 2E –Undecanal 16.8986 107 Hexadecanioc acid ethyl ester 23.7782 

28 2,3-Octanedione 10.873 68 Tridecen-1-al<2E> 16.899 108 Eicosane 24.0063 

29 6-methyl-5-hepten-2-one 10.926 69 Dodecane,2,6,10, trimethyl 17.045 109 Methyloctadecanoate 25.0008 

30 2- pentylfuran 11.008 70 α-Copaene 17.173 110 Octadecanoic acid 25.3752 

31 Dimethyl trisulphide 11.100 71 α Cubebene 17.1736 111 Methyl linoleate 25.5566 

32 Pyrazine,2-ethyl-6-methyl 11.1131 72 Tetradecane 17.3549 112 Trisocane  26.4926 

33 p-Cymene 11.6336 73 Longifoline 17.624    

34 o-Cymene 11.6337 74 b-Caryophyllene 17.7878    

35 Limonene 11.7150 75 α-Cedrene 17.706    

36 β-Phellandrene 11.7155 76 Geranyl acetone 18.069    

37 Octen-2-one<3E> 11.8083 77 Nonadecane 18.1564    

38 Benzene acetaldehyde 11.9027 78 γ-gurjurene 18.4720    

39 Acetophenone 12.4060 79 α-Humulene 18.2266    

40 Octylformate 12.4468 80 β-ionone 18.5600    
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4.3.1 Composition and concentration of volatile compounds in NERICA varieties 

A total of 112 volatile compounds were detected in the NERICA varieties as shown on Table 8. 

The number of volatile compounds varied between the varieties with 110 compounds detected in 

NERICA 1, and 100 in NERICA 4 and 10. NERICA 1 had more volatile compounds than 

NERICA 4 and 10 and was therefore likely to be more aromatic, since highly scented rice 

varieties are superior to non-scented varieties in terms of the number and concentration of 

volatiles accumulated (Hinge et al., 2016; Dorward et al., 2008; WARDA, 2008). The major 

contributor of flavor in rice, 2-acetyl-1-pyrroline (2AP) was detected in NERICA 1, with an 

average concentration of 0.002 at all sites but was absent in NERICA 4 and 10. Only fragrant rice 

cultivars possess the genetic potential to accumulate 2AP (Bradbury et al., 2005), and its detection 

in NERICA 1 samples elucidates this work. Indeed, NERICA 1 grains had a favourable aroma 

giving it a premium market price because of its superior quality of fragrance (Jones et al., 1997). 

The genetic origin of fragrance in NERICA 1 grain was attributed to a mutation on BADH2 gene 

which is responsible for fragrance in most modern aromatic rice varieties (Asante et al., 2010). 

Thus, NERICA 1 varieties cultivated in Lake Victoria basin had unique aroma inducing 

compounds compared to NERICA 4 and 10. 

Other major compounds that influence rice aroma and hence consumer acceptability detected in 

this study include 2-pyrrolidone, pyridine, 2-methoxyphenol, 1H-indole, p-xylene, and 1-octen-3-

ol (Hinge et al., 2016). Pyridine and 2-octen-3-ol were found in NERICA 1, 4 and 10 varieties, 

although in lower concentrations in NERICA 1. Variations in individual volatile flavor compound 

concentrations has a significant effect on its aroma profile since some compounds evoke a wide 

range of pleasant aroma even in very low concentrations (Jezussek et al, 2002). Thus, although 

low concentrations of pyridine and 2-octen-3-ol were observed NERICA 1 relative to NERICA 4 

and 10, it was previously classified as having a favourable aroma (Jones et al., 1997). Thirteen 

odor active compounds were detected in six rice varieties including 2AP, hexanal, (E)-2-nonenal, 

octanal, heptanal, nonanal, (E)-2-octenal, (E,E)-2,4-nonadienal, 2-heptanone, (E,E)-2,4-

decadienal, decanal, and 2-methoxyphenol (Ajayarasiri and Chaiseri, 2008). All these compounds 

except 2-methoxyphenol, 1H-indole and 2-pyrrolidone were detected in NERICA 1 in this study, 

further confirming its high aroma quality. Hexanal, (E,E)-2,4-nonadienal, E,E)-2,4-nonadienal 

were detected in all the three varieties, with the lowest concentrations in NERICA 1. In particular, 

hexanal has elicited much scientific interest since its odor-effect varies with concentration. High 

concentrations of hexanal in Malagkit Sungsong, Texas Long Grain, Calrose, IR841-76-1, Khao 
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Dawk Mali, 105,  Milagross, Basmati, Seratus Malam, Azucena, and Hieri rice varieties give a 

pungent taste, while low concentration evoke a wide range of pleasant aroma (Jezussek et al., 

2002).  

Amongst the aromatic compounds, acetophenone was solely detected in NERICA 1, further 

confirming the superior quality of the variety in terms of volatile flavor compounds concentration. 

Acetophenone was first reported in cooked rice (Maga et al., 1984) and was also identified in two 

O. sativa cultivars (Sj1 and Si1) where it exhibited a ‘floral’ or ‘almond’ odor (Cho et al., 2014), 

while in peanut, it was described as ‘fruity’ and ‘sweet’ (Schirack et al., 2006). Acetophenone 

obtained from other plants has been associated with acute insecticidal activities (Mohsen et al., 

1995). Tea cultivar TRIT 201/50 produced the highest amounts of acetophenone and had the least 

red crevice mite infestations (Odak et al., 2016).Thus, the concentration of volatile compounds 

and variation due to varieties has a significant influences on the aroma of rice, as was observed in 

NERICA 1, 4 and 10.  

Terpenoids were the second most abundant group of compounds detected in this study, and were 

evenly distributed amongst the three NERICA varieties. Sesquiterpenes detected included β-

sesquiphellandrene, (-)-β-caryophyllene, (−)-α-cedrene, α-isocomene, sabinene, γ-gurjurene, α-

cubebene, longifoline, β-phellandrene, β-acoradiene, β-bisabolene, α-bisabolene, α-copaene, γ-

humulene, α-muurolene, α-funebrene and δ-cadinene. The high number of terpenoids detected in the 

NERICA varieties could possibly explain their disease and pest resistance (Apaseku and Dowbe, 

2013). This is because sesquiterpenes are known to defend plants against pest attack by attracting 

their natural enemies such as insects or birds, eliciting a biological control mechanism (Metcalf 

and Kogon, 1987; Eller et al., 2014). Many plants contain mixtures of volatile monoterpenes that 

lend a characteristic odor to their foliage and grains (Eller et al., 2014). Evidently, varietal 

differences in NERICA 1, 4 and 10 influenced the concentrations of volatile flavor compounds 

responsible for aroma. NERICA 1 had the highest number of compounds, confirming its superior 

quality compared to NERICA 4 and 10. Further, the major contributor of flavor in rice, 2-acetyl-

1-pyrroline (2AP) was solely detected in NERICA 1 samples. Although significant aroma 

compounds such as hexanal were detected in low concentrations in NERICA 1, previous odor 

threshold studies revealed more favourable aroma profiles at such low concentrations (Jezussek et 

al, 2002). 
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Table 8. Table of influence of NERICA 1, 4 and 10 on concentration of volatile compounds. 

 

COMPOUND 
VARIETIES 

MEAN SD %VAR COMPOUND 
VARIETIES 

MEAN SD %VAR 
NER 1 NER 4 NER 10 NER 1 NER 4 NER 10 

E,E-2,4-decadienal 0.0790 0.4250 0.0860 0.197 0.198 100.661 
Cyclotrisiloxane, 

hexamethyl 
0.0080 0.0170 0.0130 0.013 0.005 39.370 

Geranyl acetone 0.0610 0.3380 0.2040 0.201 0.138 68.657 Furfural 0.0450 0.0230 0.0230 0.030 0.012 39.604 

β-ionone 0.0360 0.0470 0.0850 0.056 0.026 46.429 2,3-Octanedione 0.0020 0.0110 0.0070 0.007 0.004 59.702 

2-hexanone 0.1150 0.1070 0.0450 0.089 0.038 42.697 
Pyrazine,2-ethyl-6-

methyl 
0.0020 0.0000 0.0010 0.001 0.001 100.000 

2- pentylfuran 0.0500 0.2320 0.1100 0.131 0.093 71.155 p-Cymene 0.0150 0.0010 0.0110 0.009 0.007 77.778 

Limonene 0.0010 0.0130 0.0010 0.005 0.007 140.000 o-Cymene 0.0050 0.0470 0.0200 0.024 0.021 87.500 

6-methyl-5-hepten-2-one 0.0180 0.0160 0.0240 0.019 0.004 20.725 β-Phellandrene 0.0140 0.0140 0.0010 0.010 0.007 72.165 

2- Acetyl-1-pyrroline 0.0020 0.0000 0.0000 0.001 0.001 142.857 Octen-2-one<3E> 0.0080 0.0220 0.0300 0.020 0.011 55.000 

Benzaldehyde 0.0760 0.0190 0.0270 0.041 0.031 76.167 
Benzene 

acetaldehyde 
0.0240 0.0240 0.0340 0.027 0.006 21.978 

Acetophenone 0.0130 0.0000 0.0000 0.013 0.007 53.846 Octylformate 0.0060 0.0020 0.0060 0.005 0.002 42.553 

3-methyl pentanol 0.8270 1.2060 0.5280 0.854 0.340 39.827 Nonanone<2> 0.0200 0.0140 0.0380 0.024 0.013 54.167 

Dimethyl sulphide 0.0006 0.0009 0.0003 0.001 0.000 50.000 Linalool 0.0160 0.0160 0.0070 0.013 0.005 38.462 

Cyclopentane, ethyl 0.0020 0.0070 0.0060 0.005 0.003 60.000 Benzofuran,2-methyl 0.0010 0.0000 0.0040 0.002 0.002 117.647 

1H-Pyrrole,1-methyl 0.0020 0.0010 0.0010 0.001 0.001 76.923        

3-Methyl-butanal 0.0110 0.0040 0.0100 0.025 0.004 16.000 Nonanol 0.0040 0.0010 0.0350 0.013 0.019 142.857 

3-Methylhexane 0.0150 0.0060 0.0200 0.041 0.007 17.073 Terpinen-4-ol 0.0220 0.0250 0.0110 0.019 0.007 36.269 

Cyclopentane,1,3-dimethyl 0.0020 0.0010 0.0570 0.020 0.032 160.000 Decene<1> 0.0020 0.0080 0.0000 0.003 0.004 121.212 

2,2,7,7-Tetramethyloctane 0.0020 0.0060 0.0010 0.003 0.003 100.000 

Furan,2-

(2furanylmethyl)-5-

methyl 

0.0030 0.0010 0.0060 0.003 0.003 90.909 

2,2,3,5-Tetramethyl heptane 0.0020 0.0010 0.0110 0.005 0.006 127.660 
1H-Pyrrole,1-(2-

furanylmethyl 
0.0010 0.0010 0.0010 0.001 0.000 0.000 

Cyclopentane,1,2-dimethyl 0.0090 0.0050 0.0000 0.005 0.004 85.106 Naphthalene 0.0160 0.0150 0.0080 0.013 0.004 30.769 

Furan,2,5-dimethyl 0.0050 0.0090 0.0090 0.008 0.002 25.974 2-n-Heptylfuran 0.0010 0.0000 0.0050 0.002 0.003 150.000 

Furan, tetrahydro-2,5-

dimethyl 
0.0110 0.0160 0.0130 0.013 0.003 22.556 Dodecane 0.0140 0.0130 0.0250 0.017 0.007 40.462 

Vinylfuran 0.0000 0.0010 0.0020 0.001 0.001 100.000 Methyl chavicol 0.0170 0.0130 0.0120 0.014 0.002 14.286 

Heptane,2-methyl 0.0050 0.0770 0.0050 0.029 0.041 141.379 Nonadienal<2E,4E> 0.0420 0.1290 0.0510 0.074 0.048 64.865 

Heptane,3-methyl 0.0040 0.3280 0.0050 0.112 0.187 166.518 Cyclocytral<beta> 0.0230 0.0200 0.0320 0.025 0.006 24.000 

Heptane,4-methyl 0.0010 0.0070 0.0120 0.007 0.006 89.552 1,2-Benzothiazole 0.0480 0.2310 0.0490 0.109 0.106 96.981 

Isobutyl 2-methylbutanoate 0.0050 0.0040 0.0030 0.004 0.001 25.000 
Carvacrol, methyl 

ether 
0.0470 0.0660 0.0820 0.065 0.018 27.692 

1-Pentene 0.0010 0.0000 0.0050 0.002 0.003 150.000 Decanol 0.0060 0.0020 0.0050 0.004 0.002 46.512 

Pyridine  0.0004 0.0001 0.0027 0.001 0.001 127.273 
1Cyclohexene-

carboxaldehyde 
0.0260 0.0020 0.0220 0.017 0.013 77.844 

3-hexanol 0.1030 0.0020 0.1530 0.086 0.077 89.535 Decadienal<2E,4Z) 0.0360 0.0690 0.0310 0.045 0.021 46.358 

Hexanal 0.4140 0.0160 0.4840 0.305 0.253 83.033 Tridecane 0.0420 0.0310 0.0480 0.040 0.009 22.333 

Pyrazine,methyl 0.0040 0.0030 0.0070 0.005 0.002 42.553 Carvacrol 0.0130 0.0740 0.0120 0.033 0.036 109.091 
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Table 8. Contd..... 

 

 

 

COMPOUND 
VARIETIES 

MEAN SD %VAR 
NER 1 NER 1 100 

Thymol 0.0320 0.0030 0.0050 0.0133 0.02 120.30 

Undecanal 0.0030 0.0450 0.0010 0.0163 0.03 153.37 

Furan,2,3-dihydro-4-

methyl 
0.0010 0.0010 0.0010 0.0010 0.00 0.00 

Undecanal<2E> 0.0130 0.0080 0.0770 0.0327 0.04 116.21 

Tridecen-1-al<2E> 0.0010 0.0010 0.0000 0.0007 0.00 142.86 

Dodecane,2,6,10, 

trimethyl 
0.0630 0.0000 0.0000 0.0210 0.04 171.43 

α-Copaene 0.0340 0.0330 0.0470 0.0380 0.01 21.05 

Cubebene<alpha> 0.0010 0.0000 0.0350 0.0120 0.02 166.67 

Tetradecane 0.2140 0.2070 0.2510 0.2240 0.02 10.71 

Longifoline 0.0620 0.1160 0.0630 0.0803 0.03 38.61 

b-Caryophyllene 0.0520 0.0490 0.0440 0.0483 0.00 8.28 

α-Cedrene 0.0010 0.0010 0.0000 0.0007 0.00 142.86 

Nonadecane 0.1010 0.0010 0.0110 0.0377 0.06 145.89 

α-Humulene 0.0780 0.0510 0.0900 0.0730 0.02 27.40 

Dodecanol 0.0350 0.0120 0.6580 0.2350 0.37 155.74 

γ-Muurolene 0.0020 0.0010 0.0000 0.0010 0.00 100.00 

α-Bisabolene 0.0020 0.0000 0.0010 0.0010 0.00 100.00 

β-Bisabolene 0.0010 0.0010 0.0020 0.0013 0.00 76.92 

δ-Cidanene 0.0900 0.1410 0.0370 0.0890 0.05 58.43 

Naphthalene,1,6,7-

trimethyl 
0.0020 0.0000 0.0010 0.0010 0.00 100.00 

Amorphrene delta 0.0020 0.0010 0.0420 0.0150 0.02 153.33 

Tridecane, 7-hexyl 0.0010 0.0020 0.0000 0.0010 0.00 100.00 

Tetratrioctane 0.0020 0.0010 0.0000 0.0010 0.00 100.00 

Hexadecene-1 0.1050 0.0640 0.0560 0.0750 0.03 34.67 

Hexadecane 0.1120 0.0480 0.0220 0.1820 0.05 25.27 

Cedrol 0.0400 0.0010 0.0010 0.0140 0.02 157.14 

Cyclopentane, nonyl 0.0010 0.0010 0.0030 0.0017 0.00 58.82 

Cyclopentane, undecyl 0.0360 0.0340 0.0280 0.0327 0.00 12.23 

Tetradecane, 3-methyl 0.0010 0.0010 0.0200 0.0073 0.01 150.68 

Hexadecanol 0.0100 0.0020 0.0020 0.0047 0.00 85.11 

Heptadecane 0.0510 0.0050 0.0030 0.0197 0.03 137.06 

Methyl tetradecanoate 0.0400 0.0000 0.0530 0.0310 0.03 90.32 

Decanoic acid 0.0110 0.0050 0.0000 0.0053 0.01 113.21 

Octadecane 0.0440 0.0810 0.0540 0.0600 0.02 31.67 

Dimethyl trsulphide 0.0005 0.0014 0.0002 0.0007 0.00 85.71 

2-Pentadecanone,6,10,14-

trimethyl 
0.4060 0.3480 0.5750 0.4430 0.12 26.64 

2-heptadecanone 0.0590 0.0630 0.0960 0.0727 0.02 27.51 

Nonadecane 0.0250 0.0030 0.0490 0.0257 0.02 89.49 

Methyl hexadecanoate 0.2180 0.1570 0.8050 0.3933 0.36 91.02 

Phthalic acid,isobutyloctyl 

ester  
0.0080 0.0050 0.0120 0.0083 0.00 48.19 

Hexadecanoic acid 0.6160 0.5740 0.3180 0.5027 0.16 32.03 

Dibutyl phthalate 0.2460 0.1870 0.0400 0.1577 0.11 67.22 

Hexadecanioc acid ethyl 

ester 
0.0160 0.1250 0.3160 0.1523 0.15 99.80 

Eicosane 0.0110 0.1100 0.0050 0.0420 0.06 140.48 

Methyloctadecanoate 0.0080 0.0490 0.3280 0.1283 0.17 135.62 

Octadecanoic acid 0.0030 0.0640 0.0000 0.0223 0.04 161.44 

Methyl  linoleate 0.1450 0.0520 0.1420 0.1130 0.05 46.02 

Tricosane 0.0750 0.0110 0.0010 0.0290 0.04 137.93 
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4.5 Influence of nitrogen fertilizer rates on volatile flavor compounds 

The identities and concentrations of volatile flavor compounds detected in the NERICA varieties 

varied with nitrogen fertilizer application rates (Table 9). A total of 101 and 104 volatile compounds 

accumulated at 20 KgN/ha and 60 KgN/ha respectively, with percentage variations of upto 190%. The 

results showed that increasing soil nitrogen through fertilization led to increase in concentration of the 

volatile flavor compounds with maximum levels achieved at between 60 and 100 KgN/ha. Beyond 100 

KgN/ha, there was a general decrease in concentration of volatile flavor compounds with a few 

exceptions. It is plausible to argue that nitrogen fertilizer rates of between 60 and 100 KgN/ha provide 

suitable conditions for biosynthesis of aroma active volatile compounds, but above this rate causes 

their deteroriation. This agrees with (Suwanarit et al., 1996) that the aroma of cooked milled rice of 

KhaoDawk Mali 105 deteriorated with increased dosages of applied nitrogen of above 100 KgN/ha. 

High rates of nitrogen fertilizers application reduce the quality of rice including aromatic flavor (Itani 

et al., 2004).  

Several nitrogen containing heterocyclic compounds responsible for aroma were detected at fertilizer 

rates of between 60 KgN/ha to 100 KgN/ha. For instance, the main aroma compound 2AP was 

detected at nitrogen rates of 60 KgN/ha
 
and 100 KgN/ha with concentrations of 0.0005 and 0.0008 

respectively. A study on the aroma chemistry of West African rice cultivars and their inter-specific 

hybrids failed to detect 2AP amongst the 41 volatiles identified across representative cultivars (Cho et 

al., 2014). Thus, the detection of 2AP in this study could be attributed to the supply of inorganic 

nitrogen which promotes synthesis of amino acid and increases protein nitrogen; which is responsible 

for the nitrogen containing aroma compounds (Berendse, 2003). Indeed, to obtain higher 

concentrations of 2-AP in aromatic rice, it is recommended that the crop be grown with relatively low 

levels of nitrogen fertilization and harvested earlier than ordinary cultivars (Itani et al., 2004). 

Nitrogen promotes biosynthesis of 2AP by increased electron transport rate and leaf photosynthesis 

which provides ATP requirements and carbon substrate availability for proline synthesis (Ormeno and 

Fernandez, 2012). Other nitrogen containing compounds detected in this study included pyrazine 2-

ethyl-6-methyl, methyl pyrazine, and pyridine all of which impart a pleasantly sweet aroma to rice 

(Bryant and McClung, 2011; Yoshihashi, 2002). The relationship between nitrogen availability and 

accumulation of proline and pyrazine in rice was positive (Andersen et al., 1995), and both are bio-

indicators of nitrogen intake by plants (Sánchez et al., 2002). The findings of this study indicate that 

nitrogen rates of 60 – 100 KgN/ha is optimum for cultivation of aromatic NERICA varieties. 

Production of aromatic NERICA varieties is favoured by low nitrogen levels between 60 KgN/ha and 

100 KgN/ha.    
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Table 9. Table of Effect of nitrogen rates on the concentration of volatile flavor compounds 

 
COMPOUND 

N-RATES 
MEAN SD %VAR COMPOUND 

N-RATES 
MEAN SD %VAR 

20 60 100 140 20 60 100 140 

E,E-2,4-decadienal 0.0992 0.0989 0.5228 0.0694 0.217 0.198 109.84 
Pyrazine,2-ethyl-6-

methyl 
0.0011 0.0000 0.0024 0.0016 0.001 0.001 77.27 

Geranyl acetone 0.0951 0.0565 0.4388 0.0538 0.186 0.161 115.53 p-Cymene 0.0237 0.0088 0.0000 0.002 0.011 0.009 124.80 

β-ionone 0.0829 0.0792 0.0005 0.0614 0.038 0.056 68.16 o-Cymene 0.0043 0.0307 0.041 0.0197 0.016 0.024 65.73 

2-hexanone 0.0027 0.1955 0.1522 0.0055 0.100 0.089 111.90 β-Phellandrene 0.0182 0.0006 0.0011 0.0186 0.010 0.010 105.58 

2- pentylfuran 0.0447 0.0779 0.2906 0.0494 0.118 0.116 101.60 Octen-2-one<3E> 0.0079 0.0325 0.0103 0.0286 0.013 0.020 63.25 

Limonene 0.0015 0.0008 0.0002 0.0176 0.008 0.005 168.00 Benzene acetaldehyde 0.0323 0.0646 0.0084 0.0038 0.028 0.027 101.99 

6-methyl-5-hepten-2-one 0.0192 0.03 0.0076 0.0192 0.009 0.019 48.15 Octylformate 0.0000 0.0068 0.0012 0.0106 0.005 0.005 105.35 

2- Acetyl-1-pyrroline 0.0000 0.0005 0.0008 0.0000 0.000 0.000 131.59 Nonanone<2> 0.0374 0.0409 0.0014 0.0168 0.019 0.024 76.80 

Benzaldehyde 0.0236 0.0345 0.0826 0.0224 0.028 0.041 69.63 Linalool 0.0299 0.0004 0.0004 0.0213 0.015 0.013 115.13 

Acetophenone 0.0002 0.0011 0.0161 0.0007 0.008 0.005 171.68 Benzofuran,2-methyl 0.0008 0.0008 0.0012 0.0044 0.002 0.002 96.86 

3-methylpentanol 1.1184 0.8026 0.51 0.9832 0.263 0.854 30.82 6-Dodecanone 0.0002 0.0002 0 0.0002 0.000 0.001 16.67 

cyclopentane, ethyl 0.0031 0.0111 0.003 0.0024 0.004 0.005 84.59 Nonanol 0.0156 0.0359 0.0038 0.0015 0.016 0.014 110.77 

1H-Pyrrole,1-methyl 0.0008 0.0006 0.0012 0.0014 0.000 0.001 36.51 Terpinen-4-ol 0.0435 0.0003 0.0008 0.0323 0.022 0.019 114.81 

3-Methyl-butanal 0.0035 0.0102 0.0102 0.0074 0.003 0.008 40.66 Decene<1> 0.0006 0.0000 0.0018 0.0117 0.006 0.004 157.18 

3-Methylhexane 0.005 0.0255 0.0153 0.0097 0.009 0.014 63.45 

Furan,2-

(2furanylmethyl)-5-

methyl 

0.0009 0.0038 0.0033 0.0061 0.002 0.004 60.94 

Cyclopentane,1,3-

dimethyl 
0.0021 0.0021 0.0001 0.0772 0.038 0.020 185.76 

1H-Pyrrole,1-(2-

furanylmethyl 
0.0007 0.0011 0.001 0.0006 0.000 0.001 26.45 

2,2,7,7-Tetramethyloctane 0.0065 0.0021 0.001 0.0018 0.002 0.003 85.42 Naphthalene 0.0291 0.0014 0.0017 0.0196 0.014 0.013 105.57 

2,2,3,5-Tetramethyl 

heptane 
0.0005 0.0161 0.0011 0.0011 0.008 0.005 161.81 2-n-Heptylfuran 0.0015 0.0023 0.0027 0.0007 0.001 0.002 49.27 

Ctclopentane,1,2-dimethyl 0.0048 0.0036 0.0006 0.0011 0.002 0.003 80.22 Dodecane 0.0251 0.024 0.002 0.0184 0.011 0.017 61.27 

Furan,2,5-dimethyl 0.0048 0.0173 0.0064 0.0017 0.007 0.008 89.30 Methyl chavicol 0.0264 0.0004 0.0044 0.0181 0.012 0.012 98.06 

Furan,tetrahydro-2,5-

dimethyl 
0.0144 0.011 0.009 0.0081 0.003 0.011 26.35 Nonadienal<2E,4E> 0.071 0.052 0.1017 0.072 0.021 0.074 27.67 

Vinylfuran 0.001 0.006 0.0009 0.0023 0.002 0.010 23.40 Cyclocytral<beta> 0.0372 0.037 0.0000 0.026 0.018 0.025 69.72 

Heptane,2-methyl 0.0044 0.0057 0.0963 0.0094 0.045 0.029 155.00 1,2-Benzothiazole 0.0723 0.0522 0.278 0.0355 0.113 0.110 103.50 

Heptane,3-methyl 0.002 0.0066 0.4346 0.0067 0.215 0.113 190.90 
Carvacrol, methyl 

ether 
0.0843 0.0806 0.0098 0.0841 0.037 0.065 56.63 

Heptane,4-methyl 0.0006 0.0512 0.0083 0.0016 0.024 0.015 156.45 Decanol 0.0016 0.0025 0.0052 0.0072 0.003 0.004 62.39 

Isobutyl 2-

methylbutanoate 
0.0043 0.0041 0.0046 0.0031 0.001 0.004 16.25 

1-Cyclohexene-

carboxaldehyde 
0.0636 0.0021 0.0007 0.0000 0.031 0.017 188.83 

1-Pentene 0.0074 0.0004 0.0000 0.0004 0.004 0.002 170.08 Decadienal<2E,4Z) 0.0318 0.0555 0.061 0.0326 0.015 0.045 33.65 

3-hexanol 0.0014 0.2027 1.2203 0.0402 0.576 0.366 157.31 Tridecane 0.0529 0.0528 0.0168 0.0391 0.017 0.040 42.12 

Hexanal 0.5523 0.5662 0.0337 0.0668 0.294 0.305 96.53 Carvacrol 0.0176 0.0136 0.0704 0.0299 0.026 0.033 78.91 

Pyrazine,methyl 0.0008 0.0094 0.0037 0.0053 0.004 0.005 74.75 Thymol 0.0313 0.0048 0.0053 0.0092 0.013 0.013 99.12 

Cyclotrisiloxane, 

hexamethyl 
0.0043 0.0142 0.0141 0.0183 0.006 0.013 46.83 Undecanal 0.0021 0.0027 0.0016 0.0586 0.028 0.016 173.23 

Furfural 0.0292 0.0223 0.0325 0.0369 0.006 0.030 20.38 
Furan,2,3-dihydro-4-

methyl 
0.0007 0.002 0.0000 0.0011 0.001 0.001 83.47 

2,3-Octanedione 0.001 0.0187 0.0026 0.0044 0.008 0.007 121.43 Undecanal<2E> 0.0371 0.0753 0.0116 0.0063 0.031 0.033 96.62 
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Table 9. Contd... 

 
COMPOUND 

N-RATES 
MEAN SD %VAR 

20 60 100 140 

Tridecen-1-al<2E> 0.0000 0.0012 0.0007 0.0000 0.001 0.001 117.05 

Dodecane,2,6,10,trimethyl 0.0034 0.027 0.0003 0.0538 0.025 0.021 117.69 

α-Copaene 0.0819 0.0213 0.0058 0.0415 0.033 0.038 87.60 

Cubebene<alpha> 0.0008 0.0437 0.0018 0.0026 0.021 0.012 172.10 

Tetradecane 0.3494 0.1682 0.142 0.2363 0.093 0.224 41.33 

Longifoline 0.0773 0.0814 0.1559 0.0064 0.061 0.080 76.05 

b-Caryophyllene 0.1121 0.0049 0.0121 0.0615 0.050 0.048 104.38 

α-Cedrene 0.0016 0.0000 0.0081 0.0007 0.004 0.003 143.26 

Nonadecane 0.0152 0.1352 0.0000 0.0000 0.065 0.038 174.10 

α-Humulene 0.114 0.0862 0.0213 0.0692 0.039 0.073 53.52 

Dodecanol 0.0127 0.8728 0.0359 0.0189 0.425 0.235 180.89 

γ-Muurolene 0.0000 0.0007 0.0000 0.002 0.001 0.001 134.71 

α-Bisabolene 0.0021 0.0004 0.0015 0.0000 0.001 0.001 96.95 

β-Bisabolene 0.0000 0.0019 0.0012 0.0023 0.001 0.001 72.02 

δ-Cidanene 0.067 0.1042 0.1107 0.0752 0.021 0.089 23.98 

Naphthalene,1,6,7-trimethyl 0.0011 0.0006 0.0031 0.0000 0.001 0.001 112.01 

Amorphrene delta 0.0515 0.0000 0.0056 0.0024 0.025 0.015 164.59 

Tridecane, 7-hexyl 0.0019 0.0007 0.0000 0.0000 0.001 0.001 128.04 

Tetratrioctane 0.001 0.0011 0.0007 0.0000 0.000 0.001 70.95 

Hexadecene-1 0.1378 0.0575 0.0255 0.0787 0.047 0.075 63.16 

Hexadecane 0.0159 0.0412 0.0125 0.0359 0.014 0.026 54.13 

Cedrol 0.0432 0.0012 0.0069 0.0044 0.020 0.014 141.41 

Cyclopentane, nonyl 0.0000 0.0015 0.0005 0.0047 0.002 0.002 124.17 

Cyclopentane, undecyl 0.0778 0.0057 0.0048 0.0431 0.035 0.033 106.01 

Hexadecanol 0.0027 0.0051 0.0102 0.0000 0.004 0.005 96.30 

Heptadecane 0.0627 0.0547 0.0166 0.0039 0.029 0.035 83.00 

Methyl tetradecanoate 0.0042 0.0703 0.0047 0.0000 0.034 0.020 170.37 

Decanoic acid 0.0000 0.0102 0.0003 0.0106 0.006 0.005 111.72 

Octadecane 0.0671 0.052 0.0261 0.0938 0.028 0.060 47.36 

2-Pentadecanone,6,10,14-trimethyl 0.3671 0.7951 0.129 1.7431 0.338 0.430 78.42 

2-heptadecanone 0.1434 0.0628 0.0031 0.0807 0.058 0.073 79.43 

Nonadecane 0.0312 0.0663 0.0024 0.0015 0.031 0.025 120.42 

Methyl hexadecanoate 0.2574 1.849 0.0912 0.1433 0.845 0.585 144.46 

Phthalic acid,isobutyloctyl ester  0.006 0.0067 0.0124 0.0064 0.003 0.008 38.36 

Hexadecanoic acid 0.5311 0.7494 0.2758 0.4529 0.196 0.502 39.09 

Dibutyl phthalate 0.1056 0.1492 0.2769 0.097 0.083 0.157 52.81 

Hexadecanioc acid ethyl ester 0.0614 0.3735 0.0164 0.1581 0.159 0.152 104.23 

Eicosane 0.0068 0.0075 0.0101 0.0135 0.003 0.010 31.96 

Methyloctadecanoate 0.0079 0.4342 0.0064 0.0684 0.205 0.129 158.95 

Octadecanoic acid 0.028 0.0258 0.0000 0.0346 0.015 0.021 73.43 

Methyl  linoleate 0.1677 0.1599 0.064 0.0598 0.059 0.113 52.21 

Tricosane 0.0882 0.0078 0.0085 0.0114 0.040 0.030 132.15 
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4.6 Influence of sites on volatile flavor compounds  

The effect of sites on the identities and concentration of volatile flavor compounds is presented on 

Table 10. Inter-site variations of upto 165% were observed in the concentration of volatile 

compounds. Maseno site had a total of 104 compounds against Kibos and Oyani with 101 and 100 

compounds respectively. Variations in the volatile compounds in the three sites may be attributed 

to the climatic conditions and inherent soil factors (Appendix 2). Rice aroma is influenced by 

environmental factors of the location of production and the cultural conditions subjected on the 

stand crop (Goufo et al., 2010). Factors of the site which majorly influence crop yield and 

associated qualities include inherent soil chemical factors and weather conditions (Hashemi et al., 

2013), cultural activities, biotic and abiotic stresses and the topography of the area (Goufo et al., 

2010).  

The key aroma compound 2AP was detected in samples from Oyani and Maseno with 

concentrations of 0.001 and 0.0005 respectively. High amounts of rainfall at Kibos site during 

grain filling stage (Appendix 1a) could have led to high soil moisture. The heavy black vertisol 

soils of Kibos have high water retention capacity (Jaetzold et al., 2009), and could have led to 

maximum absorption and transport of the available nutrients including nitrogen fertilizers. High 

nitrogen level increases protein production (Ibrahim et al., 2011) which increases the use of 

phenylalanine for protein synthesis. Phenylalanine is also used in the biosynthesis of plant 

secondary metabolites (Margna 1989). This competition could have negatively affected 

accumulation of secondary metabolites such as 2AP at Kibos. This is because formation of 2AP in 

rice grains is optimum at low to moderate nitrogen levels (Singh et al., 2010). Although the level 

of phosphorus and other micronutrients of Kibos soils (Table 3) were within the recommended 

ranges for optimal growth of NERICA varieties (IRRI, 2011), rice grains from the site still lacked 

important aroma influencing compounds such as 2AP. Soil humidity and sodium chloride 

concentration have strong correlation with rice fragrance factors (Gaur et al., 2010). On the other 

hand, the amount of rainfall (219 mm) received during grain filling stage at Maseno was 

comparatively high and the high environmental temperatures (Appendix 2) of the site could have 

led to low soil moisture which is ideal for accumulation of aroma compounds. Drought stress 

during grain formation increased 2-AP content (Yoshihashi et al. 2002).  

Most aldehydes detected in this study were synthesized in higher concentrations in Oyani and 

Kibos than in Maseno site. Low concetration of aldehydes nonenal, (E, E) 2,4 –decadienal 

contribute to aroma (Buttery et al., 1988). In other studies, shading effects increased the 

concentration of 2-acetyl-1-pyrroline, (E)-2-hexenal, 1-hexanol, heptanal, octane, 1-heptanol, 1-

https://thericejournal.springeropen.com/articles/10.1186/s12284-015-0040-y#CR60
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octen-3-ol, octanal, benzyl alcohol, benzene acetaldehyde, and 3, 8-dimethylundecane in 

Yuxiangyouzhan and Nongxiang 18 (Zhaowen Mo et al., 2015). This is in agreement with the 

results obtained in Maseno and Oyani in which the experimental plots experienced shading effect 

(Plates 1 and 3). The overall aroma of rice is not the effect one compound but the presence of 2AP 

and other compounds especially aldehydes tridecen-1-al<2E>, 2E, 4E-nonadienal, hexanal, which 

were absent in Kibos site. Kibos site was therefore unsuitable for production of aromatic 

compounds. 

Soil analysis results showed that soils in Kibos had a pH of 6.51 which was ideal for NERICA 

production (Oikeh et al., 2013), while the total nitrogen of 0.17- 0.21 % was below the required 

level (Nwilene et al., 2008). Addition of nitrogen to the soil by introducing DAP and CAN during 

planting and top dressing undertaken in this study increased the percentage of nitrates in the soil.  

Day/night temperatures of 25/15 ºC during ripening results in better aroma of basmati rice 

(Bhattacharjee et al., 2002), while early transplanting diminishes aroma (Ali et al., 1991). Maseno 

site had a mean temperature of 26.5
o
C at planting, with maximum day temperatures of 30.5

o
C and 

minimum diurnal temperature of 15
o
C at the grain filling and ripening stages. At Kibos site, day 

and night temperatures of 31
o
C and 15

o
C at ripening were experienced. These temperatures were 

higher than the recommended day and night temperatures of 25
o
C and 15

o
C which favor 

accumulation of aroma compounds (WARDA, 2010). The concentration of volatile compounds in 

Japanese aromatic cultivars differed due to location of production and prevailing temperatures 

(Itani et al., 2004). Day and night temperatures of 32
0 

C
 
/18

0
 C recorded in Oyani site during the 

grain filling, a stage during which most of volatiles accumulate and could easily be lost at 

elevated temperatures. The elevated temperatures of Oyani and Kibos could have reduced the 

concentration of VFCs in these sites.  

Low soil moisture during grain filling stage enhance accumulation of the major aroma compound 

2AP (Yoshihashi et al., 2002). Maseno site experienced a maximum rainfall of 61 mm during 

grain filling stage and a total annual rainfall of 1120.56mm within 117 days, which could have 

initiated drought stress that led to increased 2-AP content. The low rainfall received in Maseno 

site could have reduced the soil moisture content hence favoured the accumulation of VFCs. 

Further, Maseno site at an altidude of 1500m above sea level was suitable for production of 

aromatic varieties, since high altitude (Nakamura, 1998) and low soil moisture (Yang and Kao, 

1999) increase 2-AP concentration in aromatic rice. For superior rice quality, cultivation at a high 

altitude was recommended (Itani et al., 2004). Environmental factors affecting aroma formation in 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4384914/#CR60
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aromatic rice, such as cool weather during flowering and grain development; fertile soil, direct 

sowing, production on lighter soils and upland conditions, low soil moisture during grain filling, 

and manual deshelling were also observed (Singh et al., (1997). Light, well drained, slightly 

acidic soils have a potential for production of aromatic rice. 

Soil phosphorus influences terpenoid production since terpenoid precursors (IPP: isopentenyl 

diphosphate and DMAPP: Dimethylallyl pyrophosphate) contain high-energy 

phosphate bonds and phosphorus is a key component of ATP and NADPH required for terpenoid 

synthesis (Ormeno and Fernandez, 2012). Yet, the soil chemical analysis results showed Kibos 

site had higher available P values than Maseno and Oyani. This explains the accumulation of 

tepenoids limonene, δ-cidanene, cedrol and β-Phellandrene at Kibos site compared to Maseno and 

Oyani. Since terpenoids are associated with indirect attraction of natural enemies of rice 

herbivores (Stam et al., 2015; Dicke et al., 2010; Hagenbucher et al., 2013; Liu et al., 2015), 

NERICA varieties produced in Kibos site have a higher potential for disease and pest resistance 

compared to those produced in Maseno and Oyani.  
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Table 10. Table showing the influence of sites on concentration of volatile compounds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

COMPOUND 
SITES 

MEAN SD %VAR COMPOUND 
SITES 

MEAN SD %VAR 
MAS KIB OYA MAS KIB OYA 

E,E-2,4-decadienal 0.049 0.439 0.105 0.1977 0.211 106.73 Furfural 0.013 0.039 0.039 0.0303 0.015 49.50 

Geranyl acetone 0.052 0.349 0.082 0.1610 0.163 101.24 2,3-Octanedione 0.005 0.003 0.013 0.0070 0.005 71.43 

β-ionone 0.045 0.033 0.090 0.0560 0.03 53.57 Pyrazine,2-ethyl-6-methyl 0.000 0.002 0.002 0.0013 0.001 76.92 

2-hexanone 0.150 0.105 0.012 0.0890 0.07 78.65 Tridecen-1-al<2E> 0.001 0.000 0.000 0.0003 0.001 333.33 

2- pentylfuran 0.083 0.224 0.076 0.1277 0.083 65.00 Dodecane,2,6,10,trimethyl 0.001 0.020 0.042 0.0210 0.021 100.00 

Limonene 0.000 0.013 0.002 0.0050 0.007 140.00 E,E-2,4-decadienal 0.049 0.439 0.105 0.1977 0.211 106.73 

6-methyl-5-hepten-2-one 0.009 0.018 0.029 0.0187 0.01 53.48 α-Copaene 0.020 0.046 0.047 0.0377 0.015 39.79 

2- Acetyl-1-pyrroline 0.0005 0.000 0.001 0.0003 0.0003 100.00 Cubebene<alpha> 0.002 0.001 0.033 0.0120 0.018 150.00 

Benzaldehyde 0.027 0.060 0.035 0.0407 0.018 44.23 Tetradecane 0.279 0.149 0.244 0.2240 0.067 29.91 

Acetophenone 0.000 0.012 0.001 0.0043 0.007 162.79 Longifoline 0.022 0.176 0.042 0.0800 0.084 105.00 

3-methyl pentanol 1.202 0.394 0.965 0.8537 0.415 48.61 b-Caryophyllene 0.040 0.047 0.056 0.0477 0.008 16.77 

Cyclopentane, ethyl 0.003 0.006 0.005 0.0047 0.002 42.55 α-Cedrene 0.001 0.000 0.001 0.0007 0.001 142.86 

1H-Pyrrole,1-methyl 0.001 0.001 0.001 0.0010 0.006 60.00 Nonadecane 0.013 0.100 0.000 0.0377 0.054 143.24 

3-Methyl-butanal 0.008 0.012 0.004 0.0080 0.004 50.00 α-Humulene 0.044 0.073 0.101 0.0727 0.029 39.89 

3-Methylhexane 0.019 0.015 0.008 0.0140 0.006 42.86 Dodecanol 0.660 0.016 0.029 0.2350 0.368 156.60 

Cyclopentane,1,3-dimethyl 0.002 0.057 0.001 0.0200 0.032 160.00 γ-Muurolene 0.001 0.001 0.001 0.0010 0.000 0.00 

2,2,7,7Tetramethyloctane 0.005 0.001 0.003 0.0030 0.002 66.67 α-Bisabolene 0.001 0.001 0.001 0.0010 0.000 0.00 

2,2,3,5Tetramethyl heptane 0.006 0.008 0.000 0.0047 0.001 21.28 β-Bisabolene 0.002 0.001 0.001 0.0013 0.001 76.92 

Cyclopentane,1,2-dimethyl 0.003 0.002 0.003 0.0027 0.006 22.22 δ-Cidanene 0.004 0.167 0.097 0.0893 0.082 91.83 

Furan,2,5-dimethyl 0.012 0.010 0.000 0.0073 0.007 95.89 
Naphthalene,1,6,7-

trimethyl 
0.001 0.001 0.002 0.0013 0.001 76.92 

Furan,tetrahydro-2,5-

dimethyl 
0.015 0.012 0.005 0.0107 0.005 46.73 Amorphrene delta 0.040 0.003 0.002 0.0150 0.022 146.67 

Vinylfuran 0.000 0.003 0.001 0.0013 0.001 76.92 Tridecane, 7-hexyl 0.002 0.000 0.000 0.0007 0.001 142.86 

Heptane,2-methyl 0.007 0.073 0.007 0.0290 0.038 131.03 Tetratrioctane 0.002 0.000 0.000 0.0007 0.001 142.86 

Heptane,3-methyl 0.004 0.327 0.006 0.1123 0.186 165.63 Hexadecene-1 0.046 0.105 0.074 0.0750 0.03 40.00 

Heptane,4-methyl 0.012 0.007 0.001 0.0067 0.006 89.55 Hexadecane 0.032 0.133 0.018 0.0610 0.063 103.28 

Isobutyl 2-methylbutanoate 0.004 0.004 0.005 0.0043 0.001 23.26 Cedrol 0.006 0.033 0.003 0.0140 0.017 121.43 

1-Pentene 0.001 0.005 0.000 0.0020 0.003 150.00 p-Cymene 0.005 0.020 0.000 0.0083 0.011 132.53 

3-hexanol 0.009 0.244 0.005 0.0860 0.137 159.30 Pyridine 0.003 0.000 0.000 0.0011 0.0014 127.27 

Dimethyl trisulphide 0.000 0.001 0.000 0.0004 0.0005 125.00 o-Cymene 0.001 0.031 0.040 0.0240 0.021 87.50 

Hexanal 0.500 0.000 0.414 0.3047 0.267 87.63 β-Phellandrene 0.002 0.014 0.014 0.0100 0.007 70.00 

Pyrazine,methyl 0.003 0.003 0.009 0.0050 0.004 80.00 Octen-2-one<3E> 0.013 0.000 0.046 0.0197 0.024 121.83 

Cyclotrisiloxan,hexamethyl 0.009 0.014 0.015 0.0127 0.004 31.50 Benzene acetaldehyde 0.010 0.040 0.032 0.0273 0.016 58.61 
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CHAPTER FIVE 

5.0 SUMMARY, CONCLUSION, RECOMMENDATIONS AND SUGGESTIONS FOR 

FURTHER STUDY 

5.1 Summary 

 NERICA 4 had the highest chlorophyll content at 140 KgN/ha, while Kibos site 

produced the highest plant height, chlorophyll content and number of tillers. NERICA 4 

is therefore a potentially high yielding upland rice variety at Kibos site. 

 NERICA 1 produced the highest number of volatile flavor compounds including 2-AP, 

which was not synthesized in NERICA 4 and 10. NERICA 1 is therefore potentially an 

aromatic variety. 

  Nitrogen fertilizer rates of 60 to 100 KgN/ha favoured formation of aroma compound 

2AP, among other volatile compounds. 

 Maseno and Oyani sites had favourable moisture content during grain filling stage, a 

critical stage at which the aroma compound 2AP maximumly accumulates. This led to 

production of aromatic NERICA 1.  

5.2 Conclusions 

 Chlorophyll content of NERICA varieties may be used as a pointer to predict high 

yielding variety, especially NERICA 4 which showed potential for improved yield. 

 Nitrogen fertilizer rate of 140 KgN/ha may be potentially suitable for improved yield of 

NERICA varieties. 

 Kibos site showed a potential for improved yield of NERICA varieties.  

 NERICA 1 is aromatic due to the presence of 2AP, while NERICAs 4 and 10 lacked 

2AP.  

 Maximum accumulation of volatile compounds occured at N-rates between 60 to 100 

KgN/ha. 

 Maseno and Oyani sites are suitable for production of aromatic NERICA varieties. 

5.3 Recommendations 

 NERICA 4 is recommended to farmers for cultivation in Lake Victoria basin. 

 The recommended rate for cultivation of potentially high yielding NERICA varieties is 

140 KgN/ha. 
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 Kibos site is recommended for increased production of NERICA varieties due to 

maximum growth parameters. 

 Farmers in Lake Victoria basin should be encouraged to cultivate high quality NERICA 

1 for improved consumption. 

 Maseno and Oyani sites are recommended for cultivation of aromatic NERICA 

varieties. 

  Nitrogen fertilizer rates of 60 to 100 KgN/ha is recommended for cultivation of 

aromatic NERICA varieties. 

 5.4 Suggestions for further study 

 The correlation between leaf chlorophyll content, plant height and tiller number, and 

actual yield output need to be ascertained. 

 The influence of site factors such as altitude, soil pH and soil moisture on accumulation 

of aroma compounds should be investigated further. 
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APPENDICES 

Appendix 1: Weather data for the Kibos, Oyani and Maseno agro-ecological sites in 

which NERICA 1, 4 and 10 were cultivated. 

Appendix 1a: Average precipitation at Kibos in the year 2014 

  

 

Appendix 1b: Average temperature at Kibos in the year 2014 

  

 

 

 

Appendix 1c: Average precipitation at Oyani in the year 2014 
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Appendix 1d: Average temperature at Oyani in the year 2014 

  

 

 

 

 

 

 

Appendix 1e: Average temperature at Maseno in the year 2014 
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Appendix 1f: Average precipitation at Maseno in the year 2014 

 


