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Abstract 

 

 

Lutein is an important micronutrient for humans as well as being the primary 

contributor to the pale creamy to yellow colour of bread wheat and durum based 

products but tends to be unstable against heat and UV light. During post harvest 

storage of bread wheat grain some of the lutein may be converted to mono- and di-

fatty acid esters that appear to be more stable forms of lutein. 

 

The aims of the work presented in this thesis were: to study the effects of 

temperature on lutein esterification; to compare the relative stability of free lutein and 

lutein esters in grain stored under wide temperatures and conditions; to confirm that 

esterification is an enzymic process; to examine the genetic control mechanisms; to 

attempt to identify the enzyme and the endogenous substrate source of fatty acids; 

and finally to compare esterification in wheat grain with the same process in banana 

fruit tissues. This study utilised a high lutein, ester forming bread wheat, Triticum 

aestivum L. cv DM5685*B12, a non-ester forming bread wheat cv Haruhikari and a 

high lutein durum wheat, Triticum durum L cv Kamilaroi, that like many durum 

cultivars does not form lutein esters. Reverse phase high pressure liquid 

chromatography (RP-HPLC) was used to quantify the lutein and lutein ester 

concentrations.  

 

Lutein esterification was strongly favoured by low relative humidity (8% RH) and 

followed a first order reaction rate. The maximum rate of lutein esterification was at 

≈80°C, however the optimum temperature for maximum synthesis with minimum 

degradation was between 50 and 60°C. No ester synthesis was observed at 

temperature higher than 120ºC. These data were consistent with an enzyme 

participating in the esterification reaction. Lutein ester was found to be more stable 

than free lutein with a substantially longer shelf life at a temperature of 60°C. 

 

An attempt to establish a bioassay system to study esterification was only partially 

successful since only very low levels of esterification were achieved in reconstituted 

samples. Further investigation would be required to optimise the process. The limited 



xiv 

 

data did provide suggestive evidence that free fatty acids were probably not involved, 

rather the fatty acids were more likely to be derived from phospholipids via an 

acyltransferase reaction. A hexane-soluble fraction derived from a non-ester forming 

durum, Kamilaroi, was the only substrate that in the presence of a crude enzyme 

extract and free lutein gave a significant formation of lutein ester.  

 

As esterification appeared to be was enzymatically controlled, the genetic control of 

ester synthesis was investigated. Lutein esterification was compared in a series of 

nullisomic-tetrasomic Chinese Spring lines and a Haruhikari (zero 

ester)//Sunco/Indis.82 (high ester) doubled haploid population. Lutein esterification 

was controlled by a locus, designated Lute, located on the short arm of chromosome 

7D closely linked with the marker loci gwm295, wPt-1163 and wPt-3727. 

  

In addition to wheat, esterification in banana, Musa acuminata Colla cv Cavendish 

group was also investigated. Compared to wheat, different patterns of esterification 

were observed in banana during the ripening with ester synthesis occurring in both 

banana peel and flesh during post harvest ripening. Esterification in banana occurred 

under higher moisture content than in wheat and offers another tissue model for the 

study of the esterification mechanism.  

 

This thesis contributes valuable new information on the formation and genetic control 

of lutein ester formation in wheat grain and will be of value to manufacturers of wheat 

products seeking to retain lutein in end-products for delivery to costumers. 
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CHAPTER 1 

 

Literature Review 

 

1.1    An introduction to wheat and lutein 

 

Bread wheat is an important food source for humans. High consumption of wheat is 

due to its easy storage which is relatively free of microbial spoilage and multiple uses 

of wheat flour for a variety of products. These lead to a high production of wheat, 

reported to be approximately 690 million tonnes; higher than other crops such as 

maize and potatoes in most developing countries (FAO, 2012). Bread wheat, also 

known as common wheat (Triticum aestivum L.) is the most cultivated cereal in the 

world (Australian Government Office of the Gene Technology Regulator, 2008) and 

one fifth of annual world wheat production is exported (Curtis, 2002). Attributes such 

as processing quality, colour and nutritional value are important to the consumer. 

 

An endogenous plant pigment, lutein, is the primary contributor to the pale creamy to 

yellow colour of wheat-based end products (Humphries and Khachik, 2003). A pale 

creamy to white colour is preferred for bread and white noodles (eg. Udon), while a 

stronger yellow colour is preferred for yellow alkaline noodle (YAN) and most pasta 

products (Xiao Fu, 2007). Indeed, for end-products such as YAN, there is insufficient 

endogenous yellow pigment to meet market expectation and use of colour additives 

such as tartrazine, sunset yellow and β-carotene is common. The intense yellow 

colour of lutein is the basis for its wide use as a natural food colorant (Timberlake 

and Henry, 1986). As a natural additive, this pigment can be extracted from the 

flower petals of the Aztec marigold (Tagetes erecta L.). Lutein is also an important 

micro-nutrient for humans and has been reported to reduce the risk of health 

problems such as age-related macular degeneration (AMD; Shalch and Weber, 

1994), cancer and cardiovascular disease (Cooper, 1999). 
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Although lutein contributes to the colour of the finished products and provides 

possible health benefits, lutein is not particularly stable against heat and UV (Subagio 

et al., 1999) and is prone to oxidative degradation during storage of grain or flour and 

also oxidation involving lipoxygenase during processing (Yanishlieva et al., 1998; 

Subagio and Morita, 2001; Siedow, 1991; Leenhardt et al., 2006). Overcoming these 

stability issues is critical to achieving and maintaining consistency in quality 

throughout the food chain, from producer to consumer.  

 

Lutein esters appear to be more stable than non-esterified lutein (Subagio et al., 

1999). Another possible advantage of lutein esters is an increase in bioavailability 

due to greater fat solubility of lutein fatty acid esters that improves the distribution 

and absorption of lutein in the body (Bowen et al., 2002). Esterification involves the 

attachment of fatty acids to the hydroxyl groups of lutein. A better understanding of 

the mechanisms involved in esterification could be important for developing 

strategies for minimising losses of lutein during storage, transport and processing.  

 

Different amounts and distribution of lutein were reported in wheat, fruit and 

vegetables (Humphries and Khachik, 2003). Lutein in green plant tissues is an 

important component of the photosynthetic apparatus. The absorption spectrum of 

lutein is in range 400-500 nm (max =446nm) (Khachik et al.,1991) making it capable 

of harvesting blue light and transferring the energy to chlorophyll. Lutein can also 

capture excited state of oxygen generated by the photosynthesis reaction and again 

transfer the energy to chlorophyll. Lutein esters were also reported at low levels in 

fruit and vegetables such as pepper orange, tangerine, papaya, banana and 

capsicum (Breithaupt and Bamedi, 2001; Hornero-Méndez and Mínguez-Mosquera, 

2000; Subagio et al., 1996). While esterification in wheat occurs during storage under 

warm, dry conditions (Kaneko et al., 1995), in most of fruit and vegetables, lutein is 

esterified during ripening (Hornero-Méndez and Mínguez-Mosquera, 2000). Lutein in 

fruit and vegetables is normally esterified with lauric, palmitic and myristic acids 

(Breithaupt and Bamedi, 2001; Subagio and Morita, 1997) however in wheat grain 

the lutein in the endosperm was esterified with palmitic and linoleic acids (Kaneko et 

al., 1995). This reaction is possibly mediated by an enzyme which is thought to be an 

acylhydrolase (Kaneko and Oyanagi, 1995).  
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Genetic variation in lutein esterification was observed in 138 Japanese wheat 

cultivars (Kaneko et al., 1995). Further studies on the mechanism or the genes 

associated with the lutein esterification providing information on the genetic control 

and genes involved in esterification may assist in selecting and controlling this 

desirable trait in wheat. High lutein content either in free or ester form could be 

exploited to obtain the optimum nutritional effects as well as better quality end-

products.  

 

This review will examine the chemical structure and biochemistry of lutein, the role of 

lutein in plants, human and food products as well as the distribution in fruits, 

vegetables and cereals. Available information on lutein and lutein esters particularly 

in relation to stability and bioavailability and the general regulation of esterification 

will also discussed. The aims of this study are outlined at the end of the literature 

review.  

 

 

1.2    Characteristics of lutein 

1.2.1    Chemical structure of lutein 

 

Lutein is a member of the carotenoid group of compounds of which there are almost 

700 compounds that function as yellow-orange pigments in plants as well as a large 

numbers of other organisms (Britton et al., 2004). Carotenoids are products of the 

isoprenoid biosynthesis pathway and are composed of 5-carbon isoprene units 

(Figure 1.1), generally 8, linked together to form 40-carbon compounds with a 

symmetrical tetraterpene skeleton (IUPAC-IUB, 1975). As one of the carotenoid 

group, lutein is lipophilic and soluble in non-polar organic solvents such as 

tetrahydrofuran, halogenated hydrocarbon and hexane (Craft and Soares Jr., 1992). 

It is normally located in cellular membranes or following ingestion by humans or other 

animals, accumulate in lipophilic compartments such as body fat (Johnson and 

Russell, 1992). Lutein belongs to the xanthophyll group which are oxygenated 

carotenoids containing one or two oxygen-containing functional groups such as keto, 

hydroxyl or epoxy groups (Moros et al., 2002).  
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Figure 1.1 Isoprene (2-methylbuta-1,3-diene) 

 

 

Lutein, (chemical formula C40H56O2) is derived from α-carotene and contains hydroxyl 

groups substituted at both ends of the molecule (Figure 1.2). There are several 

geometrical isomers of lutein including all trans-lutein, 9-cis lutein, 9’-cis lutein, 13-cis 

lutein and 13’-cis lutein (Figure 1.3) (Updike and Schwartz, 2003).  

 

 

 

 

 

 

 

 

Figure 1.2 all-trans lutein (3R,3’R-β,ε-carotene-3,3’-diol) (Abdel-Aal et al.,  

2007) 
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Figure 1.3 Chemical structures of the geometrical isomers of lutein (Abdel-Aal et 

al., 2007; Updike and Schwartz, 2003) 

 

 

1.2.2    Biosynthetic pathway 

 

Carotenoids are synthesized by bacteria, fungi, algae and plants but not animals 

(Roberts et al., 2009).The initial steps in carotenoid biosynthesis appear to be the 

same in algae and higher plants and lead to the formation of lycopene (Kim and 

DellaPenna, 2006). Subsequently the pathway branches, one branch resulting in the 

formation of -carotene and then lutein, whereas the other branch leads to -

carotene, zeaxanthin, other xanthophylls and ultimately the plant hormone, abscisic 

acid (Taylor and Ramsay, 2005) (Figure 1.4). Lutein is produced from δ-carotene in 

three steps via α-carotene, β, ε-carotene and zeinoxanthin (Taylor and Ramsay, 

2005).  
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Figure 1.4 Lutein biosynthesis in Arabidopsis. All enzyme reactions are indicated by arrows 

and numbers; 1), ε-cyclization; 2), β-cyclization; 3), β-ring hydroxylation of β,ε- and β,ψ-

carotenoids; 4), ε-ring hydroxylation; 5), β-ring hydroxylation of β,β-carotenoids. (modified 

from Kim and DellaPenna, 2006) 

 

 

Cyclization of lycopene is an important step in lutein synthesis because it marks a 

branch point of 2 major cyclic carotenoid groups (Kim and DellaPenna, 2006); β,β- 

and β,ε-carotenoids. Lutein is a β,ε- type indicated by 2 different cyclic end groups 

(Kim and DellaPenna, 2006). There are at least 4 distinct enzymatic reactions in 

lutein synthesis: β- and ε-ring cyclization and subsequent hydroxylation of each ring 

at the C-3 and C-3’ positions. β,β-Carotenoids contain two identical β-rings formed by 

the symmetrical action of the β-ring cyclase (β-ring mono-oxygenases), whereas β,ε-

carotenoids contain 2 different ring structures (β and ε) formed by the action of the β-

cyclase and ε-cyclase) (Kim and DellaPenna, 2006; Taylor and Ramsay, 2005). 

Hydroxylation of both the β- and ε-rings is catalyzed by 2 cytochrome P450 α-

carotene ring hydroxylase (haeme-containing mono-oxygenases) to form lutein and 

the regulatory mechanisms of the two carotenoid β- and ε-hydroxylases appear to 

differ significantly (Kim and DellaPenna, 2006). There are 2 possible routes leading 

to lutein from α-carotene: β-ring hydroxylation to zeinoxanthin followed by ε-ring 
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hydroxylation to lutein or ε-ring hydroxylation to α-cryptoxanthin followed by β-ring 

hydroxylation to lutein (Kim and DellaPenna, 2006; Taylor and Ramsay, 2005). 

 

1.3    Role of lutein in plants 

 

Lutein is located in the plastid membranes of plants (Kim and DellaPenna, 2006). 

Higher plant chloroplasts accumulate carotenoids, mainly lutein, in the thylakoid 

membrane-bound photosystems. The photosystems (I and II) have a reaction centre 

that contain lutein, β-carotene and chlorophyll a (Kϋhlbrandt et al., 1994). This centre 

is surrounded by an antenna that is responsible for the harvest and transfer of light 

energy to the reaction centre. Antenna are comprised of the xanthophylls (lutein, 

violaxanthin and neoxanthin), light harvesting complex (LHC) and chlorophyll (α and 

β) (Kϋhlbrandt et al.,1994). The conjugated double bond of lutein can assist in 

harvesting light and preventing oxidative damage (van den Berg et al., 2000) by 

absorbance of energy from light which is then transferred into the chloroplast. In 

addition, lutein’s conjugation allows electron capture and transfer to chlorophyll. 

Lutein also prevents photo-oxidative by scavenging energy from the excited states of 

oxygen generated during photosynthesis (van den Berg et al., 2000). 

 

Lutein also accumulates in chromoplasts of the petals of certain flowers such as 

marigolds (Li et al., 2007). The strong absorption of lutein at visible wavelengths 

(450-570nm), attracts pollinators and aids in plant pollination (van den Berg et al., 

2000; Gross, 1987; Gross, 1991).  

 

In wheat grains, lutein is located in the seed coat, the starchy endosperm and the 

embryo and represents 80-90% of total carotenoids in wheat grain (Mecham, 1978). 

In the embryo, lutein prevents oxidative damage. It is the predominant carotenoid in 

the amylopast of the starchy endosperm (Howitt and Pogson, 2006). Amyloplasts, 

are important for storage of starch (Kirk and Tilney- Bassett, 1978). The level of lutein 

in wheat has been reported to be affected by several factors such as variety, season, 

geographic location, climate, stage of maturity and growing conditions (De Azevedo-

Meleiro and Rodriguez-Amaya, 2005).  
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1.4    Stability of lutein in grain and flour and during production of end-

products 

 

Lutein is subject to direct degradation by heat and light and indirect degradation by 

free radicals, caused by lipid oxidation (Wrigley et al., 2009). A study by De Fazio 

(2008) reported greater oxidation of lutein during storage in air in the dark than under 

nitrogen or vacuum packaging and therefore the latter packaging was suggested to 

be the best storage to retain the yellowness and lutein content in yellow alkaline 

noodles (De Fazio, 2008). Furthermore, a study by Pangloli et al. (2000) showed that 

noodles packaged under partial vacuum retained greater colouration than noodles in 

air packaging. Storage under light was found to enhance the degradation of all-trans-

lutein in tomato (Lin and Chen, 2005).  

 

Lipoxygenase is an important enzyme producing free radicals that may cause lutein 

degradation (Yanishlieva et al., 1998; Subagio and Morita, 2001; Siedow, 1991). This 

reaction involves the addition of molecular oxygen to polyunsaturated fatty acids 

containing a cis,cis-1,4-pentadiene to produce conjugated cis, trans-

dienehydroperoxide. Free radicals produced as a result of this reaction lead to lutein 

degradation (Siedow, 1991).  

 

Whilst free lutein is used as a food additive, the ester form is generally preferred 

commercially because of its apparent greater stability (Subagio and Morita, 2003). 

The yellow pigment in marigold flowers which is rich in lutein esters is widely used as 

a food colorant (Gregory et al., 1986). Esterification of lutein with fatty acids 

increases the stability of lutein against heat and UV light (Subagio et al., 1999; Li et 

al., 2007). 

 

A study by Subagio et al. (1999) on the stability of lutein at 60˚C for 4 days showed 

that while the content of free lutein decreased quickly (75% loss), the lutein esters 

were more stable with a loss of only 10% over the same period. Both mono- and di-

myristate forms of lutein were fairly stable suggesting that only mono-esterification of 

lutein was required to increase the stability. 
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1.5    Lutein esters 

 

Lutein in plants is often present in an ester form (Phillip and Berry, 1975). The first 

lutein ester that was isolated was lutein dipalmitate which was found in 1931 by Kuhn 

and Winsterstein in the petals of Helianthus annuus (Pérez-Galvez and Mínguez-

Mosquera, 2005). Lutein esters can be found in most flowers, vegetables and fruits 

such as apple (Malus domestica Borkh), apricot (Prunus armeniaca L), avocado 

(Persea Americana Mill), papaya (Carica papaya L), peach (Prunus persica L.), 

yellow and red pepper (Capsicum annuum L.), and pumpkin (Cucubita pepo L.) 

(Pérez-Galvez and Mínguez-Mosquera, 2005).  

 

 

 

 

Figure 1.5 Chemical structure of lutein ester (modified from Khachik, 1995) 

 

 

In most plants, lutein esterification is associated with the degradation of chlorophyll 

and the chloroplast during ripening (Pérez-Galvez and Mínguez-Mosquera, 2005). 

Esterification of lutein in plants increases hydrophobicity and the liposolubility of the 

xanthophylls, possibly facilitating the movement of lutein from the thylakoid 

membranes into plastaglobules within the plastid stroma. In wheat however, the 

hydroxyl groups of lutein in the endosperm are esterified with fatty acids (Figure 1.5) 

(Kaneko et al., 1995) during post harvest storage. 

 

Esterification of lutein is the reaction of fatty acids with hydroxyl groups. Fatty acids 

are usually attached to other molecules via the carboxylic group (Ohlrogge and 

Browse, 1995). In plant, the majority of the fatty acids are located in lipid membranes, 

which are essential as cell barriers and form sites for important process such as light 
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harvesting and electron transport for photosynthesis (Ohlrogge and Browse, 1995; 

Belitz et al., 2009). Most fatty acids in plant have carbon chain lengths of carbon 16 

and 18 with 1 to 3 cis double bonds (Ohlrogge and Browse, 1995). The major fatty 

acids in most plant membrane are palmitic (16:0), linoleic (18:2), oleic (18:1), 

linolenic (18:3) and stearic (18:0) (Ohlrogge and Browse, 1995; Belitz et al., 2009; 

MacMurray and Morrison, 1970; Burkwall and Glass, 1965). Palmitic (saturated fatty 

acid) and linoleic acid (unsaturated fatty acid) are the pre-dominant fatty acids in 

wheat representing approximately 24.5% and 56.3%, of total fatty acids, respectively 

(Nelson et al., 1963). In the wheat endosperm, palmitic and linoleic acid (Figure 1.6) 

are the main fatty acids esterified with lutein (Mellado-Ortega and Honero-Méndez, 

2012; Kaneko et al., 1995; MacMurray and Morrison, 1970). 

 

 

 

 

Palmitic acid 

 

Linoleic acid 

  

 

Figure 1.6 Chemical structure of fatty acids; palmitic and linoleic acid (Belitz et al., 

2009) 
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1.5.1    Lipid 

 

Fatty acids are the simplest type of lipid (Morrison, 1978; Ohlrogge and Browse, 

1995). Lipids are hydrophobic constituents which are soluble in organic solvents, 

such as chloroform and water-saturated butanol (Belitz et al., 2009), and can be 

divided into non-polar and polar lipids. 

 

In wheat, the distribution of lipid varies with the wheat composition. According to 

Pomeranz and Chung (1965), the content of lipid in germ (8 and 15%) is higher than 

bran (6%) and endosperm (1-2%). Non-starch lipids in the starchy endosperm mainly 

consist of triglycerides, diacylgalactosylglycerides, di-O-acylphospholipids and small 

amount of free fatty acids and carotenoids (Morrison, 1981). Although the endosperm 

(middlings) contains a lower amount of lipids, lipids can be transferred from germ to 

endosperm during milling (Pomeranz, 1988). In the endosperm there are more polar 

lipids, mainly phospholipid, than non-polar lipids. Phospholipids are more widely 

distributed in the endosperm than bran or germ (Pomeranz and Chung, 1965). The 

other major lipids located in the starchy endosperm are triglycerides (TG). 

 

Phospholipids, synthesized in the cytosol of plant, can be classified according to the 

compounds that are attached to the phosphate group: serine - phosphatidylserine 

(PS), choline - phosphatidylcholine (PC), ethanolamine - phosphatidylamine(PA), 

glycerol - phosphatidylglycerol (PG) or inositol - phosphatidylinositol (PI) (Belitz et al., 

2009; Christie, 2011). Phosphatidylcholine, particularly lysophosphatidylcholine 

(Figure 1.7) is the predominant lipid in the wheat endosperm (MacMurray and 

Morrison, 1970) with linoleic acid as the main fatty acid followed by palmitic acid 

(McKillican, 1967). PC is also one of the major constituents of thylakoid lipid 

membranes (Selstam and Widell-Wigge, 1993), which where lutein is located 

(Lichtenthaler, 2012).  
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Figure 1.7 Chemical structures of lysophosphatidylcholine and phosphatidylcholine 

where R1 and R2 are fatty acids (Rossi, 2007) 

 

 

1.5.2    Lipid biosynthesis 

 

Synthesis of fatty acids mainly occurs in the plastid. Fatty acid synthesis is originally 

initiated by the formation of malonyl-CoA from acetyl-CoA by an enzyme called 

acetyl-CoA carboxylase (ACCase) (Ohlrogge and Jaworski, 1997). The malonyl 

group is attached to acyl-carrier protein (ACP) by fatty acid synthase (FAS) 

(Ohlrogge and Browse, 1995). Malonyl-ACP then involved in the production of 

saturated fatty acids including palmitic (C16:0) and stearic acid (C18:0). These 

saturated fatty acids while as the CoA thioester may be desaturated by cytochrome 

B5 reductase resulting in the addition of double bonds to the carbon skeleton (Kumar 

et al., 2012). This biosynthesis is called the prokaryotic pathway (Figure 1.8). The 

saturated and unsaturated fatty acids then leave the plastid and enter the 

endoplasmic reticulum (ER) to become the substrate for the lipid formation 

particularly lyso-phosphatidic acid (lyso-PA) (Ohlrogge and Browse, 1995; Ohlrogge 

lysophosphatidylcholine phosphatidylcholine
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and Jaworski, 1997; Kachroo and Kachroo, 2009). Phosphatidic acid (PA) initiates 

the biosynthesis of glycerolipids (including triglycerides) and other complex 

phospholipids (Ohlrogge and Jaworski, 1997). This pathway is called the eukaryotic 

pathway (Figure 1.8). 

 

 

 

Figure 1.8 Schematic diagram of fatty acid biosynthetic pathway in general plant 

(modified from Ohlrogge and Browse, 1995; Ohlrogge and Jaworski, 1997) 

 

 

1.5.3    Esterification by fatty acids 

 

Fatty acids in plants normally exist as esters. Aside from the lutein fatty acid esters 

that contribute the intense yellow colour in marigold flowers, fatty acids esters are 
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also found in other plant tissues such as fruit and floral as aliphatic and aromatic 

constituents (Markley, 1961). Amyl-acetate is the main ester contributing to the fruity 

aroma of the banana (Musa acuminata Colla; McCarthy et al., 1962), while menthyl-

acetate is a volatile ester compound synthesized in peppermint (Mentha piperita L.; 

Croteau and Hooper, 1978). The lipophilic character of fatty acid ester compounds is 

also beneficial in protecting the plant from bacteria and insect damage and also helps 

in drought resistance as wax ester in Jojoba spp. (Seo and Park, 2011). 

 

Although esters form naturally, synthesis of ester can also be performed in the 

laboratory. Under controlled conditions it is possible to obtain the required ester with 

appropriate amount and study their function and stability. There are several types of 

esterification reactions (Markley, 1961). In this study, the esterification reaction of 

interest is the reaction of a carboxylic acid with an alcohol (Kucherov and 

Yanovskaya, 1969; Markley, 1961). Ester synthesis in a laboratory normally involves 

a catalyst to increase the rate of reaction. Choice of catalyst depends on the type of 

ester product and may be chemical or enzymic. Effectively chemical catalysts 

include; salts (e.g. sodium), silica gel, metal, acids and bases (Markley, 1961; 

Perlstein et al., 1974; Miwa and Wolff, 1963). Enzyme catalysts are normally a 

purified lipases (Willis and Marangoni, 2002) from bacteria yeast and fungi such as 

Mucor miehei (Ucciani et al., 1996), Yarrowia lipolytica (Meng et al., 2011) and 

Candida antartica (Ganske and Bornsceuer, 2005; Yoo et al., 2007). Depending on 

the ester required, enzyme catalysed ester synthesis may produces purer products 

with less contamination compared to chemical methods (Markley, 1961). Chemical 

esterification generally needs a higher temperature as higher energy increases the 

reaction rate (Markley, 1961).  

 

Besides direct ester synthesis, esters may be obtained by trans-esterification i.e. 

exchanging the ester group for another ester. Trans-esterification is widely applied in 

the industry to produce a variety of high value and beneficial products including 

margarine and shortening with better texture and melting behaviour (Markley, 1961), 

synthetic whale sperm oil from wax ester (Perlstein et al., 1974; Bell et al., 1977; 

Ucciani et al., 1996), emulsifier from glucose ester (Ganske and Bornscheuer, 2005; 

Yoo, et al., 2007), cocoa butter substitutes and biodiesels (Meng et al., 2011; Yunus 
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and Syam, 2010). Moreover, trans-ester products are economical, environmentally 

friendly and have higher quality than the original product (Rashid and Anwar, 2008).  

 

1.6    Esterification of lutein in wheat during storage and mechanism of 

esterification. 

 

In wheat grain, the conversion of free lutein to lutein ester mainly occurs in the 

endosperm during storage (Kaneko et al., 1995) where a warm, low humidity 

environment favours esterification. Ester forms of lutein were detected by HPLC after 

storage of wheat seeds at 30˚C for 120 days (Figure 1.9) including mono-esterified 

lutein and di-esterified lutein (Lepage and Sims, 1968; Kaneko et. al., 1995). Different 

esters can be formed with the attachment of different fatty acids (Pérez-Galvez and 

Mínguez-Mosquera, 2005). As a lutein has 2 hydroxyl group (OH), 1 or both groups 

can be esterified by fatty acids. If 1 of the hydroxyl groups esterified, it is called a 

mono-ester and di-esters if both OHs are esterified. The attached fatty acids may be 

identical or different. Homogenous di-esters are produced if similar fatty acids are 

attached and heterogenous di-esters are formed if different fatty acids are involved 

(Mellado-Ortega and Honero-Méndez, 2012). The main fatty acids attached to lutein 

are palmitic and linoleic acids (Kaneko et al., 1995; Soreno et al., 2007). 

 

A reduction in the relative humidity (8% RH) and thereby water content of the grain 

appears to promote esterification of lutein during storage suggesting a chemical 

mechanism for ester formation (Kaneko et al., 1995). Higher temperature promotes 

lutein esterification. This also suggests a chemical mechanism for lutein esterification 

as the reaction rate increases with temperature. However, at higher temperatures 

during storage the lipid layer melts and forms a liquid. The liquid form of lipid 

facilitates its movement by diffusion and may allow the reaction of lutein with 

membrane components (Szilágyi, 2007).  
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Figure 1.9 Chromatogram showing the free and esterified lutein separated by High 

Performance Liquid Chromatography. A; Free lutein, B; Mono-esterified lutein, C; Di-

esterified lutein (Kaneko et. al., 1995) 

 

 

Lutein ester formation in wheat endosperm was tentatively suggested to be mediated 

by an enzyme (Wingerath et al., 1998). Further evidence for an enzymic reaction by 

Kaneko et al. (1995) who showed ester formation was inhibited when wheat seeds 

were autoclaved at 121˚C for 20 min. Genetic variation in the appearance of lutein 

esters measured in 138 Japanese wheat cultivars (Kaneko et al., 1995) also 

suggests an enzyme may be necessary. While the mechanism of esterification was 

not clear, it was suggested from the initial study that esterification of lutein was 

catalysed by lipase (Kaneko et al., 1995; Kaneko and Oyanagi, 1995). Not all lutein is 

esterified and some is degraded (Farrington et al., 1981; Kaneko et al., 1995). The 

amount of lutein either esterified or degraded depends on the variety of wheat and 

the storage conditions (Kaneko et al., 1995). It is not known whether lutein 

esterification is reversible. This has implications for long term stability and 

consequently, further study is required to determine the reactions involved in both 

lutein esterification and de-esterification. 
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1.7    Genetic regulation of lutein esterification in wheat 

 

In wheat, Quantitative Trait Locus (QTL) located on chromosomes of 7AL and 7BL 

(Zhang and Dubcovsky, 2008) and containing the candidate gene Phytoene synthase 

1 (Psy-1) on 7A (Gallagher et al., 2004) are associated with variation in lutein 

content. In addition, chromosome 3A, 3B, 7A and 7B were identified by Mares and 

Campbell (2001) a carrying QTL associated with variation in the lutein content in 

Australian wheat mapping populations as well as the b* value (yellowness) of flour 

and noodle. Howitt et al. (2009) confirmed the location of these QTL and suggested 

that lutein content is controlled by the candidate genes ε-cyclase (ε-LCY) on the 

group 3 chromosome and phytoene synthase (Psy-A1) on chromosome 7A.  

 

Whilst genetic control of grain lutein content in wheat is relatively well understood, by 

contrast there appear to have been no genetic analyses of lutein esterification. 

Studies suggesting esterification is an enzymatic reaction (Subagio et al., 1999) 

indicate that esterification is under genetic control. Moreover, ester formation occurs 

in some varieties but not others of the same species also suggesting that 

esterification is under genetic control (Li et al., 2007). A preliminary study by Mares 

and Soriano (2010) on the lutein ester content in a double haploid bread wheat (zero 

ester x high ester) population showed that approximately 40% of the samples 

contained no ester and more than 60% of the samples contain low to very high ester 

content. The difference in the presence and absence of the ester suggested that the 

trait could be controlled by a single gene. However, the proportion of ester compared 

with lutein in varieties where esterification occurs may be under more complex 

control. For example, differential esterification of lutein is related with an increase of 

lutein content in Tritordeum (durum x bread wheat) seeds (Atienza et al., 2007). 

 

 

1.8    Role of lutein in human health 

 

Lutein is a non–provitamin A carotenoid that cannot be synthesized by animals and 

humans (Roberts et al., 2009). Consumption of high-lutein foods such as kale, 

spinach, egg yolk, pumpkin, corn and most of the yellow-orange fruits and vegetables 
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can enhance the lutein status of individuals (Humphries and Khachik, 2003). 

Carotenoids such as lycopene, β-cryptoxanthin and β-carotene have been detected 

in human blood serum (Khachik et al., 1997; Khachik et al., 1991), but only lutein and 

zeaxanthin have been found in both human blood serum and the retina (Khachik et 

al., 1997; Roberts et al., 2009; Bone et al., 1997). By accumulating in the macular 

region of the retina pigments, lutein and zeaxanthin with an absorbance between 

400-500nm, can filter the UV-blue light transmission by up to 40% (Roberts et al., 

2009). Lutein is very effective in scavenging and neutralizing free radicals, thus 

preventing damage to human cells, especially the ocular tissues. Thus, lutein and 

zeaxanthin are useful to combat the progression of age-related macular degeneration 

(AMD), cataract and retinitis pigmentosa. There was also a potential for lutein to 

reduce the occurrence of erythema (redness of the skin) (Stahl and Sies, 2002). In 

addition, it is thought the risk of artherosclerosis and cardiovascular disease (Cooper, 

1999) can be reduced by lutein as it can inhibit the adhesion of molecules to the cell 

surface of confluent human aortic endothelial cells and the adhesion of monocytes 

(Dwyer et al., 2001). Lutein may also act as an anticarcinogen by reducing the 

occurrence of colon cancer (Cooper, 1999), tumour formation (Nishino, 1997; Park et 

al., 1999) and hyperplasia as lutein has the ability to interact with the mutagens 1-

nitro pyrene and aflatoxin B1. The suggested intake of lutein recommended by the 

American Dietetic Association is 6mg/per day (Bartlett and Eperjesi, 2007). 

 

 

1.9    Bioavailability of lutein esters 

 

Lutein in food is commonly present as a mixture of free lutein and lutein esters and it 

appears that the latter must be de-esterified before the absorption into the blood 

stream to increase the polarity of lutein and make it easier to transport (Olson, 1984).  

Bioavailable lutein is the fraction of ingested lutein that becomes available for 

physiological functions on the human body (Castenmiller and West, 1998). 

Esterification does not decrease the bioavailability efficacy of lutein, but rather 

increases the bioavailability in human body by up to 61.6% through higher absorption 

and liposolubility (Bowen et al., 2002). The fatty acids in the lutein ester which are 

normally palmitic acid and linoleic acid improve fat solubility and subsequently 
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enhance the efficiency of absorption in wheat (Atienza et al., 2007). In addition, an in 

vitro result showed that following the ingestion of lutein esters, only the free form was 

released and micellarized (Granado-Lorencio et al., 2009). It was speculated that 

lutein ester have been hydrolysed efficiently before or during absorption into the 

bloodstream as there was no esterified form detected in the human serum and 

peripheral tissues (Tso, 1994; Pérez-Galvez and Mínguez-Mosquera, 2005). A study 

by Granado et al. (1998) showed that almost all of the ingested lutein ester from 

marigold extract appeared as free lutein in human serum. However, there is no 

definitive information about the enzyme required in the hydrolysis process although 

carboxylic ester hydrolase and lipases excreted by the pancreas have been 

implicated (Pérez-Galvez and Mínguez-Mosquera, 2005; Tso, 1994).  

 

 

1.10 Distribution of lutein in wheat 

 

Lutein is the main carotenoid in wheat endosperm, existing either as free or ester 

forms (Kruger and Reed, 1988; Lepage and Sims, 1968). Mindum (durum) wheat 

contained higher free lutein (85% of total carotenoid) while Thatcher (bread) wheat 

had higher lutein ester (75% of total carotenoid) (Lepage and Sims, 1968). Different 

wheat species have different lutein contents. Lutein is abundant in the soft-seeded 

diploid wheat, Einkorn (Triticum monococcum L.), compared to the tetraploid wheats, 

Khorasan (T. turgidum spp. turanicum), Kamut (T. turgidum spp. turanicum) and 

durum (T. turgidum ssp. durum). The lowest level of lutein (2.01-2.11µg/g) found in 

hexaploid bread wheats (T. aestivum L.) which was approximately four times lower 

than Einkorn (Hidalgo and Brandolini, 2008; Hidalgo et al., 2006; Abdel-Aal et al., 

2002; Abdel-Aal et al.,2007). The current study uses a specially developed high 

lutein bread wheat, cv. DM5685*B12, which has a lutein content 6-8 higher than 

standard bread wheats (Mares et al., 2007). Different lutein isomers such as all-trans 

lutein, 15-cis-lutein, 13- cis-lutein, 13’-cis-lutein, 9-cis-lutein and 9’-cis-lutein have 

been detected in wheat. Among of these isomers, all-trans lutein was reported to be 

the highest in most wheat species (Abdel-Aal et al., 2007). After lutein, the next major 

carotenoids are zeaxanthin (Abdel-Aal et al., 2007). β-carotene and β-crytoxanthin 

which exist in wheat at very low concentrations (~1% of total carotenoids; Abdel-Aal 
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et al., 2007) suggesting that the yellow colour in wheat grain was mainly due to lutein 

(Abdel-Aal et al., 2007).  

 

1.11    Role of lutein in colour and quality of wheat-based food products 

 

When the quantities of wheat consumed are considered, there is potential for wheat 

to be an extremely important source of lutein. Wheat is normally used as flour as the 

important ingredient for many end-products, such as pasta, noodles and bakery 

products which constitute an important component of the diets of many people 

throughout the world. Colour is one of the important quality parameters of these end-

products, with each having its own colour requirement and with colour preferences 

varying between consumers. Different flours are used based on the suitability for 

particular products. White bread still represents the bulk of the market for bread type 

products and therefore white flour is used, while a bright white to creamy colour flour 

is a vital characteristic for white salted noodle (WSN) such as Udon. A popular 

product consumed by Asian people is yellow alkaline noodle (YAN) (Xiao Fu, 2007). 

This product has a bright yellow colour, part of which is contributed by lutein in the 

bread wheat flour. As a natural pigment, lutein content could be increased, potentially 

reducing the usage of artificial colour in YAN and instant noodle products and 

thereby delivering increased health benefits to the consumer. High levels of lutein 

can be introgressed into bread wheat (Triticum aestivum) (Mares et al., 2007) and 

are already present in many durum wheat cultivars (Triticum durum) and specialty 

wheats such as einkorn, khorasan and kamut (Abdel-Aal et al., 2002; Abdel-Aal et 

al.,2007). 

 

 

1.12    Determination of lutein and lutein ester in wheat  

 

An understanding of the chemical structures of lutein and lutein esters can assist in 

their analyses including extraction and separation. As a lipophilic substance, lutein is 

readily solubilized in non-polar solvents such as chloroform, ethanol and petroleum 

ether (Rodriguez-Amaya, 2001). However, lutein hydroxyl groups can participate in 

hydrogen bonding, and therefore to extract lutein from a wheat matrix where 
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hydrogen bonding is important, a polar solvent that can disrupt hydrogen bonding is 

required. A study by Soriano et al. (2007) found that lutein showed the best solubility 

in the combination of methanol and tetrahydrofuran. In contrast, lutein esters are 

more soluble in non-polar solvents, and hexane was an excellent solvent (Soriano et 

al., 2007).  

 

Presence of a polyene chain (conjugated double bonds) in the structure of lutein 

increases the susceptibility of lutein to oxidation by oxygen (O2) causing the rapid 

loss of colour (Rodriguez-Amaya, 2001). Butylated hydoxytoluene (BHT) added as 

the antioxidant reduces this problem (Soriano et al., 2007). Lutein’s unsaturated 

carbon chain also leads to an increase in sensitivity to heat and light resulting in 

increased rates of degradation and an increase of isomerisation of all-trans lutein to 

cis-lutein (Abdel-Aal et al., 2010). Thus, precautions taken during analyses such as 

reducing the exposure of lutein to higher temperature and light are required to 

minimise the lutein loss. 

 

The long polyene chain of lutein is advantageous for light absorption. In addition to 

the capability of filtering the blue light and give the intense colour to plants, the long 

conjugated carbon of lutein can be exploited in separation of lutein by HPLC. The 

higher the carbon conjugation, the higher the values of absorbance can be detected 

(Rodriguez-Amaya, 2001). Lutein can absorb the visible spectrum between 400-

500nm with 3 characteristic peaks at approximately 428nm, 445nm and 477nm 

(max=446nm) (Figure 1.10; Landrum and Bone, 2001). 
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Figure 1.10 Absorption spectrum of lutein (Alves-Rodrigues and Shao, 2004) 

 

 

Separation of lutein and lutein esters is performed by reverse phase high pressure 

liquid chromatography (RP-HPLC), a method commonly used for separating very 

polar to non-polar carotenoids. There are 2 phases in RP-HPLC, a non-polar 

stationery phase and more polar non-aqueous mobile phase. Previously, a 

monomeric C18 was always used in carotenoid analysis because of its compatibility 

with a wide range of carotenoids. However, polymeric C30 columns have been found 

to give better separation for all carotenoids as well as geometric isomers (Khachik, 

2009; Sander, et al., 1994). Lutein and lutein esters can be identified by comparing 

the absorption spectra by photodiode array detector (DAD) and retention times (RT) 

with published information and with authentic lutein samples (Breithaupt et al., 2002; 

Figure 1.11). 
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Figure 1.11 Separation of free lutein and lutein esters in high ester sample 

(DM5685*B12) by RP-HPLC (Soriano et al., 2007; Kaneko, et al. 1995) 

 

 

Small peaks observed near the free lutein (all trans) (Figure 1.11) are thought to be 

cis-lutein isomers (Breithaupt et al., 2002).There are 2 major clusters of mono- and 

di-esters. The peaks eluted in each cluster represented the regioisomers of each 

ester. Although Young et al. (2007) successful in resolving the mixed regioisomers 

into single peaks chromatographically by reaction of synthetic lutein with saturated 

fatty acids; lauric, myristic, palmitic and stearic, Breithaupt et al. (2002) reported 

difficulty in separating the regioisomers from natural products and therefore ester 

peaks in Figure 1.11 probably present a mixture of regioisomers where regioisomers 

are present. 
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1.13    Project aims 

 

Based on the literature review, it is appears more information is required on the 

stability of lutein and lutein ester in bread wheat. Little effort also has been focused 

on either the mechanism of esterification or the genetic control of lutein ester 

synthesis and these deserve further investigation. The aims of this research project 

are:  

 

 To investigate in detail, the effect of storage temperature on lutein 

esterification as well as the stability of lutein and lutein esters 

 To determine the genetic control of lutein esterification and identify candidate 

genes that may be involved in its regulation 

 To confirm the involvement of an enzyme in lutein esterification and identify 

the potential substrates that act as sources of fatty acids palmitic and linoleic 

acid 

 To compare lutein esterification in wheat with banana, where the lutein is 

present in a quite different matrix. 
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CHAPTER 2  

 

General Materials and Methods 

 

2.1    Plant material 

 

High lutein bread wheat (Triticum aestivum L.), DM5685*B12, developed at The 

University of Adelaide, South Australia was grown in the field at the Waite Campus, 

and harvested immediately it reached harvest ripeness (grain moisture <12% fresh 

weight). A bulk sample was stored at -20ºC until required for experimentation and 

analysis. This sample will be referred to as HFL-DM5685*B12, where HFL stands for 

high free lutein. A sub-sample was stored at 37ºC over silica gel for 8 weeks to 

promote formation of lutein esters and will be referred to as HLE-DM5685*B12, 

where HLE stands for high lutein ester. High lutein bread wheat was selected as the 

main sample in this study in order to examine the potential for this wheat to be grown 

by Australian wheat farmers for the manufacture of yellow alkaline noodles (YAN) 

and other yellow coloured wheat products. 

 

Kamilaroi, an Australian commercial durum variety with high lutein and very low or 

zero esters, Haruhikari, a low lutein bread wheat variety from Japan with zero esters 

and Tasman, an ester forming bread wheat with low lutein, were obtained from the 

Australian Winter Cereals Collection, Tamworth, NSW and seed increased in the field 

at the Waite Campus. A double haploid population derived from the cross, 

Haruhikari//Sunco/Indis.82, was developed using the wheat x maize method. Sunco 

is an Australian hard-grained bread wheat cultivar from northern NSW. Indis is a high 

lutein bread wheat developed in South Africa by Marais et. al. (1988) which carries 

an introgression from Thinopyrum distichum on chromosome 7D with the leaf rust 

resistance gene Lr19 and high yellow pigment Sunco/Indis.82 is a selection from the 

initial cross between Sunco and Indis that was selected for high lutein. High lutein, 

zero ester line(s), DM06.6*039 and DM06.6*047, were from the doubled haploid 

population. Seed of the full set of nullisomic-tetrasomic lines of Chinese Spring were 
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obtained from Ms. Margie Pallotta, Australian Centre for Plant Functional Genomics, 

and increased in a glasshouse on the Waite Campus.  

 

2.2    Reagents and Chemicals 

 

Organic solvents such as methanol, tetrahydrofuran, n-hexane and tert-butyl methyl 

ether were HPLC grade and obtained from Scharlau Chemie, Sentminant, Spain. 

The -apo-carotenal standard, which was used as internal standard for lutein 

quantification, and butylated hydroxytoluene (BHT) were purchased from Fluka- 

Biochemika (Buchs, Switzerland) and Sigma-Aldrich (St. Louis, Missouri, USA) 

respectively.  

 

 

2.3    Methods 

 

2.3.1     Extraction and purification 

 

2 grams of grain were ground using an ESPE RotoMixTM for 7 seconds. All of the 

samples were then extracted with methanol/tetrahydrofuran (10ml, 8ml; 1:1 v/v) 

containing BHT (0.1% w/v), in a temperate regulated shaker for 2 hours at 28˚C.BHT 

is used as the lipophilic antioxidant to prevent the lutein losses because of oxidation 

during extraction and also to stabilize the original lutein pattern (van den Berg et. al., 

2000). Before shaking, 50 µl of 0.025g/ml of -apo-carotenal was added in the 

samples. This standard is used to assess losses of lutein during extraction (Holden 

et. al., 1999; Howe and Tanumihardjo, 2006). The samples then were centrifuged 

(Orbital 420; Clements Medical Equipment, North Sydney, Australia) for 10 minutes 

at 3500 g and the supernatant were transferred to labelled glass tubes. The 

supernatants were dried in a vacuum concentrators (Univapo 150H; UniEuip 

Laborgerätebau-Vertriebs GmbH, Planegg, Germany) attached to self-cleaning dry 

vacuum system (Welch 2025, Niles, IL, USA) to remove all of the organic solvents. 

The residues were re-extracted with 8ml of 99% n-hexane in the shaker for 2 hours. 
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The samples were recentrifuged and the supernatants from the second extraction 

mixed with the original dried extracts and dried again in the vacuum concentrators. 

Complete extraction depends on several factors such as time, temperature and 

particle size of ground wheat (Burkhardt, and Böhm, 2007). The lutein and lutein 

ester concentrates were re-extracted with 2ml of n-hexane three times to remove any 

water present in the residue. The final extracts were dried, weighed and reconstituted 

with 1ml methanol/tert-butyl methyl ether (MTBE; 1:1 v/v). This extraction solution 

was then separated and quantified by Reverse High Pressure Liquid 

Chromatography (RP-HPLC).  

 

 

2.3.2    Separation and quantification 

 

The quantification of lutein was performed by RP-HPLC, according to a modification 

of a method developed by Breithaupt et al., (2002). Lutein and its esters were 

separated using a C30 reverse-phase column (Ultracarb, 250 x 4.6 mm i.d.; 5µm; 

Phenomenex Pennant Hills NSW, Australia) protected by a Synergy C18 guard 

column (Phenomenex) at a column temperature of 35˚C with a RP-HPLC (Hewlett 

Packard 1100; Agilent Technologies, Santa Clara, California, USA) equipped with 

UV/VIS and photodiode array detectors. Separation was achieved with solvent A 

(81:15:4 methanol/ MTBE/ water) and solvent B (90:10 MTBE/ methanol) at a flow 

rate of 1ml/min with the following schedule: 100% A for 10 min, gradient to 50% A by 

40 minutes, then to 100%B by 50 minutes and finally isocratic elution with 100% B for 

10 minutes. To prepare the column for the next run, a gradient from 100% B to 100% 

A for 5 minutes was used and then run at 100% A isocratic for 5 minutes. Separation 

was monitored at 445 and 450nm (Hentschel et. al., 2002). Lutein (Sigma- Aldrich; 

St. Louis, Missouri, USA) which was free from esters (99% purity at 444nm 

measured by HPLC) was used as standard for identification and quantification of 

lutein and lutein esters. A stock solution was made up in methanol:MTBE (1:1) and 

the concentration was determined using an absorbance spectrophotometer (Craft 

and Soares, 1992) and from the stock solution a series of standard solutions made 

with methanol:MTBE (1:1) covering a concentration range of 0.1-11 mg/ml were  

analysed by HPLC (450nm). In this concentration range, a good linearity (R2= 
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0.998%) was obtained with regression equation, y= 154.9x. Lutein and esters were 

identified from the HPLC chromatogram by comparing the retention time (RT) with 

authentic lutein samples (Breithaupt et al., 2002). Free all-trans- lutein was eluted by 

HPLC after 10.5 min, whereas their esters, mono-ester and di-esters, were quantified 

after 24-34 min and 40-46 min, respectively (Breithaupt et al., 2002; Soriano et al., 

2007). 
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CHAPTER 3  

 

Stability of Lutein and Lutein Ester in Wheat 

 

3.1    Introduction  

 

Flour colour is an important quality parameter for most wheat flour-based products. 

Lutein contributes to part of the bright yellow colour in yellow alkaline noodles (YAN) 

and is responsible for the creamy yellow of bread wheat flour and many end-products 

(Mares and Campbell, 2001, Xiao Fu, 2007). The role of lutein in determining the 

creamy to yellow colour of end products and possibly also delivering health benefits 

to the consumer is already well established (Gregory et al., 1986; Humphries and 

Khachik, 2003; Bone et al., 1997). A study of the effect of carotenoid content on 

colour (Humphries, 2002), showed a strong correlation between yellow colour (CIE 

b*) and lutein concentration.  

 

Lutein can be unstable depending on environmental factors including temperature, 

light, oxygen and humidity (Subagio et al., 1999; De Fazio, 2008; Lin and Chen, 

2005). For example, lutein concentration and b* value decreased slightly in wheat 

grain stored at low temperature (≤35˚C) (Humphries, 2002) but decreased sharply in 

samples stored at 60˚C for 4 days (Subagio et al., 1999), indicating the importance of 

storage temperature on lutein stability. 

 

Highly unsaturated structures of most carotenoids including lutein, make them 

susceptible to oxidation (Subagio and Morita, 2001). Oxidation of lutein promotes the 

discoloration in air packaged products (Pangloli et al., 2000). Low oxygen packaging 

such as vacuum packaging; may help retain colour, lutein and lutein esters in the 

product (De Fazio, 2008; Pangloli et al., 2000). 

 

Another method of improving lutein stability is to change the molecular structure by 

esterification with free fatty acids. Esterification occurs naturally in most wheat 

varieties depending on the storage conditions (Subagio et al., 1999). 
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This chapter focuses on the stability of lutein and lutein esters under a range of 

temperatures, and storage conditions and also examines the physical conditions 

required for lutein ester formation. Storage of wheat as wheatmeal and grain was 

studied to see if there were any differences in lutein and lutein ester stability or ester 

formation in the milled and unmilled grain during storage.  

 

 

3.2    Storage Experiments 

 

3.2.1    Effect of storage temperature on free lutein and lutein ester content  

  of grain 

 

This experiment was designed to measure the effect of storage temperature on the 

concentration of free lutein, the conversion of lutein into lutein mono- and di-esters as 

well as the degradation (stability) of lutein and lutein esters. Samples used in this 

experiment were the high free lutein (HFL-DM5685*B12) and the high lutein ester 

(HLE-DM5685*B12) grain of bread wheat cultivar, DM5685*B12, described in 

Chapter 2 (Materials and Methods) HFL-DM5685*B12 grain was stored for 2 

months at 10, 20, 30, 40, 50, 60, 80, 110 and 130ºC in airtight containers over silica 

gel to maintain a low relative humidity (RH) which was approximately 8% RH. High 

ester grain (HLE-DM5685*B12) was kept for 6 weeks at 20, 40 and 60°C and low RH 

(8%). Samples were taken at weekly intervals and for the high temperature (80, 110 

and 130ºC) treatments, additional samples were taken daily for the first week.  

 

 

3.2.2    Comparison of stability of lutein and lutein esters in grain and 

        wholemeal during storage 

 

This study compared lutein ester formation and the stability of both lutein and lutein 

ester in grain and wholemeal. Kamilaroi and HFL-DM5685*B12 grain (50g) and 

wholemeal (50g) were kept at 50ºC in an airtight container over silica gel to maintain 

a low relative humidity (8% RH) and sampled weekly for 7 weeks. Kamilaroi was 

used as the control sample as it does form esters during storage of grain (Mares, 
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pers comm.). Experiment 1 showed that the rate of ester formation was optimal 

between 50ºC and 60ºC and based on these results from 50ºC was chosen. 

 

 

3.2.3    Effect of storage environment on the lutein and lutein ester content 

 

This experiment examined the effect of reduced oxygen and high humidity on lutein 

and lutein ester stability and the rate of lutein ester formation. Samples that were 

used for this experiment were HFL-DM5685*B12, and HLE-DM5685*B12, the high 

free lutein and the high lutein ester bread wheat samples described in Experiment 1, 

respectively, and Kamilaroi, a high free lutein, very low ester durum wheat.  

 

Samples (50g) were stored in paper envelopes in 3 different storages conditions: 

vacuum, nitrogen and high relative humidity (75% RH). For the vacuum treatment, 

samples were placed in an airtight dessicator and air was removed using a vacuum 

pump (Buchi Vac V-500, Switzerland). The nitrogen storage consisted of nitrogen–

based inert gas (BOC) introduced into an airtight dessicator for 10 minutes. For the 

final treatment, to maintain the high relative humidity (75%), the grain was placed 

over NaCl solution (50% w/v). For a control, HFL-DM5685*B12 grain were stored in 

the warm, dry airtight container (30ºC/low relative humidity; 8% RH). All desiccators 

were stored at 30ºC for 8 weeks. Samples from each storage treatment were 

analysed for lutein and lutein ester weekly.  

 

 

3.2.4    Mathematical treatment of data 

 

Equations use to describe rate curves, the relationships with temperature, Arrhenius 

plots and to calculate the half-life of lutein species: 
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First order rate equation: 

 

     
      (Equation 1) 

 

where A0 the initial and A the final concentrations, k is the rate (µg g-1 day-1), t is time 

(days) and b is a constant. The curves were fitted using WinCurvefit 2001 (Kevin 

Raner Software, 2001). A half life (t1/2) can be then estimated using: 

 

     
   

 
  (Equation 2) 

 

The rates were compared with the temperature using the Arrhenius equation: 

 

     
 
  
  

 

  (Equation 3) 

 

where k is the rate, A is the pre-exponential factor, Ea is the activation energy, R is 

the universal gas constant, T is temperature in degrees Kelvin and c is a constant. 

 

For lutein ester formation a modification of Equation 3: 

 

     
 

 
   
  

 

     
 

 
   
  

 

                         (Equation 4) 

 

which is a combination of two Arrhenius equations to explain a rate/ temperature 

curve where there is a temperature maximum was used. 

 

To enable the estimation of the pre-exponential factor (A) and the activation energy 

(Ea) the first order rates were compared with the temperature using the logarithmic 

form of the Arrhenius equation: 

 

      
  

  
                          (Equation 5) 

 

where the rate (k) was converted from µg g-1 day-1 to mol kg-1 s-1 and the natural 

logarithm of the converted rate plotted against the inverse of the temperature in 



Chapter 3 

33 

 

degrees Kelvin and a line fitted. The activation energy (Ea) can be estimated from the 

negative slope of the line multiplied by R and the pre-exponential factor (A) estimated 

from the antilogarithm base e of the y-intercept. A value for the universal gas 

constant, R, of 8.314 JK-1 mol-1 was used. 

 

Degradation of lutein ester in the high lutein ester sample (HLE-5685*B12) was fitted 

with either a zero order rate equation: 

 

                               (Equation 6) 

 

where k is the rate (mg g-1 day-1) and    is initial concentration and A is concentration 

at time t, or a first order equation, 60°C only. Half life (t1/2) of lutein ester synthesis 

was estimated using: 

 

     
  

  
                        (Equation 7) 

 

where    is the initial concentration and k is the rate. It should be noted that t1/2 is 

dependent on the initial concentration (  ) 

 

3.3    Results 

 

3.3.1    Effect of storage temperature on free lutein and lutein ester 

           content of grain 

 

3.3.1.1 Lutein content and composition 

 

Concentrations of free lutein and lutein ester in the 3 samples of wheat grain before 

storage are shown in Table 3.1. It was anticipated that changes in lutein 

concentration and composition would include esterification and degradation. No 

esters were present in the grain of the durum cultivar. Kamilaroi, whilst for the HFL-

DM5685*B12 sample that had been stored at -20°C since immediately after harvest, 
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nearly 9% of the lutein was present as mono- or di-esters. By comparison, the HLE-

DM5685*B12 at 30°C and low RH, contained 75% of lutein as esters.  

 

The relative amount of mono-ester was higher than di-ester in HFL-5685*B12 and 

lower in HLE-5685*B12. Changes in both free lutein and ester were determined in all 

samples. 

 

 

Table 3.1 Initial concentration of free lutein and lutein ester in HFL-5685*B12, HLE-

5685*B12 and Kamilaroi 

 
 

Sample 
Concentration (µg g-1) 

Free lutein 
 

Lutein ester Mono-ester     Di-esters 

HFL-5685*B12 4.93      0.48 0.44 0.04 

HLE-5685*B12 0.72      3.14 1.35 1.79 

Kamilaroi  4.84      0.00 0.00 0.00 

 

 

Lutein and the esters were clearly separated by HPLC with mono-esters forming one 

cluster and the di-esters another cluster Figure 3.1 (a-d). The peaks were identified 

by comparing their retention times and absorbance characteristics with authentic 

lutein standard (Soriano et al., 2007; Kaneko et al., 1995). Figures 3.1 (a-d) show 

the HPLC chromatograms for samples (HFL-DM5685*B12) stored at -20°C, 10°C, 

50°C and 110°C for 2 weeks. In samples stored at -20°C and 10°C, there was a 

major sharp peak at 6.5 to 6.9 min representing the high concentration of free lutein. 

In contrast, the HPLC chromatograms for samples that had been stored at 50°C 

contained 2 major peak clusters with the peaks eluting between 31 and 32.6 min 

representing mono-esters and later eluting peaks between 44 and 46 min 

representing the di-esters. The double peaks observed for each mono-ester are 

presumed to represent regioisomers (Breithaupt et al., 2002). In the sample stored at 

high temperature (110°C), the peaks for free lutein and lutein esters were 

significantly lower than at the other temperatures. 

 



 

 

 

 

 

Figure 3.1a     HPLC chromatogram of free lutein and lutein esters extracted from HFL-DM5685*B12 stored at -20˚C measured at 

445nm with the internal standard β-apo-carotenal. Monolinoleoyllutein (peak a) and monopalmitoyllutein (peak b) form the 

monoester cluster 
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Figure 3.1b     HPLC chromatogram of free lutein and lutein esters extracted from HFL-DM5685*B12 stored at 10˚C for 2 weeks 

measured at 445nm with the internal standard β-apo-carotenal added. Monolinoleoyllutein (peak a) and monopalmitoyllutein (peak 

b) 
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Figure 3.1c     HPLC chromatogram measured of free lutein and lutein esters extracted from HFL-DM5685*B12 stored at 50˚C for 2 

weeks at 445nm. Individual esters; monolinoleoyllutein (peak a), monopalmitoyllutein (peak b), dilinoleoyllutein (peak c), 

linoleoylpalmitoyllutein (peak d) and dipalmitoyllutein (peak e) 
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Figure 3.1d     HPLC chromatogram of free lutein and lutein esters extracted from HFL-DM5685*B12 stored at 100˚C for 2 weeks 

measured at 445nm. Monolinoleoyllutein (peak a), monopalmitoyllutein (peak b), dilinoleoyllutein (peak c) linoleoylpalmitoyllutein 

(peak d) and dipalmitoyllutein (peak e) 
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3.3.1.2    Changes of free lutein content in HFL-DM5685*B12 

 
Temperature had a large effect on the stability of free lutein in HFL-DM5685*B12. At 

low temperature (10°C), the free lutein content of HFL-DM5685*B12 remained 

constant for the 60 day duration of the experiment (Figure 3.2a-c) and was 

equivalent to the control stored at -20°C. As storage temperature increased, the rate 

of disappearance of free lutein increased. At 80°C and above the disappearance of 

free lutein was very rapid and at 130°C the lutein concentration was below the level 

of detection within 3 days. 

 

 

 

 

Figure 3.2(a) Free lutein content in bread wheat HFL-DM 5685*B12 stored at 10°C 

(○), 20°C (□), 30°C (◊), 40°C (∆), 50°C (x), 60°C (+), 80°C (●), 110°C (■) and 130°C 

(♦). Lines were fitted using first order rate equations 
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Figure 3.2(b) Rate of disappearance of free lutein; the error bars represent the 

standard errors of the means. Line was fitted using the Arrhenius equation (Equation 

3), where A=7.800x104, Ea R-1=4.291x103 kJ mol-1 and c=-7.957x10-2 
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Figure 3.2(c) Arrhenius plot of lutein disappearance where k is mol kg-1 s-1 

 

 

Free lutein disappearance (k1; µg g-1 day-1), a combination of esterification and 

degradation, followed a pseudo first-order rate reaction (Figure 3.2a). It’s loss 

increased with increasing temperature (Figure 3.2b) and could be represented by a 

linear Arrhenius equation (Figure 3.2c). An estimated pre-exponent factor (lnA) was 

3.97s-1 and activation energy (Ea) was 47.5 kJ mol-1s-1. 

 

 

3.3.1.3    Changes in total lutein ester content in HFL-DM5685*B12 

 

In contrast to the disappearance of free lutein, the formation of lutein esters at 

increasing temperatures followed a different pattern (Figure 3.3a). At 10°C there was 

no significant formation of lutein esters but thereafter, as temperature increased, the 

rate of total ester formation increased until a maximum at ≈80°C. At 80°C there was 

an initial rapid formation of esters over the first 5-7 days but then no further increase. 
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Ester formation appeared to decline at higher temperatures and at 130°C the small 

amount of ester present in the starting material disappeared within the first 10 days. 

Plateaus observed at 80°C and 110°C represent a steady state approximation where 

there were similar levels of synthesis and degradation (Figure 3.3a). The rate of 

esterification (k2) reach the highest value (k2=0.36) with a storage temperature of 

80°C, and then declined above 90°C (Figure 3.2b).  

 

Arrhenius plots show a significant curve above 50°C (Figure 3.2c). From the 

Arrhenius plot (Figure 3.2d) using data ≤80°C, the estimated activation energy (Ea) 

for lutein ester synthesis and pre-exponential factor (lnA) were 48.5kJ mol-1s-1 and 

4.85s-1 respectively. 

 

 

 

 

Figure 3.3(a) Total lutein ester (mono- plus di-esters) content in bread wheat HFL-

DM 5685*B12 stored at 10°C (○), 20°C (□), 30°C (◊), 40°C (∆), 50°C (x), 60°C (+), 

80°C (●), 110°C (■) and 130°C (♦). Lines were fitted using first order rate equations 
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Figure 3.3(b) Rate of increase in total lutein esters; error bars represent the standard 

errors of the means. A line was fitted using the combination of two Arrhenius 

equation (Equation 4), where A1=3.000x105, Ea1R
-1=4.601x103 kJ mol-1, 

A2=2.390x107, Ea2 R
-1=6.329x103 kJ mol-1 and c=-5.907x10-3 
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Figure 3.3(c) Arrhenius plot for total lutein esters formation fitted with a 2nd order 

polynomial convex curve where k is mol kg-1 s-1 
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Figure 3.3(d) Arrhenius plot for total lutein ester synthesis (using data ≤80°C) where 

k is mol kg-1 s-1 

 

 

3.3.1.4    Changes in lutein mono-ester content 
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mono-ester formation increased with increasing temperature up to 60°C but then 

declined Figure 3.4b). 

 

 

 

 

Figure 3.4(a) Mono-ester content (measured as lutein equivalents) in bread wheat 

HFL- DM 5685*B12 stored at 10°C (○), 20°C (□), 30°C (◊), 40°C (∆), 50°C (x), 60°C 

(+), 80°C (●), 110°C (■) and 130°C (♦). Lines were fitted using first order rate 

equations 
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Figure 3.4(b) Rate of increase in mono-ester (measured as lutein equivalents); the 

error bars represent the standard errors of the means. A line was fitted using the 

Arrhenius equation (Equation 4) where A1=1.000x105, Ea1R
-1=4.167x103 kJ mol-1, 

A2=2.000x107, Ea2 R
-1=6.263x103 kJ mol-1 

 

 

Similar to total ester, the Arrhenius plot for mono-ester was non-linear (Figure 3.4c). 

For the linear portion of the Arrhenius plot (Figure 3.4d) activation energy (Ea) for 

mono-ester formation of 46.9kJ mol-1s-1 and pre-exponential factor (lnA) of 4.70s-1 

were determined. 
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Figure 3.4(c) Arrhenius plot for mono-ester formation fitted with a 2nd order 

polynomial convex curve where k is mol kg-1 s-1 
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Figure 3.4(d) Linear portion of the Arrhenius plot for total lutein mono-ester synthesis 

using data ≤80˚C where k is mol kg-1 s-1 

 

 

3.3.1.5    Changes in lutein di-esters content 
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g-1, slightly lower than the maximum for mono-esters, however the rate of synthesis 

was substantially lower (Figure 3.5b). A small lag phase preceded di-ester synthesis. 

The response of the rate of di-ester formation to temperature followed the similar 

pattern to mono-esters (Figure 3.5b). However, lower temperatures (10-40°C) 

showed a near zero rate of formation. This indicated that a higher energy was 

required to synthesize di-esters compared to mono-esters.  
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Figure 3.5(a) Di-ester content (measured as lutein equivalents) in bread wheat HFL- 

DM 5685*B12 stored at 10°C (○), 20°C (□), 30°C (◊), 40°C (∆), 50°C (x), 60°C (+), 

80°C (●), 110°C (■) and 130°C (♦). Lines were fitted using first order rate equations 
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Figure 3.5(b) Rate of increase in di-esters; the error bars represent the standard 

errors of the means. A line was fitted using the Arrhenius equation (Equation 4), 

where A1=2.530x105, Ea1R
-1=4.589x103 kJ mol-1, A2=2.590x107, Ea2 R-1=6.368x103 

kJ mol-1 and c=-5.215x10-2 

 

 

Arrhenius plot was non-linear and similar to the plots for total ester and the mono-

ester (Figure 3.5c). The linear portion of the Arrhenius equation (Figure 3.5d) gave 

activation energy (Ea) for di-ester formation of 80.0kJ mol-1s-1 and a pre-exponential 

factor (lnA) of 14.50s-1.  

 

 

 

 

 

 

 

 

0 30 60 90 120 150

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

Temperature ( C)

k1

(µg g-1day-1)

(b)

r 2=0.990



Chapter 3 

52 

 

(c) 

 

 

Figure 3.5(c) Arrhenius plot for di-ester formation fitted with a 2nd order polynomial 

convex curve where k is in mol kg-1 s-1 
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(d) 

 

 

Figure 3.5(d) Arrhenius plot for total lutein di-ester synthesis (using data 20-80˚C) 

where k is mol kg-1 s-1 
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Table 3.2 Comparison of rates of change (k1) in free lutein and lutein ester in HFL-

DML5685*B12 grain stored at different temperatures 

 

Temperature 

(°C) 

Rate (µg g-1 day-1) 

Free lutein 

 

Total 

Lutein 

ester 

Mono- 

ester 

Di- 

ester 

10 0.000(±0.095) 0.008(±0.033) 0.016(±0.039) 0.001(±0.024) 

20 0.006(±0.020) 0.015(±0.017) 0.019(±0.021) 0.001(±0.005) 

30 0.019(±0.012) 0.020(±0.007) 0.031(±0.011) 0.001(±0.006) 

40 0.025(±0.003) 0.039(±0.011) 0.061(±0.021) 0.001(±0.003) 

50 0.075(±0.002) 0.129(±0.007) 0.246(±0.049) 0.025(±0.004) 

60 0.113(±0.008) 0.203(±0.029) 0.356(±0.048) 0.036(±0.003) 

80 0.381(±0.049) 0.360(±0.091) 0.441(±0.085) 0.146(±0.047) 

110 0.427(±0.096) 0.118(±0.065) 0.149(±0.047) 0.002(±0.033) 

130 2.087(±0.081) -0.291(±0.066) -0.276(±0.066) -0.749(±0.208) 

 

 

For easy comparison, the rate (k1) of change in free lutein and lutein ester (mono- 

plus di-ester) content in HFL-DM5685*B12 is presented in Table 3.2. The most rapid 

disappearance of free lutein was observed at the highest temperature of storage 

(130˚C), while a negative value for lutein ester formation at this temperature 

represented both degradation of lutein ester and presumably absence of 

esterification. The rates for disappearance of free lutein and for lutein esterification 

appeared to be similar between 30 and 80°C. Free lutein was lost 1.2 times faster 

than total ester formation. Mono-esters formed at an average of 2.3 times faster than 

di-esters.  

 

A similar amount of energy was needed in degrading free lutein and synthesizing 

total esters, particularly mono-ester. Di-ester formation was slower than mono-ester 

synthesis and required higher activation energy (Table 3.3). Differences in the pre-

exponential factors of mono-ester and di-ester indicate there are differences in the 

way the enzyme(s) esterifies lutein. Similarities in the pre-exponential factors for 

lutein degradation and lutein mono-ester synthesis is probably the result of most 

lutein being esterified and little degraded at temperatures less than 80°C. 
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Table 3.3 Comparison of the Arrhenius data 

 

 Activation energy (Ea) 

(kj mol-1) 

Pre-exponential 

factor (lnA)(s-1) 

r2 

Free lutein 47.5 3.97 0.959 

Total lutein ester 48.5 4.85 0.966 

Mono-ester 46.9 4.70 0.924 

Di-ester 80.0 14.50 0.830 

 

 

Table 3.4 Estimated half life (t1/2) for free lutein stored at different temperatures and 

low relative humidity (8% RH) 

 

Temperature 

(°C) 

Free lutein 

(day) 

10 12505.4 

20 114.5 

30 36.7 

40 27.2 

50 9.3 

60 6.1 

80 1.8 

110 1.6 

130 0.3 

 

 

Based on the 1st order kinetic parameters, the half life (t1/2) of free lutein in HFL-

DM5685*B12 was calculated (Table 3.4). As storage temperature increased the 

retention time for lutein in the free non-esterified form decreased substantially.  
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3.3.1.6    Total lutein loss during storage of grain at different temperatures at  

      low relative humidity (8% RH) 

 

The amount of lutein degraded, calculated as [Total lutein (free lutein+lutein esters) 

at time t0 – Total lutein at time tn], where t0 = time zero and tn = time in days, 

increased with increasing temperature and storage time. Lutein appeared to be 

stable at storage temperatures of 40ºC and below whilst at 50ºC and 60°C, there 

were small but significant progressive losses overtime (Figure 3.6a, Table 3.5). In 

sharp contrast, at 80 and 110°C there was an initial very rapid loss of total lutein 

within the first 7 days followed by a more gradual loss with time. At 130°C, there was 

a total loss of lutein within 3-5 days. Some negative values for storage at temperature 

≤40 C were most likely the result of experimental error.  

 

 

 

 

Figure 3.6 Total lutein (free lutein plus lutein esters) loss in bread wheat HFL-

DM5685*B12, grain stored at 10°C (○), 20°C (□), 30°C (◊), 40°C (∆), 50°C (x), 60°C 

(+), 80°C (●), 110°C (■) and 130°C (♦). Lines were fitted with a combination of first 

and zero order rate equations 
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Table 3.5 Rates of change of lutein loss in HFL-DML5685*B12 grain stored at 

different temperatures 

 

Temperature 

(°C) 

 Rate (µg g-1 day-1) 

1st order 

k1 

Zero order 

k2  

Estimated 

half life, t1/2 

(day) 

10 NA NA NA 

20 NA NA NA 

30 NA NA NA 

40 NA 0.000(±0.002) 3200.3 

50 NA 0.009(±0.001) 77.0 

60 NA 0.016(±0.001) 43.3 

80 0.601(±0.353) 0.021(±0.011) 1.2± 

110 0.853(±0.229) 0.017(±0.009) 0.8± 

130 1.515(±0.117) NA 0.5 

*NA – not applicable 

± - based on first order rate 

 

 

Rates of lutein loss in HFL-DML5685*B12 grain stored at variety temperatures are 

shown in Table 3.5. There were no data for rates at temperatures ≤30 C 

representing the minimum loss of total lutein. The rates for temperatures between 40 

and 60°C indicated the continuous loss of total lutein over the storage period. There 

was a combination of rates of reaction in the grain stored at the higher temperature 

(80-110°C). A first order rate (Equation 1) was fitted to the rapid loss of total lutein 

over the initial 7 days storage, while the decreasing value of zero order rates 

(Equation 6) with temperature representing the steady loss of total lutein thereafter. 

Estimated half-lives were calculated for temperatures over 40°C whilst the half-lives 

for temperature ≥80°C were calculated based on the first order rate only. The longest 

half-life for lutein loss was at 50°C. 
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3.3.1.7    Changes of total lutein content in HLE-DM5685*B12 

 

The stability of lutein esters in a high ester sample (HLE-DM5685*B12) where there 

was little free lutein available for esterification (less than 20% of total lutein) was 

investigated. Grain samples were stored at 20, 40 and 60°C for 6 weeks and 

compared with the high free lutein grain. To gain an estimate of ester stability, it was 

assumed that total lutein ester loss was equivalent to total lutein loss in this sample 

 

 

 

 

Figure 3.7 Total lutein (81% lutein esters) content (measured as lutein equivalents) in 

HLE-DM 5685*B12 stored at 20°C (○), 40°C (□) and 60°C (◊). Lines were fitted with 

zero order rate equations 
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Table 3.6 Rates of total lutein loss in HLE-DML5685*B12 grain (81% lutein esters) 

stored at different temperatures 

 

Temperature 

(°C) 

Rate (µg g-1 day-1) 

Zero order 

k1  

Estimated 

half life, t1/2 

(day) 

20 0.008(±0.003) 160.4 

40 0.006(±0.002) 222.4 

60 0.021(±0.004) 60.2 

 

 

Total lutein degradation for all temperatures (20-40°C) was zero order (linear) and 

not first order (Figure 3.7). There was no significance difference in ester loss in grain 

stored at 20 and 40°C (Table 3.6). A significance loss of lutein ester was observed at 

60°C.  

 

 

3.3.2 Comparison of stability of lutein and lutein esters in grain and wholemeal 

during storage 

 

Loss of free lutein from the bread wheat samples includes both degradation and 

conversion of lutein to lutein esters. In an attempt to avoid the confounding effects of 

esterification, changes in free lutein were investigated in grain and wholemeal of a 

durum cultivar, Kamilaroi, which has high lutein content and was known not to form 

esters in stored grain (Mares pers comm.). The results for Kamilaroi were then 

compared with HFL-DM5685*B12 grain and wholemeal stored under identical 

conditions 50ºC and low relative humidity (8% RH). 

 

A significant drop in lutein content was observed in Kamilaroi grain to about 30% of 

the starting level during the first 3 weeks, after which lutein content remained 

relatively constant (Figure 3.8a). Wholemeal free lutein content followed a similar 

pattern.  
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Figure 3.8(a) Change in free lutein content in Kamilaroi wheat (grain and wholemeal) 

during 7 weeks storage at 50°C and low relative humidity (8% RH) fitted with a first 

order rate equation 
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Figure 3.8(b) Lutein ester content in Kamilaroi (grain and wholemeal) stored for 7 

weeks at 50°C and low relative humidity (8% RH) 

 

 

A steady increase in lutein ester content was observed in Kamilaroi wholemeal 

reaching a level equivalent to about 10% of initial lutein content by 7 weeks but not in 

grain (Figure 3.8b; Table 3.7), where there was almost no lutein ester formed. In 

wholemeal, 46% of the initial lutein was lost, compared with 41% in grain, 

presumably degraded, during the 7 week storage period. 
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Table 3.7 Amount (µg g-1) and percentage (%) of free lutein converted to lutein ester 

in Kamilaroi 

 

Week Wholemeal Grain 

µg g-1 % µg g-1 % 

0 0.00 0.0 0.00 0.0 

1 0.03 3.3 0.00 0.0 

2 0.05 5.0 0.00 0.0 

3 0.06 6.0 0.00 0.0 

4 0.06 6.3 0.00 0.0 

5 0.07 7.3 0.00 0.0 

6 0.09 9.4 0.00 0.0 

7 0.09 9.4 0.01 1.0 

 

 

 

 

Figure 3.9(a) Free lutein content in HFL-DM5685*B12 (grain and wholemeal) stored 

at 50°C and low relative humidity (8% RH) for 7 weeks 
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Figure 3.9(b) Lutein ester content (measured as lutein equivalents) in HFL-

DM5685*B12 (wholemeal and grain) stored at 50°C for 7 weeks at low relative 

humidity (8% RH) 

 

 

In high free lutein bread wheat, both wholemeal and grain showed a similar decrease 

in lutein content from the 1st week until the 8th week (Figure 3.9a) and there was a 

similar increase in lutein esters over the same period (Figure 3.9b). Lutein ester 

content in HFL-DM5685*B12 grain appeared to be slightly higher than in wholemeal. 
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Table 3.8 Comparison of rates of change, k1, in free lutein and lutein esters in 

wholemeal and grain of Kamilaroi and HFL-DM5685*B12 

 

Temperature Rate (µg g-1 day-1) 

Free lutein  Lutein ester  

Wholemeal Grain Wholemeal Grain 

Kamilaroi 0.087±0.022 0.089±0.022 0.044±0.015 0.004±0.070 

HFL-DM5685*B12 0.055±0.006 0.075±0.002 0.140±0.012 0.129±0.007 

 

 

The disappearance rates of free lutein in wholemeal and grain were similar in 

Kamilaroi (Table 3.8). Free lutein was lost from Kamilaroi wholemeal 1.5 times faster 

than HFL-DM5685*B12. Free lutein loss from the grain of both Kamilaroi and HFL-

DM5685*B12 was at a similar rate even though ester synthesis in Kamilaroi was very 

low. There was no significant difference in the rates of free lutein loss and ester 

synthesis for grain in HFL-DM5685*B12 indicating a high conversion of lutein to 

lutein ester.  

 

Total lutein loss of lutein in wholemeal and grain in both HFL-DM5685*B12 and 

Kamilaroi are shown in Table 3.9. Total lutein was calculated at each sampling time 

to determine whether lutein was converted to lutein ester or partly degraded. Lutein 

was lost from both wholemeal and grain of HFL-DM5685*B12 and Kamilaroi 

indicating that esterification could not account for all the disappearance of all free 

lutein and some was degraded. The loss of lutein was slightly higher in the 

wholemeal of HFL-DM5685*B12 than in the grain, while the loss in Kamilaroi was 

around twice that in HFL-DM5685*B12. Interestingly, most of the loss in Kamilaroi 

occurred within the first 2 weeks whereas in HFL-DM5685*B12 the loss was 

incremental over the period of storage. 
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Table 3.9 Amount (µg g-1) and percentage of lutein loss (%) in wholemeal and grain 

of high lutein bread wheat and Kamilaroi 

 

 

Week 

  HFL-DM5685*B12   Kamilaroi 

Wholemeal Grain Wholemeal Grain 

µg g-1 % µg g-1 % µg g-1 % µg g-1 % 

0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 

1 -0.49 -13.8 -0.16 -4.5 0.87 27.6 0.42 13.5 

2 -0.17 -4.9 -0.05 -1.3 0.99 31.6 1.17 37.1 

3 0.17 4.7 -0.07 1.9 0.99 31.6 1.24 39.5 

4 0.38 10.9 0.23 6.6 1.26 40.1 1.37 43.7 

5 0.58 16.4 0.35 10.0 1.34 42.7 1.46 46.4 

6 0.54 15.2 0.37 10.5 1.29 41.0 1.34 42.5 

7 0.79 22.3 0.61 17.4 1.46 46.2 1.32 41.9 

 

 

3.3.3    Effect of storage environment on the lutein and lutein esters 

 

3.3.3.1    Total lutein content in HFL-DM5685*B12, HLE-DM5685*B12 and  

     Kamilaroi 

 
Total lutein, free lutein plus lutein esters, content was compared during storage of 

grain of HFL-DM5685*B12, HLE-DM5685*B12 and Kamilaroi in low oxygen 

environments, under vacuum or replacement of air with nitrogen, and low versus high 

relative humidity (8% RH). 
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Figure 3.10 Comparison of changes in total lutein (free lutein plus lutein esters) in 

HFL-DM5685*B12 stored at 30°C in nitrogen (N2), 75% and 8% relative humidity 

(RH) or under vacuum (VC)  

 

 

There were no significant losses in total lutein for any of the varieties or treatments 

(Figures 3.10 to 3.12). 

 

 

 

Figure 3.11 Comparison of changes in total lutein (free lutein plus lutein esters) in 

HLE-DM5685*B12 stored at 30°C in nitrogen (N2), 75% relative humidity (RH) or 

under vacuum (VC)  
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Figure 3.12 Comparison of changes in total lutein (no esterification) in Kamilaroi 

stored at 30°C in nitrogen (N2), 75% relative humidity (RH) or under vacuum (VC)  

 

 

3.3.3.2    Lutein ester content in HFL DM5685*B12 and HLE-DM5685*B12 

 
 

 

Figure 3.13 Comparison of total lutein ester content (measured as lutein equivalents) 

extracted from HFL-DM5685*B12 stored at 30°C in nitrogen (N2), 75% and 8% 

relative humidity (RH) or under vacuum (VC) 
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Lutein esters formed continuously in HFL-DM5685*B12 during 56 days of storage 

under all treatments (Figure 3.13). However, compared with 8% RH the rate was 

reduced under nitrogen or vacuum and lowest at 75% RH. There were no significant 

increases in total lutein ester for any of the treatments on HLE-DM5685*B12 

(Figures 3.14). 

 

 

 

Figure 3.14 Comparison of total lutein ester content (measured as lutein equivalent) 

extracted from HLE-DM5685*B12 stored at 30°C in nitrogen (N2), 75% relative 

humidity (RH) or under vacuum (VC)  

 

 

3.4 Discussion 

 

Chromatograms and regioisomers 

 

Free lutein and lutein esters were separated and quantified by RP-HPLC. The 

monoester peak clusters consists of 2 major mono-esters that have been previously 

identified in this laboratory by Imelda Soriano (Soriano et al., 2007) and in agreement 

with Kaneko et al. (1995) as monolinoleoyllutein and monopalmitoyllutein. In the 

current study, the peaks apppear as double peaks due to the presence of 

regioisomers. The terminal groups on the lutein molecular consist of a β- and a -ring 
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(Figure 3.15). Acylation can occur at either end leading to the formation of 

regioisomers (Mellado-Ortega and Hornero-Méndez , 2012). Each mono-ester peak 

doublet consisted of a major peak and a minor peak which is consistent with a 

preference for esterification of one ring over the other ring. In chemical synthesis 

(Breithaupt et al., 2002 and in most plant species, including Tritordeum (Atienza, et 

al., 2007), the β-ring is esterified in preference to the -ring. In similar HPLC 

separations the β-regioisomer (lutein-3-monoester), which is the larger peak in 

wheat, elutes prior to the ε-regioisomer (lutein-3’-monoester). There were 3 major di-

esters in the di-ester cluster: dilinoleoyllutein, linoleoylpalmitoyllutein and 

dipalmitoyllutein (Soriano et al. 2007; Kaneko et al., 1995).  

 

 

Figure 3.15 Structure of lutein ester indicating possible position of fatty acids 

 

 

Most studies report lutein and zeaxanthin as the major carotenoids detected in wheat 

seed at reasonable concentration (Hidalgo and Brandolini, 2004; Abdel-Aal et al., 

2002; Abdel-Aal et al., 2007). However, they were difficult to be separated by RP-

HPLC (Panfili et al., 2004). In this study, the lutein geometrical isomers; 9-cis/ 9’-cis 

and 13-cis/13’-cis were detected by the RP-HPLC but not zeaxanthin. The 9-cis/9'-cis 

and 13-cis/13'-cis-lutein geometrical isomers should form esters at a similar rate as 

trans-lutein and are at a much lower concentration (Abdel-Aal et al., 2007). If 

zeaxanthin was present in appreciable amounts, it may compete with lutein for fatty 

acid for esterification. 
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Effect of temperature on the disappearance of lutein and the synthesis of lutein 

esters 

 

Free lutein disappearance followed a first order or pseudo-first order kinetic reaction 

which suggested that both the storage temperature and time affected the rate of 

reaction. A first order degradation reaction lutein was also observed in vegetable oil 

(Lavecchia and Zuorro, 2008; Aparicio-Ruiz et al., 2011). Trans- lutein may be lost 

due to esterification, isomerisation and oxidative degradation. Isomerisation of lutein 

has been studied at high temperature. The formation of 9-cis/ 9’-cis and 13-cis/13’-cis 

isomers only occurs at high temperature in the absence of oxygen (Deli et al., 2004; 

Aparicio-Ruiz et al., 2011). The storage conditions of the current study involves the 

presence oxygen and low relative humidity (8% RH), an dtherefore it was expected 

the geometrical isomer concentration not to be affected (Henry et al., 1998), which is 

consistent with current observations. Up to, and including storage temperature of 

60°C, the predominant cause of lutein disappearance was lutein esterification. The 

optimum temperatures for esterification were 30-60°C. Temperatures at the lower 

end of this range are typical of post-harvest conditions in many parts of the Australian 

wheat belt and it is anticipated that some esterification of lutein would have occurred 

in most grain samples prior to end-use. At temperatures higher than 60°C, 

degradation became an increasingly important factor in the change in lutein content. 

The possibility that lutein and/or lutein esters are sequestered into unextractable 

forms higher temperatures cannot be excluded based on these results but would 

appear unlikely. 

 

In this study, the degradation of lutein at high temperature (>60C) is expected due to 

oxidative degradation accelerated by temperature. Lutein has highly unsaturated 

structure that contributes to its instability at higher temperatures (Subagio et al., 

1999). The start of oxidation process would be addtition of oxygen across one of the 

double bonds. The oxidation of lutein may form cleavage products. The reported 

breakdown products of lutein are 3’epilutein, 3-hydroxy-β, ε- carotene- 3’- one and 

oxolutein (mono- and di-ketocarotenoids) (Khachik et al., 1995; Khachik et al., 1997). 
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Lutein ester synthesis 

 

Increase in lutein ester followed a first order reaction. Ester synthesis (Figure 3.16) 

involves the addition of fatty acids, palmitic and linoleic acid (Soriano et al., 2007; 

Kaneko et al., 1995), to lutein with the release of water and was expected to follow a 

second order equation (Equation 4). A reason why it did not follow a second order 

reaction could be the concentration of one of the reactants being non-limiting. 

Enzyme catalysed reactions are often first order or pseudo-first reaction (Michaelis 

and Menten, 1913). A combined Arrhenius equation provided evidence that ester 

synthesis was enzyme catalysed. The maximum rate of ester formation occurred at 

≈80°C, however the optimum temperature for maximum synthesis with minimum 

degradation was between 50-60°C. No ester synthesis and only ester degradation 

occurred at higher temperatures (120-130°C) suggesting involvement of an enzyme 

that is relatively temperature stable in dry grain. The activation energy for ester 

formation (48.5kJ mol-1) was consistent with a catalysed reaction (Kinawy and Zaher, 

2012; Berrios et al., 2007). These results are consistent with Kaneko (1995) who 

suggested that lutein esterification involves an enzyme. 

 

 

Lutein Lutein ester + H2O+ Fatty acid
 

 

Figure 3.16 Lutein ester synthesis in grain 

 

 

Di-ester synthesis followed mono-ester formation after a short lag period and at a 

lower rate (Figure 3c, Table 1). The higher activation energy (Ea) for di-ester 

synthesis, 80kJ mol-1, indicates that more energy is required for esterification of the 

second ring. It is not clear whether the same or two different enzymes are involved in 

the syntheses. Different activation energies (Ea= 80.0kJ mol-1 for di-ester synthesis 

compared with 46.9kJ mol-1, for mono-ester) and pre-exponential factors (lnA=14.5s-1 

for di-ester compared with 4.7s-1 for monoester) as well as the lag period (Figure 3) 

for di-esters synthesis suggested different enzymes may be involved. 
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Free lutein and lutein ester stability 

 

Lutein ester was reported to be stable than the free lutein (Subagio et al., 1999). This 

can be confirmed in this study with a longer half life of lutein ester at 60ºC than free 

lutein at 50ºC (Table 3.10). Total lutein in HFL-DM5685*B12 had a longer half-life 

than Kamilaroi because of ester formation. However, total lutein in HFL-DM5685*B12 

at 60ºC had a shorter half life compared to the HLE-DM5685*B12 as almost all lutein 

in HLE-DM5685*B12 was in the ester form (Table 3.10).  

 

 

Table 3.10 Free lutein and lutein ester stability 

 

Lutein Temperature 

(ºC) 

Estimated half life, t1/2 

(day) 

Free 50 8 

Free with ester formation 50 77 

60 43 

Ester 60 60 

 

 

Total lutein concentration in grain or flour is the critical parameter for the colour of 

end-products and hence factors that influence the stability of total lutein during post-

harvest storage and transport to end-users are of concern to the wheat industry. In 

this context, lutein composition i.e. proportion of free lutein and lutein esters and the 

mechanism involved in esterification, is relevant in practice only if the forms differ in 

their stability during storage. If the stability of free lutein and lutein esters is 

significantly different then there may be an opportunity for the wheat industry to 

manage composition to achieve a better or more consistent product.  

 

Whilst ester synthesis was favoured under low relative humidity (8% RH), the stability 

of esters did not appear to be affected by relative high humidity; in other words, there 

was no evidence that esterification was reversible under the conditions used in this 

study. Hence, to obtain minimum lutein loss, there would be an advantage to convert 
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the free lutein into esters under the hot and dry Australian conditions prior to deliver 

into other countries with high temperature and high humidity. 

 

Lutein losses at high temperatures could be of significance to end-product 

manufactures and while the lutein ester is more stable than free lutein, losses at high 

temperatures could still be considerable. These losses need to be examined in a 

range of end-products. Different matrices of the end-products compared with the 

grain may affect stability. It is worth noting, however, that the duration of heat is 

relatively short for most end-products. 

 

 

Effect of physical properties (wholemeal and grain) on free and lutein ester 

 

There was no significant difference in the rate of degradation of free lutein in either 

Kamilaroi or HFL-DM5685*B12 stored as wholemeal or grain. HFL-DM5685*B12 

grain and wholemeal had a lower degradation rate of total lutein than Kamilaroi 

consistent with the conversion of free lutein ester and greater stability of the ester. 

 

In the ester forming wheat (HFL-DM5685*B12) there was slightly higher but not 

significant rate of ester synthesis in the wholemeal than in the grain, while in the non-

ester forming wheat (Kamilaroi), there was ester synthesis in the wholemeal. 

Farrington et al. (1981) also found that wholemeal samples had higher ester 

formation than the grain. The mechanism of the synthesis is unknown and may be 

due to a mixing of substrates or possibly due to an enzyme located in other wheat 

tissues in either the bran or germ that was introduced by milling. The grain of HFL-

DM5685*B12 showed a similar rate free lutein loss as ester synthesis indicating a 

high conversion of lutein ester. 

 

 

Effect of controlled atmosphere on lutein stability 

 

In addition to temperature and the physical matrix of the wheat grain or flour, storage 

atmosphere may affect the lutein and lutein ester content. Disappearance of free 

lutein from the high lutein bread wheat (HFL-DM5685*B12) was similar in all 
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atmospheres at 30°C suggesting that exposure to oxygen was not the main factor 

involved in the loss of free lutein. This was in contrast with the study by De Fazio 

(2008) which showed that the free lutein in yellow alkaline Asian noodles was more 

stable in a vacuum rather than other storage atmospheres. Similarly, lutein esters 

were stable in all atmospheres, However, storage under warm and dry condition 

(8%Rh/ 30˚C) was most favourable temperature for accelerating esterification.  

 

It can be concluded that lutein ester at low relative humidity (8% RH) was much 

better for long term storage. Additionally, low temperature and low humidity should 

be applied to reduce lutein loss in the grain during storage and transportation. In the 

next chapter, the substrates for lutein esterification will be examined.
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CHAPTER 4  

 

Mechanism of Lutein Esterification 

 

4.1    Introduction 

 

Lutein esters have been reported in mature wheat grain by a numbers of authors 

including Wingerath et al. (1998); Kaneko et al. (1995) and Pérez-Gálvez and 

Mínguez-Mosquera (2005) however there is limited information on the mechanism, 

enzyme or the fatty acid substrates required for esterification. During esterification, 

fatty acids are attached to one or both of the hydroxyl groups at either end of the 

lutein molecule. Fatty acids are present as part of the lipid fraction, either as free fatty 

acids or esterified to form larger lipid molecules. Lipids can be classified based on 

chemical composition, polarity, character and degree of interaction with water 

(Humberstone and Charman, 1997).  

 

In wheat, lipid accounts for 2-4% of total wheat kernel mass (Belitz et al., 2009; 

Pomeranz and Chung, 1965). The major lipids in wheat are acyl lipids containing 

palmitic, linoleic, oleic and α-linolenic fatty acids. Lipids are distributed in the germ, 

aleurone layer and starchy endosperm and may be either free or bound. Free lipids 

are composed of non-polar and polar lipids which are readily extracted with solvents 

(McKillican, 1967) without breaking any covalent bonds. Non-polar lipids constitute 

75% of free lipids in wheat and consist of acylglycerols (tri-acylglycerols, di-

acylglycerols and mono-acylglycerols), cholesterol esters and free fatty acids. Tri-

acylglycerol is the major lipid in the germ and aleurone layer (Belitz et al., 2009). 

Polar lipids which have high polar head group consist of glycolipids and 

glycerophospholipids. In wheat, the main glycolipids are monogalactosyldiglycerol 

and digalactosyldiglycerol (Carr et al., 1992; Morrison 1988). Phospholipids include; 

phosphatidic acid, lysophosphatidic acid, phosphatidylglycerol, cardiolipin, 

phosphatidylcholine (lecithin), lysophosphatidylcholine (lysolecithin), 

phosphatidylethanolamine (cephalin), N-acyl-phosphatidylethanolamine, N-acyl-lyso-

phosphatidylethanolamine, phosphatidylserine and phosphatidylinositol (Belitz et al., 
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2009; Deuel, 1951). Phosphatidylcholine is the phospholipid at highest concentration 

in wheat flour (96mg 100g-1) (Belitz et al., 2009). Glycolipid and phospholipids are the 

main lipids the wheat endosperm. These lipids contain mainly linoleic and palmitic 

acids with linoleic acid being the most abundant (>50%).  

 

Linoleic and palmitic acids are the main fatty acids involved in lutein esterification 

(Kaneko et al., 1995; Soriano et al., 2007) but it is not known whether free or bound 

fatty acids are involved. While in principle free fatty acids may esterify lutein without 

the requirement of an enzyme, an enzyme would decrease the energy required for 

esterification and speed up the reaction. Previous studies suggest that esterification 

occurs via an enzymatic mechanism (Kaneko et al., 1995) possibly involving a lipase 

(acylhydrolase) (Kaneko and Oyanagi, 1995). An enzymic mechanism would be 

consistent with results reported here in Chapters 3 and 5. 

 

Since free fatty acids represent a potential source of fatty acids for lutein 

esterification, the concentration of free fatty acids and the time course of changes 

during grain storage were examined. It should be noted that concentration of linoleic 

acid in the endosperm is much higher than palmitic acid whereas lutein ester contain 

similar proportions of linoleic and palmitic acid. Another possible source of fatty acids 

for lutein esterification could be lysophosphatidylcholine which has similar quantities 

of palmitic and linoleic acids (Finnie, 2009). An attempt was made to develop a 

bioassay to help in identifying the substrate involved in esterification.  

 

Identification of the exact type of the substrate would help determine the type of 

enzyme involved. The aims of these experiments were to gain a better understanding 

of the mechanism of lutein biosynthesis in wheat grain, the type of enzyme involved 

and the nature of the substrate supplying the fatty acids for esterification. 

 

 

4.2    Material 

 

Wheat varieties used for this experiment were a high free lutein grain sample (HFL-

DM 5685*B12), Haruhikari (a Japanese cultivar that does not form esters) Kamilaroi 
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(durum variety with high lutein and very low or zero esters) and Tasman (bread 

wheat with high ester and low lutein). Tasman was used as a source of lipids to 

develop methods prior using the more valuable wheat grain. Tasman (Triticum 

aestivum ssp. vulgare cv. Tasman), is an Australian hard-grained bread wheat 

derived from the cross, Torres///Gaboto/SietteCerros//Bluebird/CIANO 67 and 

developed by Brennan et al.(1993). The origin of other wheats is detailed in Chapter 

2. All samples were chosen in this study for a clear comparison because of 

differences in lutein and lutein ester content. 

 

 

4.3    Methods 

 

4.3.1    Free fatty acid analysis 

 

This analysis was performed to examine the concentration of the free fatty acid 

involved in esterification. HFL-DM 5685*B12 bread wheat with high free lutein and 

capable of ester was compared with Haruhikari, a high lutein and non-ester forming 

bread wheat. A difference in free fatty acid content may be detected between the 

samples if there is an involvement of the free fatty acids in esterification. HFL-DM 

5685*B12 and Haruhikari grain were stored at 50°C and low relative humidity (8% 

RH) for 6 weeks to allow the formation of lutein ester. Samples were taken at weekly 

intervals, finely milled using a ball mill, (ESPE RotoMixTM; Germany) and the meal 

stored at -20°C until all samples had been collected. Changes in lutein and lutein 

ester content were determined by HPLC as previously described (Chapter 2) whilst 

fatty acid analysis was carried out by the Waite Fatty Acid Analysis Laboratory using 

the method described in sections 4.3.1.1 and 4.3.1.2.  

 

 

4.3.1.1    Extraction of fatty acids 

  

Free fatty acids have to be extracted from all samples prior to be detected by gas 

chromatography (GC). This free fatty acid extraction which was done by Waite Fatty 
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Acid Analysis Laboratory was performed according to Folch et al. (1957). Each 

sample, 2g, was mixed with 2ml of 0.9% saline (Baxter Healthcare, NSW, Australia) 

and 3ml of analytical reagent methanol (Chem Supply Gillman, SA, Australia), 

vortexed and allowed to stand at room temperature for 5 min. Margaric acid, 80µl; 

(17:0 Free Fatty Acid standard; NU-CHEK Prep; Elysian, MN) and 6ml of chloroform 

(BDH Prolabo, VWR International S.A.S Fountanay-Sous-Bois, France) were added 

to the solution. The mixture was centrifuged for 10 minutes at 3000g, the chloroform 

layer removed, transferred into a glass vial and dried using a vacuum concentrator. 

When samples needed to be stored overnight, 1ml of 9:1 chloroform:methanol 

containing 0.005% butylated hydroxyanisol (BHA)(Sigma-Aldrich, Missouri, U.S.A) 

was added to allow storage at -20˚C for 24 hours. Solvent was removed prior 

analysis.  

 

 

4.3.1.2    Separation and identification of free fatty acids 

 

Chloroform: methanol (9:1, v/v), 150µl was added to the sample. A small silica TLC 

plate (Silica gel 60H; Merck KGA, Darmstadt, Germany) was prepared. 2 lanes of 

samples were spotted together with ~10 drops of TLC reference standard (NU-CHEK 

Prep; Elysian, MN) in the middle lane. Petroleum spirit (BDH Prolabo, VWR 

International S.A.S, Fountanay-Sous-Bois, France): Diethyl ether (Chem Supply 

Gillman, SA, Australia): glacial acetic acid (Ajax Finechem–Unichrom, Auburn, NSW, 

Australia) (180:30:2 v/v/v) were used as a mobile phase and chromatogram 

developed until the mobile phase reached the top of the plate. The plate was sprayed 

with Fluorescein 5-isothiocyanate solution (3mg in 0.18 litres of methanol) and bands 

visualised under UV light and bands of interest marked. Phospholipids remained in a 

tight band at the origin, whilst the free fatty acids, phospholipids with triglycerides 

were separated in order of decreasing polarity. Sterol esters ran with the solvent front 

at the top of the plate. All lipid classes were compared to the TLC reference standard 

to confirm the position of the free fatty acid band. The band of silica corresponding to 

the position of the free fatty acids was scraped into separate 5ml glass vials 

containing 2ml of 1% H2SO4 (APS Finecham, NSW, Australia) in methanol, the vials 

sealed and allowed to methylate for 3 hours in a 70°C water bath with shaking every 

30 minutes. Samples were cooled and 0.25ml of distilled water and 0.5ml of heptane 
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(Ajax Finechem, Taren Point-NSW, Australia) were added and allowed to stand at 

room temperature for few minutes. The upper heptane layer was transferred to a 2ml 

chromatography vial containing 1-2 grains of anhydrous sodium sulphate and the 

vials sealed for analysis by GC (Coregas, SA, Australia). 

 

 

4.3.1    Enzyme activity analysis 

 

As esterification was catalysed by an anzyme, a bioassay for ester formation is 

required. The crude enzyme was extracted from high ester forming sample, HFL-DM 

5685*12, prior to the bioassay. A lipid substrate specific to the enzyme is needed for 

complete esterification activity. Therefore, lipids were extracted to be tested with the 

crude enzyme. Methods for the crude enzymes and substrate extraction and 

substrate identification are detailed in Sections 4.3.2.1 to 4.3.2.5.   

 

 

4.3.2.1    Preparation of a crude enzyme fraction and determination of its ester     

    catalysing capacity 

 

This analysis was done to extract the crude enzyme from high ester forming wheat, 

HFL-DM 5685*B12. 1g of HFL-DM 5685*B12 meal, was added to 10ml cold acetone 

(Chem Supply Gillman, SA, Australia) and mixed for 5 minutes (Liaquat and Apenten, 

2000) using a suspension mixer (Ratek Instruments Pty. Ltd., Boronia, Victoria. The 

mixture was filtered through a Büchner filter and the residue containing the crude 

enzyme preparation was washed with 10ml acetone and dried in the fume hood.  

 

 

4.3.2.2   Extraction and separation of lipids into, polar and non-polar lipid 

   fractions. 

 

In order to determine the potential substrate for esterification, lipids in Kamilaroi and 

Tasman have been extracted and separated. 20g of Kamilaroi meal was mixed with 

200ml hexane (Scharlau Chemie, Sentminant, Spain) to extract the non-polar lipids. 
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The mixture was filtered using a Büchner filter. Polar lipids were extracted from the 

residue with 200ml of water-saturated butanol (butanol was purchased from Merck 

Pty. Ltd. Kilsyth, Victoria) for an hour. After filtering, the extract was concentrated by 

a rotary evaporation (McKillican 1967). This method was repeated using Tasman 

meal.  

 

 

4.3.2.3    Thin layer chromatography (TLC) 

 

In identifying the potential compound of lipids as the substrate for esterification, TLC 

was used as the main tool. All the fractions were dissolved in 150µl of chloroform: 

methanol (1:1, v/v) and spotted (2-3 drops) onto silica-gel 60 plastic backed 

fluorescent and aluminium backed TLC plates (Merck KGA, Darmstadt, Germany). 

Two solvent systems were used for separation; chloroform: methanol (98:2) and 

chloroform: methanol: ammonia (BDH Merck Chemical, Australia Pty. Ltd. Kilsyth, 

Victoria, Australia): water (50:40:9:1) (Clayton et al., 1970). Chromatography was 

continued until the solvent front reached the top of the plate. The plates were then 

dried and visualised under UV light at 254 and 365nm and stained using either iodine 

or phosphate reagent.  

 

 

 

4.3.2.4 Visualisation of compound separated by TLC  

 

a) Iodine: Spots of unsaturated compounds were detected with iodine vapour 

(Sigma Chemical Company, St. Louis, MO, U.S.A.) which reveals very small 

amounts of lipid. 

 

b) Phosphate reagent (Molybdate dip method; Harrap, 1960): This method was 

used to identify and differentiate phospholipids. The reagent was prepared by 

mixing 5g of sodium molybdate (BDH Merck Chemical, Australia Pty. Ltd. 

Kilsyth, Victoria, Australia) with 25ml water. This was added to 50ml 

hydrochloric acid (Sigma-Aldrich, Missouri, U.S.A.) and then 21ml of 72% of 
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perchloric acid (Asia Pacific Specialty Chemicals Ltd., NSW, Australia) as 

added to the solution. The mixture was then diluted with water (1:1, v/v). For 

staining, the reagent was mixed with acetone (1:4, v/v). After dipping, the 

plates were heated in the oven at 100°C for 7 minutes and placed under UV 

light for 6 minutes. Compounds containing phosphate turns a blue colour.  

 

 

4.3.2.5    Bioassay for ester forming activity 

 

This assay was performed to investigate the esterification activity of the crude 

enzyme extracted from HFL-DM 5685*B12. Lipid extracts (polar and non-polar), 

80µmol from Kamilaroi flour, and a range of authentic lipid and fatty acid compounds, 

8µmol, were added to 200milligrams of crude enzyme preparation and 20µg of lutein 

(1mg/ ml purified from marigold flower and free from ester; Sigma-Aldrich, St. Louis, 

Missouri, U.S.A.). Acetone, 500µl, was added in an attempt to ensure the substrate 

was adequately incorporated into the enzyme preparation. The acetone was 

subsequently evaporated in the fume hood. Samples were analysed with HPLC for 

lutein and lutein ester content both initially and after 1 week storage at 50ºC. 

Authentic substrates included 1,2-dipalmitoyl-phosphatidylcholine (lecithin; Sigma-

Aldrich, St. Louis, Missouri, USA), 1-palmitoylphosphatidylcholine (lysolecithin; 

Sigma-Aldrich), linoleic acid (Sigma-Aldrich) and palmitic acid (Sigma-Aldrich). 

Wheat germ oil (cold pressed and unrefined; Melrose Laboratories Pty Ltd., Mitcham, 

Victoria, Australia) was also analysed as an alternate source of triglycerols.  

 

4.4    Results 

 

4.4.1    Free fatty acid analysis 

 

HFL-DM5685*B12 and Haruhikari grain stored at 50°C and low RH was analysed for 

fatty acid content and composition at weekly intervals for 6 weeks. Twenty-three out 

of 62 possible free fatty acids were detected in the 2 samples although many of the 

concentrations were very low (Table 4.1). There were major differences in 5 free fatty 
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acids; 16:0 (palmitic acid), 18:1n-9 (oleic acid), 18:2n-9, 18:2n-6 (linoleic acid) and 

18:3n-3 (alpha-linolenic acid).  



 

 

 

Table 4.1 Free fatty acid (µg g-1) in HFL-DM5685*B12 (L1) and Haruhikari (H1) grain 
 

Free Fatty 

Acids 

 

Common 

Name 
  

23/07/2010 26/07/2010 28/07/2010 03/08/2010 11/08/2010 18/08/2010 26/08/2010 

L1 H1 L1 H1 L1 H1 L1 H1 L1 H1 L1 H1 L1 H1 L1 H1 

16:0 
Palmitic acid 

73.68 254.66 98.01 221.50 82.60 207.22 197.45 360.08 118.02 295.66 166.36 304.08 135.35 350.44 101.89 223.52 

18:2n-6 
Linoleic acid 

205.13 619.36 211.63 415.95 197.88 432.05 1081.93 1305.53 502.79 1120.93 1165.41 1155.00 478.90 1090.80 386.14 603.96 

18:1n-9 
Oleic acid 

41.36 66.32 35.12 48.21 36.18 56.03 121.84 129.74 54.41 94.84 117.94 108.33 75.89 116.44 55.26 62.61 

18:3n-3 
Alpha-

linolenic acid 18.40 62.26 18.91 24.82 20.41 38.54 78.84 76.57 33.37 55.21 135.67 90.66 36.05 52.54 22.25 22.13 

18:2n-9 
- 

20.04 0.00 13.21 13.91 15.17 17.63 149.27 75.01 0.00 0.00 0.29 0.65 15.99 18.76 0.00 0.00 

12:0 
Lauric acid 

0.94 0.00 0.82 0.90 2.51 1.43 5.93 3.08 2.92 2.66 1.29 1.35 0.00 0.00 0.00 0.00 

14:0 
Myristic acid 

0.00 0.00 1.85 2.36 3.21 2.83 7.74 5.65 3.70 4.66 2.67 3.18 0.00 0.00 0.00 0.00 

15:0 
Pentadecylic 

acid 0.00 0.00 1.04 1.52 1.56 1.82 4.56 3.31 0.92 2.87 1.90 2.24 0.00 0.00 0.00 0.00 

16:1n-9 
- 

0.00 0.46 0.00 0.81 0.00 0.93 0.76 2.65 0.34 1.96 1.60 1.87 0.00 0.00 0.00 0.00 

16:1n-7 
Palmitoleic 

acid 0.00 0.36 0.00 0.67 0.00 0.85 0.96 2.27 0.00 2.32 1.69 2.62 0.00 0.34 0.00 0.50 

17:0 
Margaric acid 

148.62 157.26 155.34 155.70 155.72 159.34 157.06 156.56 142.93 147.26 156.61 155.19 152.85 152.30 154.65 153.39 

17:1 
- 

1.05 0.00 0.96 0.99 1.01 1.41 10.71 5.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

18:0 
Stearic acid 

10.17 20.98 22.10 25.74 12.55 14.00 23.26 18.24 16.34 19.75 14.80 18.24 5.15 10.68 10.45 13.45 

18:1n-7 
Vaccenic acid 

2.71 7.37 2.40 5.29 2.53 6.07 7.72 12.39 3.68 9.57 7.26 10.57 4.92 11.72 3.63 6.37 

20:0 
Arachidic acid 

2.16 2.75 2.23 3.00 1.98 2.68 3.61 3.27 0.47 0.55 2.38 2.95 0.00 0.00 2.30 2.82 

20:1n-9 
Gondoic acid 

1.68 0.00 1.39 2.69 1.35 3.04 5.84 7.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

20:2n-6 
Eicosadienoic 

acid 1.05 0.00 1.08 1.39 1.00 1.40 1.11 3.92 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

22:0 
Behenic acid 

5.47 5.27 6.15 6.87 5.33 6.07 4.29 3.90 0.00 0.00 0.00 0.00 1.73 1.35 5.80 5.68 

22:1n-9 
Erucic acid 

0.00 0.00 0.00 0.35 0.28 0.21 3.33 2.17 0.00 0.00 0.00 0.00 0.00 0.00 0.47 0.57 

22:2n-6 

Dihomo-
gamma-

linoleic acid 2.67 0.00 3.24 3.49 3.18 3.46 0.00 1.10 0.55 0.53 7.24 7.72 1.15 0.69 0.00 0.00 

22:3 n-6 
- 

0.00 0.00 1.44 1.38 1.58 1.09 0.00 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

24:0 
Lignoceric acid 

10.40 8.98 11.94 12.57 9.99 12.20 3.28 4.86 0.00 0.00 0.00 0.00 3.01 2.22 9.57 9.59 

24:1 
- 

2.25 0.66 2.24 1.59 1.90 1.46 0.00 2.20 0.00 0.00 0.00 0.00 0.00 0.38 2.65 0.59 
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 (a) (b) 

 

 (c) (d) 

 

(e)       (f) 

 

Figure 4.1(a-e) Changes in the concentration of free fatty acids in HFL-DM5685*B12 

and Haruhikari stored for 35 days at 50°C and low RH. Figure 4.1 (f) Changes in the 

concentration of lutein ester (mono- plus di-esters) in HFL-DM5685*B12 stored at 

50°C and low RH 
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Haruhikari maintained higher concentrations of both palmitic and linoleic acid than in 

DM5685*B12 throughout the storage experiment (Figure 4.1a-b). Whilst there was 

little change in palmitic acid concentration with time, there was a substantial increase 

in linoleic acid concentration between 5 and 21 days followed by a sharp decline to 

the original level. This increase did not corresponded exactly with the rapid increase 

in lutein esters which occurred at <10days (Figure 4.1f). It should be noted that 

concentrations of palmitic and linoleic acid are between 20 and 200 fold higher than 

the concentration of lutein. If free fatty acids are the substrate for lutein esterification, 

the small amounts required would not make a significant difference to total free fatty 

acids concentration. Clearly there was no correlation between free fatty acid content 

and capacity to form lutein esters. 

 

 

4.4.2    Bioassay for ester forming activity 

 

Small but significant amounts of lutein were esterified by a crude enzyme preparation 

in the presence of the hexane extract 2 (Table 4.2). In all other samples there was no 

significant esterification. Interestingly, different hexane fractions extracted from 

Tasman and Kamilaroi gave different results. Serious deficiency in the bioassay was 

the observed loss of lutein during the incubation period, free lutein initial (t0) 

compared with free lutein final (t7) in Table 4.2. The time course of this loss was 

subsequently followed by analysing samples taken from a bioassay that included 

hexane fraction 2. A rapid loss of lutein during day 1 was observed and by 7 days 

74% of the initial lutein had disappeared (Figure 4.2a). In this experiment, lutein 

ester formed between day 1 and 2 and thereafter there was no significant 

esterification (Figure 4.2b).  

 

 

 

 

 

 

 



 

 

 

Table 4.2 Free lutein and lutein esters (µg g-1) in mixture of commercial lutein and crude enzyme with or without substrate before 

and after 7 days storage 

 

Sample Free Lutein Lutein Ester ΔLutein Ester 

Initial (t0) Final (t7) Initial (t0) Final (t7) (δt7-t0 treat.-
control) 

Control 941(±31) 40.1(±3.7) 0.00 1.30(±0.50) -0.03(±0.50) 

1-palmitoylphosphatidylcholine 496(±99) 196(±24) 0.00 0.32(±0.18) -1.01(±0.68) 

1,2-dipalmitoyl-phosphatidylcholine 1033(±16) 184(±5) 0.00 2.16(±0.31) 0.83(±0.81) 

Linoleic acid 573(±18) 1.90(±0.4) 0.00 0.00 -1.33(±0.50) 

Palmitic acid 983(±39) 131(±7) 0.00 1.33(±0.58) 0.60(±1.08) 

Water-saturated butanol fraction 1020(±68) 427(±7) 0.00 3.46(±0.35) 2.13(±0.85) 

Hexane fraction 1 (Tasman) 1252(±68) 48.9(±13.8) 29.33(±0.49) 5.40(±0.58) -25.26(±1.57) 

Hexane fraction 2 (Kamilaroi) 1317(±117) 282(±4.43) 3.16(±2.20) 19.77(±0.32) 15.27(±3.02) 

Wheat germ oil 1548(±115) 23.7(±5.1) 13.65(±0.6) 0.00 -14.98(±1.1) 
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Figure 4.2(a) Free lutein content in mixture of commercial lutein and crude enzyme 

with hexane fraction 2 during 7 days storage; the error bars represent the standard 

errors of the means. Lines fitted using first order rate equations 
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Figure 4.2(b) Lutein ester formation in mixture of commercial lutein and crude 

enzyme with hexane fraction 2 during 5 days storage; the error bars represent the 

standard errors of the means. Lines fitted using Gompertz growth equations 

 

 

4.4.3    Lipid fractionation 

 

4.4.3.1 Hexane fractionation 

Potential compounds acting as donors of fatty acids for the lutein ester-forming 

activity observed with the hexane fraction (Table 4.2) was investigated using TLC. 

Hexane extracts were spotted onto a plate at similar concentrations making it 

possible for a direct comparison. After staining with iodine, the TLC plate showed 

several spots (Figure 4.3) including; sterol ester, acylglycerols and free fatty acids. 

The major differences between the two hexane fractions from Tasman and Kamilaroi 

were that hexane fraction (Tasman) contained a higher proportion of free fatty acid 

and there were differences acylglycerol bands.  
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        1  2      3 

 

1. hexane fraction 1 

2. hexane fraction 2 

3. Linoleic acid 

 

Figure 4.3 Thin layer chromatography of hexane extracts of Tasman (1) and 

Kamilaroi (2) flour compared with pure linoleic acid. Chromatogram developed with 

chloroform: methanol (98:2) and stained with iodine 

 

 

4.4.3.2 Polar lipid fractionation 

 

Water-saturated butanol and 1,2-dipalmitoylphosphatidyl-choline were spotted on a 

TLC plate (Figure 4.4). The water-saturated butanol extract contained a mixture of 

compounds distributed between the origin and the solvent front. Unsaturated lipids 

were revealed after staining with iodine whilst phospholipids were detected with 

phosphate reagent.  
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         1            2 

      

    1. water-saturated butanol extract 

    2. 1,2-dipalmitoylphosphatidyl-choline  

 

Figure 4.4 Thin layer chromatography of water-saturated butanol extract compared 

with 1,2-dipalmitoylphosphatidyl-choline stained with iodine, then dipped in 

molybdate reagent showing a bright blue spot associated with the presence of 

phosphate. (Silica gel plate with chloroform: methanol: ammonia: water (50:40:9:1) 

used as mobile phase)  

 

 

4.5    Discussion 

 

Palmitic and linoleic acid are the major fatty acids in lutein esters with similar levels of 

each reported by Kaneko et al. (1995) and confirmed in this laboratory by Imelda 

Soriano (Soriano et al., 2007) who isolated fatty acids from lutein ester and analysed 

using gas chromatography (GC) and mass spectroscopy. By contrast, substantial 

differences were observed in the relative proportion of these two free fatty acids in 

the total free fatty acid fraction from wheat grains with linoleic acid being at a higher 

concentration than palmitic acid (Figure 4.1a-b). The content of linoleic acid in the 
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ester forming wheat (HFL-5686*B12) and non-ester forming wheat (Haruhikari) 

showed a similar pattern during storage. This lack of varietal difference together with 

the large excess of free fatty acids compared with the amount required for lutein 

esters suggesting that free linoleic acids are unlikely to be the substrate for 

esterification. This is consistent with observations reported by Kaneko and Oyanagi 

(1995) where found there was no relationship between lutein esterification and 

linoleic acid content in ester and non-ester lines. There was also no ester formed in 

the bioassay with free fatty acids as the substrates. In addition, a small amount of 

ester was formed with the addition of lysophosphatidylcholine as the substrate in the 

bioassay. Lysophosphatidylcholine is a major potential source of palmitic and linoleic 

acids (Finnie, 2009).  

 

The extremely low level of ester formation achieved in the bioassay compared with 

that in ripe wheat grain or meal stored under the same conditions indicated that 

substantial modification would be required to achieve useful results. Unfortunately, 

the time limitation of the candidature prevented any further investigation. 

 

A major issue encountered with the bioassay was the rapid loss of free lutein. The 

crude enzyme preparation would contain a wide array of enzymes, in addition to 

those involved in ester synthesis that could potentially interfere with esterification. 

One likely candidate involved in the loss of lutein would be lipoxygenase which is 

known to be present in grain of most bread varieties (Mares and Mrva, 2008). This 

enzyme has already been shown to be involved in destruction of lutein during 

preparation of end-products when flour is mixed with aqueous ingredients but not in 

dry grain. Addition of a lipoxygenase inhibitor such as α-tocopherol could be used to 

confirm this possibility. Another possible cause of lutein loss could be interaction with 

free radicals produced by oxidation of unsaturated fatty acids such as linoleic acid 

(Siedow, 1991). Addition of butylated hydroxytoluene (BHT) to neutralise free 

radicals might indicate whether this reaction was involved.  

 

The very low level of ester formation, even with the hexane fraction as substrate, 

might indicate that the exogenous substrates were not accessible to the ester 

forming enzyme. In wheat grain, the lutein is known to be located in the amyloplast 

membranes. Given the low water state of the ripe grain and anticipated limited 
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mobility of potential substrates it would appear likely that substrates capable of 

donating fatty acids might be lipids also located in these membranes. 

 

Based on the above discussion, it would appear that further purification of the 

enzyme preparation would be prerequisite to achieving an improved bioassay 

system. 

 

The observed low but significant amount of ester formation in the presence of the 

hexane extract suggests that it could be useful to further fractionate this fraction and 

focus on the individual components. Samples were prepared for liquid 

chromatography/mass spectroscopy (LC/MS) in order to identify the actual substrate, 

however due to technical problems and limited time, the analyses were not 

completed before this thesis was submitted.  

 

Hexane fraction (Kamilaroi) and water-butanol extracts indicate there are other 

unknown possible substrates that show activity in lutein esterification. Obvious 

differences in bioassay results from both hexane extracts require further 

investigation. According to TLC, the main differences between the two extracts are 

the levels of free fatty acids and the types of acylglycerides. The non-active hexane 

extract (Tasman) contained the highest level free fatty acid. Wheat germ 

acylglycerols did not participate in the esterification and therefore the source of fatty 

acids appears to be endosperm specific. Ideally a simple LC/MS comparison of the 

two extracts may reveal whether the acylglycerides are potential substrates for 

esterification. In the absence of a simple identification of the lipid required for 

esterification, a more extensive analysis is necessary whereby the extracts are 

fractionated and the fractions are analysed with the bioassay until a relatively pure 

product is isolated that can be properly characterised.  

 

Lutein stability in wheat-based foods may be improved by fortification with the wheat 

lutein ester-forming enzyme although in practice simply optimising storage and 

transport condition to optimise endogenous esterfication prior to export or application 

would appear be a more economically viable option.  
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To summarise, Kamilaroi appears to contain the substrate for esterification but not 

the enzyme. Free fatty acids are not the substrate for lutein esterification. The 

enzyme required for lutein esterification is still unclear although if the substrate is a 

membrane lipid, such as a phospholipid, likely to be located close to lutein in the dry 

grain then an acyltransferase appears a more likely possibility than an acylhydrolase, 

as it takes less energy to transfer an ester than to form a new ester. Further 

investigation will be required to resolve both the substrate and the enzyme identities. 
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CHAPTER 5 

 

Genetic Control of Lutein Esterification 

 

5.1    Introduction 

 

A survey of 138 Japanese wheat varieties by Kaneko and Oyanagi (1995) focusing 

on their capacity to form lutein esters during post harvest storage of grain separated 

them into two distinct groups: the majority of varieties tested formed lutein esters 

whilst a small group consisting of nine cultivars did not. Furthermore, these authors 

indicated that some of the non-ester varieties were linked through pedigree and 

suggested that the occurrence of esterification was under genetic control. Evidence 

presented in the previous chapter indicated that an enzyme was involved in lutein 

esterification consistent with genetic control.  

 

In order to further investigate genetic control of lutein esterification, the 42 nullisomic-

tetrasomic lines of Chinese Spring and a double haploid population, 

Haruhikari//Sunco/Indis.82 were grown in glasshouse and field trials for phenotyping. 

Haruhikari is a zero ester line identified by Kaneko and Oyanagi (1995) whilst 

Sunco/Indis.82 is a high ester and high lutein breeding line developed at the 

University of Adelaide (Mares, 2007). The aim was to use the data to identify the 

chromosomal location of a locus or loci associated with variation in lutein ester 

phenotype.  
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5.2    Materials and methods 

 

5.2.1 Chinese spring nullisomic-tetrasomic lines 

 

Nullisomic-tetrasomic (2n = 6x = 42, AABBDD) was a series of hexaploid wheat 

(Triticum aestivum L. cv. Chinese Spring) lines developed by Sears (1954) in 

Chinese Spring wheat. Nullitetra lines are missing one chromosome pair and 

substituted with another homologeous pair. This characteristic can be useful for 

locating genes on particular chromosomes (Shimelis and Spies, 2011). A series of 42 

Chinese Spring nullisomic-tetrasomiclines were grown in a glasshouse at the Waite 

Campus. Harvested grain samples were stored at 50°C in an airtight container with 

silica gel for two weeks to promote ester formation. 

 

 

5.2.2 Haruhikari//Sunco/Indis.82 double haploid population 

 

A wheat x maize-derived doubled haploid (DH) population of 136 lines developed 

from a cross between Haruhikari (a tall, later maturing Japanese wheat cultivar that 

does not form esters) and Sunco/Indis.82 (a semi-dwarf, early maturing, high lutein 

breeding line that forms esters) was produced at the University of Adelaide. Original 

seed was planted in 10.16cm pots in 2 blocks in the glasshouse in 2007, 

approximately one month apart with assignment of lines to each block based on the 

order/time they were transferred from culture. This served to increase seed for a 

subsequent field trial, to provide samples for a preliminary assessment of ester 

phenotype and to provide confirmation of genetic control. Four lines failed to produce 

sufficient seed. 

 

Seed from 132 DH lines were subsequently planted as 1m rows in a field trail at the 

Waite Campus in 2008. Harvested samples were stored at 30°C for three months in 

airtight containers over silica gel to maintain a low relative humidity (8% RH).  
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5.2.3 Extraction, separation and quantification 

 

Lutein extraction, separation and quantification were performed as described in 

Chapter 2. 

 

 

5.2.4 Genetic analysis 

 

For genetic analysis, lutein ester content was treated as qualitative trait, with double 

haploid lines considered to be either high (normal) or low (zero or low). The observed 

phenotypic ratio (high: low) among the Haruhikari//Sunco/Indis.82 doubled haploid 

lines was tested for deviation from the 1:1 ratio that is expected for a single-locus 

trait, using a chi-squared (2) analysis with one degree of freedom and α = 0.01. Leaf 

tissue was sampled from one individual plant of each of the parental genotypes, 

Haruhikari and Sunco/Indis.82, and each of the doubled haploid lines. DNA was 

isolated from each sample using a DNA midi-prep method (Rogowsky et. al., 1991) 

with modifications as described by Pallotta et al. (2000). Diversity Arrays Technology 

(DArT) marker assays (Jaccoud et al., 2001, Akbari et al., 2006) were performed on 

the DNA samples by Triticarte Pty Ltd. (Australia) using wheat array version 3. 

 

Diversity Arrays Technology (DArT) markers were individually tested for association 

with lutein ester content using chi-squared (2) 2 x 2 contingency tests of 

independence with one degree of freedom and α=0.05. Based on the previously 

mapped position of DArT markers that were found to be associated with lutein ester 

content, simple-sequence repeat (SSR) markers that had previously been mapped 

on the same homeologous group were selected and assayed on the parents and a 

subset of lines. SSR markers that were found to be polymorphic were assayed on the 

remaining lines. All SSR genotyping was done in the molecular marker laboratory of 

the School of Agriculture, Food and Wine under the direction of Professor Diane 

Mather using the multiplex-ready PCR technology described by Hayden et al., 

(2008). For each DArT or SSR marker, the observed genotypic ratios among 

Haruhikari//Sunco/Indis.82 doubled haploid lines was tested for deviation a 1:1 ratio 

using a chi-squared (2) analysis with one degree of freedom and α=0.01. A genetic 
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map was constructed using MapDisto version 1.7.0 (Lorieux, 2007) and drawn using 

the software MapChart (Voorrips, 2002).  

 

 

5.3    Results 

 

5.3.1 Lutein and lutein ester in Chinese Spring nullisomic-tetrasomic lines 

 

The phenotypic analyses of the complete set of nullisomic-tetrasomic lines of 

Chinese Spring showed that only 2, CS N7D-T7A and CS N7D-T7B, lacked the 

capacity to from lutein esters (Table 5.1). All the remaining lines contained more than 

40% of the lutein as mono- or di-esters.  

 

 

Table 5.1 Lutein and lutein esterconcentration (µg g-1) in Chinese Spring nullisomic-

tetrasomic lines  

 

No CS sample Lutein Mono Di- Total 
ester 

Total 
lutein 
+ester 

% 
lutein 
ester 

1 CS N1A-T1B 0.35 0.08 0.26 0.34 0.69 49.03 

2 CS N1A-T1D 0.52 0.20 0.40 0.60 1.12 53.5  

3 CS N1B-T1A 1.02 0.29 0.50 0.79 1.81 43.8 

4 CS N1B-T1D 1.17 0.67 0.79 1.46 2.63 55.3 

5 CS N1D-T1B 0.46 0.11 0.09 0.20 0.66 30.4 

6 CS N2A-T2B 0.64 0.25 0.47 0.72 1.36 53.0 

8 CS N2A-T2D 0.95 0.43 0.79 1.22 2.17 56..1 

9 CS N2B-T2A 1.01 0.55 0.48 1.03 2.05 57.5 

10 CS N2B-T2D 0.52 0.21 0.19 0.40 0.93 42.7 
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11 CS N2D-T2A 1.33 0.52 0.49 1.01 2.34 43.3 

12 CS N2D-T2B 0.85 0.40 0.60 1.00 1.86 54.7 

13 CS N3A-T3B 0.59 0.40 0.69 1.08 1.67 64.8 

14 CS N3A-T3D 0.50 0.21 0.78 0.99 1.79 66.5 

15 CS N3B-T3A 0.74 0.30 0.30 0.59 1.33 44.4 

16 CS N3D-T3B 0.68 0.24 0.76 1.00 1.68 56.9 

17 CS4 NA-T4B 0.72 0.25 0.43 0.67 1.39 48.4 

18 CS4 NA -T4D 0.90 0.32 0.37 0.69 1.59 43.6 

19 CS4 NB-T4A 0.50 0.24 0.63 0.87 1.37 63.5 

20 CSN4B -T4D 0.79 0.27 0.46 0.74 1.52 48.3 

21 CS N4D-T4B 0.13 0.03 0.42 0.45 0.58 76.9 

22 CS N5A-T5B 0.72 0.24 0.54 0.79 1.51 52.4 

23 CS N5A-T5D 0.53 0.20 0.40 0.60 1.13 53.4 

24 CS N5B-T5A 0.76 0.15 0.56 0.71 1.47 48.2 

25 CS N5B-T5D 0.60 0.13 0.31 0.44 1.04 42.7 

26 CS N5D-T5B 0.93 0.26 0.40 0.66 1.59 41.3 

27 CS N6A-T6B 0.87 0.35 0.95 1.30 2.17 60.0 

28 CS N6A-T6D 0.73 0.29 1.03 1.32 2.05 64.4 

29 CS N6B-T6D 0.92 0.36 0.58 0.94 1.85 50.6 

30 CS N6D-T6A 0.64 0.14 0.37 0.52 1.15 44.7 

31 CS N6D-T6B 0.65 0.33 0.57 0.89 1.54 57.8 

32 CS N7A-T7B 0.37 0.23 0.41 0.64 1.01 63.5 

33 CS N7A-T7D 0.37 0.07 0.76 0.83 1.20 69.3 
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34 CS N7B-T7D 0.51 0.08 1.17 1.25 1.76 71.0 

35 CS N7D-T7A 1.87 0.00 0.00 0.00 1.87 0.00 

36 CS N7D-T7B 1.78 0.00 0.00 0.00 1.78 0.00 

 

 

5.3.2 Lutein ester phenotype of Haruhikari//Sunco/Indis.82 double haploids 

 

Since only 118 DH lines were included in the mapping experiment, only the 

phenotypic data for these lines has been reported. A number of the original lines 

were discarded due to lack of DArT data, phenotypic data for only one year, or where 

there was a slight doubt about their authenticity. The lutein ester phenotypic data 

obtained for the 2008 field-grown samples confirmed the results for grain produced in 

the glasshouse seed increase in 2007.  

 

 

Table 5.2 Percent of total lutein as lutein esters in parental genotypes, 

Sunco/Indis.82 and Haruhikari, and doubled haploid progeny from 

Haruhikari//Sunco/Indis.82 in 2007 and 2008 

 

 

No. Samples Year 

2007 

(%) 

Year 

2008 

(%) 

No. Samples Year 

2007 

(%) 

Year 

2008 

(%) 

1 Sunco/Indis-82 93.4 90.8 10 DM06.6*019 0.0 0.0 

2 Haruhikari 0.0 0.0 11 DM06.6*021 70.9 81.9 

3 DM06.6*001 22.7 86.9 12 DM06.6*022 67.4 80.2 

4 DM06.6*004 0.0 0.0 13 DM06.6*023 57.4 85.9 

5 DM06.6*006 0.0 0.0 14 DM06.6*025 0.0 0.0 

6 DM06.6*008 0.0 0.0 15 DM06.6*026 62.7 82.3 

7 DM06.6*009 0.0 12.9 16 DM06.6*027 65.9 74.0 

8 DM06.6*011 0.0 0.0 17 DM06.6*029 0.0 0.0 

9 DM06.6*015 0.0 0.0 18 DM06.6*032 0.0 0.0 
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19 DM06.6*035 60.1 75.9 55 DM06.6*083 0.0 0.0 

20 DM06.6*036 0.0 3.7 56 DM06.6*084 0.0 2.9 

21 DM06.6*037 1.6 4.4 57 DM06.6*085 77.7 91.6 

22 DM06.6*038 79.1 84.4 58 DM06.6*086 0.0 0.0 

23 DM06.6*039 0.0 0.0 59 DM06.6*087 68.9 75.6 

24 DM06.6*040 82.9 89.0 60 DM06.6*088 0.0 1.5 

25 DM06.6*042 83.3 92.0 61 DM06.6*090 79.2 72.5 

26 DM06.6*043 0.0 16.4 62 DM06.6*091 0.0 5.1 

27 DM06.6*044 87.3 85.0 63 DM06.6*092 0.0 0.0 

28 DM06.6*045 80.8 83.3 64 DM06.6*093 6.6 3.2 

29 DM06.6*047 0.0 0.0 65 DM06.6*094 0.0 0.0 

30 DM06.6*048 0.0 3.3 66 DM06.6*095 0.0 0.0 

31 DM06.6*049 0.0 0.0 67 DM06.6*096 0.0 0.0 

32 DM06.6*050 53.4 79.6 68 DM06.6*097 28.7 77.5 

33 DM06.6*053 0.0 0.0 69 DM06.6*098 74.9 82.7 

34 DM06.6*056 85.0 70.7 70 DM06.6*101 0.0 0.0 

35 DM06.6*058 0.0 3.3 71 DM06.6*104 83.3 86.3 

36 DM06.6*059 76.4 88.2 72 DM06.6*105 0.0 0.9 

37 DM06.6*060 67.2 90.0 73 DM06.6*107 84.7 74.0 

38 DM06.6*061 0.0 3.7 74 DM06.6*108 0.0 0.0 

39 DM06.6*062 84.5 69.0 75 DM06.6*109 65.8 70.3 

40 DM06.6*063 0.0 0.0 76 DM06.6*110 0.0 0.0 

41 DM06.6*065 0.0 3.7 77 DM06.6*112 0.6 3.9 

42 DM06.6*068 0.0 1.1 78 DM06.6*113 0.0 0.0 

43 DM06.6*069 0.0 1.8 79 DM06.6*115 0.0 0.0 

44 DM06.6*070 2.0 2.7 80 DM06.6*116 53.5 73.6 

45 DM06.6*072 46.0 71.4 81 DM06.6*117 82.3 92.7 

46 DM06.6*073 77.6 88.9 82 DM06.6*118 57.6 77.5 

47 DM06.6*074 0.0 0.0 83 DM06.6*120 0.0 0.0 

48 DM06.6*075 0.0 2.6 84 DM06.6*121 0.0 0.0 

49 DM06.6*076 0.0 2.5 85 DM06.6*122 0.0 0.0 

50 DM06.6*077 0.0 0.0 86 DM06.6*124 0.0 0.0 

51 DM06.6*078 75.1 87.4 87 DM06.6*125 0.0 0.0 

52 DM06.6*079 80.2 90.7 88 DM06.6*126 0.0 0.0 

53 DM06.6*080 66.5 89.3 89 DM06.6*127 0.0 0.0 

54 DM06.6*081 0.0 1.0 90 DM06.6*128 0.0 2.8 
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91 DM06.6*131 0.0 0.0 106 DM06.6*174 56.3 77.0 

92 DM06.6*132 0.0 0.0 107 DM06.6*176 0.0 8.5 

93 DM06.6*136 0.0 3.7 108 DM06.6*177 2.0 2.4 

94 DM06.6*137 76.9 92.0 109 DM06.6*178 0.0 0.0 

95 DM06.6*138 66.3 90.1 110 DM06.6*179 0.0 0.0 

96 DM06.6*139 0.0 3.1 111 DM06.6*181 0.0 0.0 

97 DM06.6*140 0.0 0.0 112 DM06.6*186 0.0 0.0 

98 DM06.6*144 79.2 89.7 113 DM06.6*187 0.0 0.0 

99 DM06.6*166 48.6 83.3 114 DM06.6*188 0.0 0.0 

100 DM06.6*167 0.0 0.0 115 DM06.6*201 0.0 1.9 

101 DM06.6*168 76.0 89.0 116 DM06.6*202 52.7 76.6 

102 DM06.6*169 0.0 0.0 117 DM06.6*203 42.5 71.5 

103 DM06.6*170 69.9 88.8 118 DM06.6*257 0.0 0.0 

104 DM06.6*172 63.3 75.7 119 DM06.6*258 70.4 81.8 

105 DM06.6*173 14.5 19.6 120 DM06.6*259 0.0 0.0 

 

 

Table 5.3 Number and percentage of lines (Year 2007 and Year 2008) with high or 

low ester phenotype 

 

 Year 2007  % Year 2008 % 

Ester  42 35.6 44 37.3 

Zero/Low ester  76 64.4 74 62.7 

 

 

The frequency distribution for lutein esters (%) in both sample sets (2007 and 2008) 

showed that the zero/low ester lines have the highest frequency slightly greater than 

60%, in both years. The distribution was bimodal in both years.  

 

 

The reason for the consistently higher ester percentage in 2008 is not clear but could 

include one or more of the following: poor performance of some lines in 2007 due 

either to late sowing of some longer maturation line or competition between semi-

dwarf and tall lines, and a better understanding of the post-harvest treatment and 

storage is required to optimise expression of the ester phenotype developed during 



Chapter 5 

102 

 

the period between seasons. These issues were addressed in the field trial 

conducted in 2008. 

 

 

 

(a) 

 

 

 

(b) 

 

 

Figure 5.1 Frequency distribution for lutein ester (%) in (a) 2007 and (b) 2008 
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Figure 5.2 Scatter plot of ester content (%) for lines from the doubled haploid 

population Haruhikari//Sunco/Indis 82 2007 and 2008. 

 

 

Based on examination of the phenotypic frequency distributions for lutein ester 

content in the grain from the two experiments [Figure 5.1(a-b)] and the 

correspondence between them (Figure 5.2), lines were assigned to (1) the lutein 

esters forming sub group or (2) ‘low’ or non-ester sub group if lutein esters represent 

less than 30% of the total lutein in the grain. 

 

The observed high: low phenotypic ratio (Table 5.3) did deviate slightly (P = 0.025) 

from the expected 1:1 ratio. Despite this, overall results are consistent with the 

hypothesis that the formation of lutein esters in wheat grain is primarily controlled by 

a single locus, which it is proposed be designated Lute (lutein esterification).  

 

Two DArT clones, wPt-1163 and Pt-3727 were significantly associated with lutein 

ester content. Among the 114 lines used for the genetic analysis, no line exhibited a 

non-parental combination for these loci, i.e. high ester content in combination with 

marker alleles from Haruhikari or zero ester content in combination with marker 

alleles from Sunco/Indis.82. Both markers had previously been assigned to the 

terminal physical deletion bin of the short arm of chromosome 7D (deletion bin 7DS4-

0.61-1.00): wPt3727 by Francki et al., (2009) and wPt-1163 according to information 
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posted at http://www.cerealsdb.uk.net/CerealsDB/Documents/FORM_DArT_7D.php, 

(checked 26/12/2011). This information was used to identify potential SSR markers 

previously mapped near this region on the group-7 chromosomes for further 

genotyping. 

 

Linkage mapping with both DArT and SSR marker data resulted in a genetic map 

(Figure 5.3) of linkage group on which the Lute locus is co-located with the DArT 

markers wPt-1163 and wPt-3727 and the SSR marker gwm295 and 17.7 cM from the 

SSR marker barc154. All four of these markers had been previously assigned to the 

terminal deletion bin of 7DS (7DS4-0.61-1.00). Like Lute, they all exhibited significant 

segregation distortion, especially barc154, for which, 85 of 114 lines scored had the 

Haruhikari allele. 

 

 

Figure 5.3 A genetic map of part of the short arm of wheat chromosome 7D using 

data for 114 Haruhikari//Sunco/Indis.82 doubled haploid lines, showing the estimated 

position of the Lute (lutein esterification) locus relative to two DArT markers and four 

SSR SSR markers. Estimated genetic distances between loci are shown in cM 
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5.4    Discussion 

 

Comparison of lutein ester phenotypes in Chinese Spring nullisomic-tetrasomic lines 

clearly demonstrated that esterification in this genotype is controlled by chromosome 

7D. In the absence of 7D, no esterification occurred. Analysis of ester phenotypes in 

a doubled haploid population derived from a cross involving a relatively rare zero 

ester genotype from Japan gave a bimodal distribution indicative of a qualitative trait 

possibly controlled by a single gene. Taken together these results suggest that the 

zero ester genotype is possibly the result of a deletion of the gene present in the 

majority of cultivars or a mutation causing loss of function. Subsequent genetic 

analysis in the Haruhikari//Sunco/Indis.82 doubled haploid population identified a 

locus on the short arm of chromosome 7D.  

 

Although bimodal, the frequency distribution of ester:low/zero ester lines was skewed 

in favour of low/zero ester lines. One explanation for this could be preferential 

transmission of the Haruhikari chromosome through the doubled haploid process. 

The other parent, Sunco/Indis.82, contains an alien chromosome segment 

introgression on chromosome 7D. This alien introgression has previously been 

reported to cause frequency distortions in doubled haploid populations (Kammholtz 

et al., 2001) 

 

The locus that has been designated for lutein esterification, Lute is closely linked with 

the marker loci gwm295, wPt-1163 and wPt-3727. Further investigation using a 

larger population with greater opportunity for recombination would be required to 

resolve the order of the markers shown on the 7D map. The map is displayed here 

with gdm88 distal to gwm295, to be consistent with the relative positions of those two 

markers on the consensus map of Somers et al. (2004). On the consensus map, the 

marker wmc438 is shown proximal to gdm88 and gwm295, but our data clearly 

indicate that wmc438 is between gdm88 and gwm295. Despite this, the markers 

identified to date could be used by breeders for marker-assisted-selection if the trait 

is deemed important. 

 

It appears that the action of a gene (or genes) at the Lute locus on chromosome 7D 

is required for the esterification of free lutein in the grain of hexaploid wheat. The 
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location of Lute on the D genome is consistent with the very low levels (Lepage and 

Sims, 1968) or absence (Mares unpublished data) of lutein in many durum wheat 

cultivars, which of course have no D genome. With the increasing use of bread wheat 

x durum crosses to access increased genetic variation this may become more 

important in the future.  

 

The aims of this investigation were to establish the conditions that favour 

esterification, quantify stability under a range of conditions and attempt to identify the 

biochemical mechanism, enzyme(s) and endogenous substrates involved. As a 

consequence, no further mapping work was attempted. Nevertheless, it is 

acknowledged that further molecular investigation could provide important clues both 

to the mechanism and gene involved. In particular, use could be made of the synteny 

between wheat and the sequenced and annotated genomes of rice and 

Brachypodium to search for candidate genes. A preliminary search of the syntenic 

region on rice chromosome 6 picked up a number of lipase genes. 
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CHAPTER 6 

  

Distribution of Lutein and Lutein Esters in Banana 

 

6.1    Introduction 

 

Lutein and lutein esters can be found in many fruits other than wheat caryopses such 

as banana (Gross et. al., 1976) and avocado (Gross, 1987). However, while wheat 

grain is essentially dry, these other fruits contain high level of moisture and in the 

case of avocado a high content of lipid (i.e. there are differences in the matrix). Lutein 

and lutein ester stability, as well as lutein esterification is expected to be governed by 

different processes than in wheat. Banana was chosen as a fruit for further 

investigation. 

 

Pigment colour change in banana (Musa acuminata, Cavendish group) is the result 

of biochemical changes during fruit maturation and ripening. The colour 

transformation from green to yellow in banana is due to the degradation of 

chlorophyll and enhancement of carotenoid synthesis (Gross and Flϋgel, 1982). 

Other than the stage of maturity, cultivar, environmental effects and storage 

conditions are the factors that can affect the carotenoid composition (Rodriguez-

Amaya, 1993, Gross, 1987; 1991). Lutein content may differ in peel and flesh as 

carotenoids levels are normally found to be higher in the peel than the pulp 

(Rodriguez-Amaya and Kimura, 1989). The content of lutein which is normally in 

ester form during fruit maturation (Mínguez-Mosquera and Hornero-Méndez, 1994) 

may be correlated with the degree of ripening in banana flesh (Subagio and Morita, 

1997). 

 

Ripening of banana can be measured by the change in pigment colour. A colorimeter 

that measures CIE L*a*b* values is the usual instrument for quantitative detection of 

colour. Previously it has been suggested that the lutein content of peel increases with 

ripening (Subagio and Morita, 1997) and therefore it may be possible to estimate the 

lutein content in banana peel by measuring the colour.  
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In order to get a better understanding on the effect of matrix on lutein esterification, 

the distribution of free lutein and lutein esters in banana peel and flesh during 

ripening and maturation was investigated and compared with wheat grain.  

 

 

6.2    Material and Methods 

 

6.2.1    Plant material and chemicals 

 

Immature green bananas (Cavendish group) were supplied by Costa Farm, 

Queensland. Solvents for extraction such as diethyl ether, acetone and n-hexane 

were HPLC grade and purchased from Merck Pty. Ltd. (Kilsyth, Vic), Chem-Supply 

(Gillman, SA) and Scharlau Chemie (Sentmenant, Spain) respectively. Potassium 

nitrate and calcium hydroxide were supplied by Chem-Supply (Gillman, SA), sodium 

sulphate was obtained from Scharlau Chemie (Sentmenant, Spain), L-ascorbic acid 

was purchased from BDH Chemicals (Kilsyth, Vic) and butylated hydroxytoluene 

(BHT) from Sigma-Aldrich (St. Louis, USA). Ethylene gas was supplied by Coregas, 

NSW. 

 

 

6.2.2    Banana preparation 

 

The green hard bananas were placed in a closed container together with saturated 

KNO3 solution to maintain a 95% relative humidity and Ca(OH)2 to maintain a 0% 

CO2 level. Ethylene gas (100ppm) was introduced into the container to accelerate 

ripening and maturation of the bananas. The bananas were then stored at 20°C for 

24 hours which is the standard practice in the industry. The container was then 

opened and the bananas were kept in this container at 22°C. Samples were analysed 

after 0, 2, 4, 5 and 7 days of storage.  
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6.2.3    Banana ripening stages 

 

Banana ripening can be classified according to colour change using 7 stages 

(CSIRO, 1985) (Figure 6.1). These stages correspond approximately to the days of 

storage. The fully hard green colour observed at stage 1 becomes more yellow day 

by day until the end of storage. Banana peel turns fully yellow by stage 6. At stage 7, 

brown flecks can be observed on the peel. 

 

 

Figure 6.1 Picture of banana Cavendish group (Musa acuminata) stored at 20°C for 7 

days (CSIRO, 1985) 

 

 

6.2.4    Lutein and lutein ester extraction and purification 

 

The extraction and purification of lutein and lutein esters from banana peel and flesh 

were done as described previously (Heinonen, 1990 and Heinonen et al., 1989) with 

minor modifications. Banana peel and flesh (10g each) were placed in a Waring 

blender (Extech equipment Pty. Ltd.) and homogenized with 100ml acetone, 20g 

sodium sulphate, Na2SO4 and 0.1g BHT. The Na2SO4 and BHT were used to remove 

the excessive moisture and act as an antioxidant respectively. The homogenate was 

A 
NOTE:   

     This figure/table/image has been removed  
         to comply with copyright regulations.  
     It is included in the print copy of the thesis  
     held by the University of Adelaide Library. 
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filtered through a Whatman 541 filter paper. The residue was washed with acetone to 

remove the colour. L-ascorbic acid (5% in water) was added to the filtrate to prevent 

oxidation. The crude extract was transferred into a separation funnel and extracted 

with n-hexane and diethyl ether (70:30). BHT (0.1%) was added to the n-hexane as 

an antioxidant. The funnel was shaken carefully to avoid an emulsion forming. The 

lower phase was discarded, the upper layer collected for evaporation and the 

samples analysed by RP-HPLC as previously described. 

 

 

6.2.5    Colour measurement 

 

Surface colour changes of banana peel and flesh were measured with a tristimulus 

spectrophotometer (Dataflash 100, Datacolor, Lawrenceville, NJ, USA) to study the 

correlation between total lutein content and perceived colour. The results were 

expressed in terms of CIELAB (Commission Internationale de L’Eclairage, 1976) 

colour space L* (lightness), a* (greenness) and b* (yellowness) values.Hue angle 

[h°=arctan(b*/a)] (McLellan et al., 1995) which uses angular component separated by 

60°C intervals; red at 0°C, yellow at 60°C, green at 120°C, cyan at 180°C, blue at 

240°C and magenta at 300 ˚C (Kang, 1997) was also calculated. 

 

 

6.3    Results 

 

6.3.1    Lutein and lutein esters in banana peel 

 

Peaks in the HPLC chromatograms were identified by comparing their retention times 

and absorbance characteristics with standards, earlier analyses of wheat carotenoids 

and reports in the literature (Kamffer et al., 2010; Mellado- Ortega and Hornero- 

Méndez, 2012; Zscheile et al., 1942; Shivanna and Subban, 2012) (Table 6.1 and 

6.2). It should be noted that trans-lutein and the lutein esters are expected to have 

identical absorbance spectra.  
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Table 6.1 HPLC absorbances and retention times of carotenoids in banana peel at 0 

day 

 

Retention time/ 

min 

λ max/ nm Literature Carotenoid 

7.0 422, 446, 474 422, 446, 4741 trans-lutein 

8.7 418, 440, 468 420, 442, 4712 9/9’-cis- lutein 

9.9 416, 438, 466 420, 442, 4712 13/13’-cis- lutein 

27.8 416, 436 4311 Chlorophyll a 

28.4 417, 438 4311 Chlorophyll a’ 

37.0 425, 446, 474 422, 446, 4743 α- carotene  

37.9 430, 453, 480 425, 452, 4774 β- carotene 
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Table 6.2 HPLC absorbances and retention times of carotenoids in banana peel at 

7th day 

 

Retention time/ 

min 

λ max/ nm Literature Carotenoid 

6.8 422, 446, 474 422, 446, 4741 trans-lutein 

23.7 414, 436, 465  Unknown carotenoid 

26.4 412, 436, 466  Unknown carotenoid 

29.5 422, 448, 476  Unknown carotenoid 

30.0 422, 446, 474  Lutein mono-ester 

32.1 422, 446, 475  Lutein mono-ester 

37.0 424, 450, 477 422, 446, 4743 α- carotene  

37.9 424, 456, 478 425, 452, 4774 β- carotene 

41.6 422, 446, 474  Lutein di-ester 

42.8 422, 446, 474  Lutein di-ester 

43.8 422, 446, 474  Lutein di-ester 

44.6 422, 446, 474  Lutein di-ester 

45.2 422, 446, 474  Lutein di-ester 

45.7 422, 446, 476  Lutein di-ester 

 

1Kamffer et al., 2010 

2Mellado- Ortega and Hornero- Méndez, 2012 

3Zscheile et al., 1942 

4Shivanna and Subban, 2012 

 

 

Representative HPLC chromatograms at 0 and 7 days storage are shown in Figures 

6.2a and 6.2b. A major sharp peak was detected at 7 min representing the high 

amount of free lutein in banana peel before storage commenced (Figure 6.2a). 

There were no esters present at this period. In contrast, there were relatively high 

concentrations of mono-ester and di-esters detected in banana peel stored at 22°C 

for 7 days (Figure 6.2b). The mono-ester and di-esters were represented by 2 major 

peak clusters detected between 30 and 34 min and between 42 and 46 min 

respectively.  



 

 

 

 

 

Figure 6.2a     HPLC chromatogram measured at 445nm of free lutein extracted from banana peel (Musa acuminata, Cavendish 

group) before storage. The lutein peak indicated by an arrow 
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Figure 6.2b     HPLC chromatogram measured at 445nm of free lutein, mono-ester and di-ester extracted from banana peel (Musa 

acuminata, Cavendish group) after 7 day storage at 22°C. The lutein and ester peaks are indicated by an arrow and brackets 

respectively 
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Lutein and lutein ester levels in banana peel were monitored during ripening. The 

amount of free lutein in banana peel halved by the 2nd day of storage and continued 

decreasing (Figure 6.3). Lutein esters were first observed on the 2nd day with a 

maximum on day 4 and then decreased again. By day 7, only 5% of the initial free 

lutein remained, 11% had been converted to esters while 84% appeared to have 

been either degraded or rendered insoluble in the extraction solvents.  

 

 

 

 

Figure 6.3 Lutein and lutein ester (µg lutein equivalents g-1) concentration in banana 

peel (Musa acuminata (Cavendish group) during ripening 

 

 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 2 4 5 7

Lutein ester

Free lutein

Concentration
(µg g-1)

Time (day)

Bars represent 
standard error



Chapter 6 

116 

 

 

 

Figure 6.4 Concentration (µg lutein equivalents g-1) of different lutein esters in 

banana peel stored at 22°C 

 

 

Mono-ester was present soon after ethylene induced ripening and the concentration 

increased to a maximum by the 4th day of storage (Figure 6.4). The amount of mono-

ester then decreased by half by the end of 7 days storage. 

 

Di-esters synthesis lagged behind mono-ester formation but showed as similar 

pattern to the mono-ester, although reaching a lower level. 

 

An increasing CIELAB a* (red-green) and b* (yellow-blue) values and a decreasing 

hue° were associated with the change in peel colour from green to yellow (Table 

6.3). However, b* was not correlated with total lutein concentration in the peel 

indicating that yellowness is not a good indicator of lutein content. An increase in a* 

indicated a loss of green and therefore loss of chlorophyll. Total lutein was correlated 

with a* and hue° (Table 6.4). 

 

 

 

 

 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0 2 4 5 7

mono-ester

di-ester

Concentration
(µg g-1)

Time (day)

Bars represent
standard error



Chapter 6 

117 

 

Table 6.3 Total of lutein content, chroma CIELAB values and observed colour of 

banana peel (ripening stages based on CSIRO, 1985) 

 

Day Total Lutein 

(µg g-1 day-1) 

CIELAB values Observed 

colour 

Ripening 

stage L* a* b* hue° 

0 2.209 62.74 -11.83 37.03 107.72 Deep green 1 

2 0.917 71.62 -6.73 43.59 98.78 Light green 2 

4 0.907 79.41 4.39 47.68 84.74 Yellow green 4 

5 0.373 77.07 7.64 55.19 82.12 Yellow 5 

7 0.324 63.44 8.84 43.09 78.41 Yellow+brown 

flecks 

7 

 

 

Table 6.4 Correlation of CIELAB measurements and total lutein content in banana 

peel 

 

  L a b hue° Total lutein 

L 1.000     

A 0.154 1.000    

B 0.642* 0.506 1.000   

Hue 0.147 0.992** 0.464 1.000  

Total lutein 0.169 0.780** 0.526 0.816** 1.000 

*significant at 5% level 

**significant at 1% level 

 

 

6.3.2    Lutein in banana flesh during ripening 

 

HPLC chromatogram peaks were identified by comparing their absorbances and 

retention times with known standards, previous analyses and reports in the literature 

(Kamffer et al., 2010; Zscheile et al., 1942; Shivanna and Subban, 2012) (Table 6.5 

and 6.6).  

 

 



Chapter 6 

118 

 

Table 6.5 HPLC absorbances and retention times of carotenoids in banana flesh at 0 

day 

 

Retention time/ 

min 

λ max/ nm Literature Carotenoid 

5.9 420, 446, 474  Unknown carotenoid 

7.1 422, 446, 476 422, 446, 4741 trans- lutein 

27.8  4311 Chlorophyll a 

37.0 425, 446, 474 422, 446, 4742 α- carotene 

37.9 430, 453, 480 425, 452, 4773 β- carotene 

 

 

Table 6.6 HPLC absorbances and retention times of carotenoids in banana flesh at 

7th day 

 

Retention time/ 

min 

λ max/ nm Literature Carotenoid 

6.7 422, 446, 474 422, 446, 4741 trans-lutein 

33.5 422, 446, 475  Lutein mono-ester 

37.1 425, 448, 476 422, 446, 4742 α- carotene  

37.9 430, 452, 478 425, 452, 4773 β- carotene 

44.6 422, 446, 474  Lutein di-ester 

45.2 422, 446, 474  Lutein di-ester 

45.6 422, 446, 476  Lutein di-ester 

 

1Kamffer et al., 2010 

2Zscheile et al., 1942 

3Shivanna and Subban, 2012 

 

The HPLC chromatogram of banana flesh before storage showed a single sharp 

peak for free lutein (Figure 6.5a). After 7 days of storage at 22°C, there were major 

peaks detected at 6 min and 38 min and group of peaks between 44 and 46 min 

(Figure 6.5b) representing free lutein, lutein mono-ester and lutein di-esters 

respectively.  



 

 

 

 
 
 
Figure 6.5a     HPLC chromatogram measured at 445nm of free lutein extracted from banana flesh (Musa acuminata, Cavendish 

group) before storage. The lutein peak is indicated by an arrow 
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Figure 6.5b     HPLC chromatogram measured at 445nm of free lutein, mono-ester and di-ester extracted from banana flesh (Musa 

acuminata, Cavendish group) after 7 day storage at 22°C. Lutein and lutein ester peaks are indicated by arrows and a bracket 
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In the flesh, in contrast to peel, both free lutein and lutein ester increased during 

storage (Figure 6.6). The total lutein content reached the highest concentration, 

although only equivalent to peel after 7 days at the end of the storage period. The 

amount of lutein ester was significantly lower than free lutein. 

 

 

 

 

Figure 6.6 Lutein and lutein ester (µg lutein equivalents g-1) concentrations detected 

in banana flesh Musa acuminata (Cavendish group) during ripening 
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Figure 6.7 Concentration (µg lutein equivalents g-1) of different lutein esters in 

banana flesh stored at 22°C 

 

 

There was a continuous incremental formation of lutein di-esters over the storage 

period while the mono-ester concentration peaked at 5 days (Figure 6.7). At the end 

of ripening, the di-esters had become the dominant ester, representing twice the 

amount of mono-ester.  

 

The total lutein content and perceived colour were compared using CIELAB values 

including hue angle (Table 6.7). There was little difference between the CIELAB and 

hue° values over time during the ripening. Total lutein content in the flesh was not 

correlated with CIELAB b* (yellowness) and hue° (Table 6.8). In contrast, there was 

a greater association between total lutein and brightness (L*) and redness (a*) 

values.  

 

 

 

 

 

 

 

0.00

0.02

0.04

0.06

0.08

0.10

0 2 4 5 7

mono-ester

di-ester

Concentration
(µg g-1)

Bars represent
standard error

Time (day)



Chapter 6 

123 

 

Table 6.7 Total of lutein content, CIELAB values and observed colour of banana flesh  

 

Day Total Lutein 

(µg g-1 day-1) 

CIELAB values Observed 

colour 

Ripening 

stage L* a* b* hue° 

0 0.000 84.18 2.39 17.42 82.19 Very light yellow 1 

2 0.034 79.92 2.66 21.14 82.83 Very light yellow 2 

4 0.048 79.73 3.00 25.09 83.18 Light yellow 4 

5 0.287 75.62 3.66 27.32 82.37 Creamy yellow 5 

7 0.474 79.20 2.65 26.56 84.30 Creamy yellow 7 

 

 

Table 6.8 Correlation of CIELAB measurements with total lutein content in banana 

flesh  

 

  L a b hue˚ Total lutein 

L 1.000     

a 0.789** 1.000    

b 0.787** 0.535 1.000   

hue˚ 0.029 0.041 0.268 1.000  

Total lutein 0.830** 0.854** 0.594 0.004 1.000 

**significant at 1% level 

 

 

6.3.3    Rates of total lutein loss from the peel and synthesis in the flesh of 

banana  

 

The gradual decrease in the level of total lutein in banana peel was temporarily 

associated with an increasing amount of total lutein in banana flesh (Figure 6.8). 

Using first order rate equations, the rate of decrease in lutein from the peel was 

approximately 1.5 times greater than the rate of lutein synthesis in the flesh (Table 

6.9). In banana flesh, the level of free lutein and total lutein increased at a similar rate 

which was about 2 times faster than the rate of increase in lutein ester.  
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Figure 6.8 Total lutein [free lutein plus lutein ester (µg lutein equivalents g-1)] content 

in the peel and flesh of bananas stored at 22°C for 7 days 

 

 

Table 6.9 Rates of change (k1) in free lutein and lutein ester in banana peel and flesh 

 

 Total Lutein Free lutein Lutein Ester 

Peel 0.458(±0.260)* 0.476(±0.090)* 0.216(±0.066) 

Flesh -0.347(±0.231) -0.374(±0.236) -0.259(±0.236) 

* Rate of loss 
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6.4    Discussion 

 

Two lutein mono-ester peaks and one mono-ester peak were observed in the HPLC 

chromatograms of banana peel and flesh, respectively. In the peel, there were 4 di-

esters and in the flesh one main di-ester and two minor ones. Each mono-ester was 

present a single sharp peak indicating a single regioisomer contrast to the 

chromatograms for wheat presented in Chapter 3. The absence of regioisomers is 

possibly consistent what a report that the hydroxyl group of the β-ionone ring is easily 

esterified than the ε-ionone ring (Subagio and Morita, 1997). While four fatty acids 

(capric, lauric, myristic and palmitic) have been previously identified in lutein esters 

from banana peel (Subagio et al., 1996), in this study only two appear to be involved 

in mono-ester synthesis and as there were only 4 di-ester peaks, probably the same 

two fatty acids involved in di-ester formation. This needs to be clarified in a future 

study. 

  

Appearance of banana peel is a major descriptive parameter for the degree of 

ripening (CSIRO, 1985). The principle compounds that contribute to the peel colour 

are chlorophyll and the carotenoids, especially lutein (Subagio et al., 1996). There is 

a good correlation with chlorophyll content and banana peel colour (Li et al., 1997).  

 

Previous studies suggest that the peel colour change from green to yellow was due 

to the degradation of chlorophyll (Seymour et al., 1987) and appearance of 

carotenoids (Gross and Flϋgel, 1982). This process normally occurs during ripening 

in most climacteric fruit. The current study however, indicates that there is a loss of 

total lutein from the skin during storage with some of free lutein being converted into 

the lutein ester (Figure 6.2). At the end of ripening stage, there was major loss of 

total lutein (84%) in banana peel. This is probably a similar process to the rapid 

degradation of total carotenoids observed in the senescence yellow leaves (Gut et 

al., 1987). During senescence, lipoxygenase is an enzyme released after the 

catabolism of chlorophyll during ripening (Brady, 1987) and has the capability to 

destroy lutein in non-dry end-products (Mares and Mrva, 2008). Furthermore, actual 

cell death can contribute to the loss of lutein from the peel. Dark spots on banana 

peel that increase with the ripening represent the distribution of cell death (Moser et 

al., 2009). Thus, senescence and cell death are associated with the loss of lutein. 
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A lack of the lutein esters in both green and green-yellow stages of banana peel 

(Gross and Flϋgel, 1982; Subagio and Morita, 1997) suggest that free lutein was only 

esterified in mature fruit. This reaction may be due to the attachment of free lutein to 

free fatty acids released by the degradation of chloroplast thylakoid membrane during 

maturation (Blackbourne et al., 1990). The decrease in free lutein and increase of 

ester in banana peel is similar to what happens in the wheat endosperm (Chapter 3) 

however, the rates are quite different.  

 

In the peel, there is a lag of about 2 days after mono-ester formation before di-

esterification occurs. This is consistent with esterification occurring sequentially and 

possibly involving different enzymes performing each esterification reaction. These 

data agree with Subagio and Morita’s (1997) suggestion that the hydroxyl group of 

the β -ionone ring was easily esterified than the ε-ring and therefore would be 

esterified first. At the end of ripening, the level of mono-esters and di-esters were 

similar. 

 

While the amount of lutein in the skin is important for consumer appeal, the amount 

of lutein in the flesh is obviously more important for consumer health. Both free lutein 

and lutein ester are synthesized in the banana flesh during ripening (Figure 6.5) and 

therefore the enzyme(s) required for lutein synthesis are active. It has been 

suggested that ethylene gas stimulates the lutein synthesis in bananas (Subagio and 

Morita 1997). After ethylene treatment, the hydroxylation of α-cryptoxanthin derived 

from α-carotene occurred actively leading to the synthesis of free lutein as reported 

by Subagio and Morita (1997). 

 

Although the rate of esterification was similar in the flesh and peel, the pattern of 

mono- and di-esters synthesis was different. At the end of ripening, more than 70% 

of total esters in the flesh were di-esters while in the peel the di-ester fraction only 

constituted 50% of total esters. The difference in the of esterification with the ripening 

stage in banana peel and flesh may be due to a balance achieved by a self-

regulatory system in the chromoplast (Hornero-Méndez and Mínguez-Mosquera, 

2000).  
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Changes in lutein concentration in the banana flesh were quite different to what was 

observed in the wheat endosperm during storage. No new lutein was synthesized in 

wheat and the amount of total lutein depends on the storage environment while in 

banana flesh, lutein was synthesized and the final content was determined by the 

degree of maturation. This indicates that in bananas the entire carotenoid pathway is 

active (Morris et al., 2004; Blas et al., 2010) whereas in wheat only the lutein 

esterification enzyme is active. Thus, while ripe wheat grain is relatively dormant, 

banana is actively respiring. 

 

CIELAB values were a poor indicator of lutein content in both banana peel and flesh. 

In banana peel, a* and hue° were correlated with lutein where the a* value measures 

red-green and is therefore more sensitive to chlorophyll content than the lutein 

content. An increase of a* means loss of green colour due to loss of chlorophyll. The 

content of lutein declined at the same time. There was a correlation between total 

lutein content and CIELAB L* (lightness) and a* (green-red) values (Table 6.8). The 

association is probably due to colour change associated with ripening rather than 

lutein content. 

 

Results from this study show a different pattern of esterification in banana compared 

to wheat grain (HFL-DM5685*B12). In wheat, lutein esterification occurred in the 

endosperm while in banana, the free lutein was esterified in peel and flesh. Two 

mono-esters can be found in wheat and banana peel while in the banana flesh only 

one mono-ester was observed. In the wheat endosperm and banan flesh, three main 

di-esters were synthesized while in the banana peel there were five main di-esters. In 

the banan peel and wheat grain, there was a loss of lutein observed in conjunction 

with lutein esterification, while in the banana flesh there was an increase in both 

lutein and lutein ester. Obviously the rates of esterification were quite different. In 

wheat esterification at <30°C was very slow, while in banana peel and flesh, lutein 

esterification was rapid.  Warm and dry storage was favourable for esterification in 

wheat grain. In contrast, esterification occurred in banana with high moisture 

contents (approximately 76% water, NEVO Table, 1996), even though the final 

amount in banana was much lower than wheat. If there is a similar mechanism for 

esterification in bananas as in wheat, then when the moisture content in bananas is 

carefully reduced, there may be an increase in lutein esterification. 
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Differences in lutein esterification of wheat and banana were possibly due to 

differences in enzymes and fatty acid/lipid substrates. In wheat the main fatty acids 

were palmitic and linoleic while in the banana the fatty acids are thought to be: 

capric, lauric, myristic and palmitic (Subagio et al., 1996). The dissimilarity in the fatty 

acids is not large and therefore whether the fatty acids are free or bound may be 

important. An acyltransferase was the probable enzyme for wheat esterification 

(Chapter 3) while in bananas because they are actively respiring, coenzyme A 

(Britton 1998) may have role in esterification. Similar to wheat, different synthetic 

rates of mono- and di-esters in banana indicates different enzymes catalysing the 

reaction or an enzyme with different activities. 

 

In conclusion, the degree of ripening affected the amount of total lutein in banana 

flesh and peel. The banana colour index could not be used as the indicator of total 

lutein as there was no correlation between yellowness (b*) and total lutein. The 

highest total lutein content in the banana flesh was at the ripened stage and therefore 

to obtain the maximum amount of lutein, it is essential to consume ripe bananas. 

Although lutein is esterified by fatty acids in both bananas and wheat (HFL-

DM5685*B12), there are dissimilarities in the esterification mechanism due to 

differences in tissue matrix, enzymes and fatty acid substrates. 
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CHAPTER 7 

 

General Discussion 

 

 

Lutein is an important carotenoid pigment in wheat and bananas. The predominant 

carotenoid in the wheat grain starchy endosperm amyloplast is lutein (Hentschel et 

al., 2002) and therefore is a significant contributor to yellow colour of end products 

made from wheat. Wheat is a vital staple food for most of the world’s population in 

the world. Bananas are also an essential source of staple food and nutrient for most 

developing countries especially Eastern Africa, tropical America and Carribean 

countries (Ddungu 1986; Ramiro 1986). Lutein is important for human health, cannot 

be synthesized by the human body and a suggested intake of 6mg/ per day lutein 

recommended by the American Dietetic Association (Bartlett and Eperjesi, 2007). 

Efforts are currently being made to increase the lutein content in bread varieties 

(Mares and Campbell, 2001). However, if lutein is relatively unstable against heat 

and light as has been suggested by previous research (Subagio et al., 1999; Kaneko 

et al.,1995; Wrigley et al., 2009), then the efforts to increase the concentration of 

lutein in the wheat grain would be wasted.  

 

In both wheat and bananas lutein is esterified. However, the main drivers for 

esterification are quite different. In bananas, degree of ripeness appears to be most 

important, while in wheat storage time is important. Esterification increased lutein 

stability and as wheat is stored for a long time, lutein stability is of greater interest in 

wheat than in bananas. 

 

A main objective of this research was to find an optimum temperature ranges for 

lutein esterification and for minimising lutein loss from wheat. Although lutein and 

lutein ester show different stabilities, it is the loss of total lutein which is most 

important. For wheat where esterification occurred, storage at temperatures between 

20°C and 50°C gave the longest half lives suggesting this temperature range was the 

best storage for retention of the maximum amount of total lutein.  
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At high temperature, the stability of lutein is much lower than the lutein ester and 

lutein esterification can help prevent loss of lutein. For example, there was a greater 

loss of lutein from Kamilaroi (a high lutein durum) stored at 50ºC, than in the high 

ester forming wheat (HFL-DM5685*B12). Thus, besides being more stable than 

lutein, lutein esterification has a protective role against lutein degradation. This 

observation is important and deserves further investigation.  

 

Food processing at high temperatures provides challenge for the thermostability of 

lutein and its ester. In grain stored 130°C, the half live was 0.3 days, suggesting 

lutein is very unstable at the high temperatures used especially during baking. While, 

admittedly the baking time is short, temperatures can be much higher than 130°C. 

Although lutein loss has been observed during baking (Abdel-Aal et al., 2010) further 

research is required to determine the losses of lutein and/ or its ester during baking 

and whether the dough matrix helps protects against lutein losses. Usage of very 

high lutein wheats containing lutein esters may reduce the disappearance of lutein. 

Different wheats can be used as the main ingredients for a stability comparison and 

the impact of the heat treatment on the yellow colour of the products can be studied.  

 

While wheat is mainly transported and stored as grain, it can be stored for long 

periods as flour. In agreement with previous studies (Farrington et al., 1981; 

Humphries, 2002), a lower loss of lutein was observed in grain than in wholemeal for 

both high lutein and ester forming bread wheats indicating that storage of wheat as 

grain minimizes lutein loss. This is an advantageous for the Australian trader as most 

wheat is stored in grain form due to ease of handling. These were amplified with the 

result of the study.  

 

Another issue for storage of wheat, especially in tropical countries, is humidity. There 

were no significant losses in total lutein for any of the varieties or treatments either 

under nitrogen, vacuum, low or high humidity, at 50°C indicating the current storage 

methods of Australian wheat is appropriate. However, esterification was accelerated 

under lower humidity and warm conditions. If lutein ester has a protective role for 

lutein stability, as well as higher stability itself, then the storage of wheat grain under 

a dry, warm environment would be preferred.  
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An understanding of the esterification reaction mechanism will assist in regulating the 

reaction. In wheat, lutein esterification follows a first order rate (≤80 C) until a 

maximum at 80°C which is consistent with a thermostable enzyme being involved in 

the reaction. The reaction was irreversible. High levels of free fatty acids indicated 

that they were the most probable substrate for esterification. However, they were not 

active in the bioassay. Clearly more research needs to be performed. The implication 

of these results for lutein esterification in banana is very interesting as it has much 

higher moisture content.  

 

An enzyme mediated esterification in wheat suggested genetic control. A locus 

related to lutein esterification was identified on the short arm chromosome 7D. While, 

further mapping work is required, this information can be used by the plant breeder 

assist in the selecting of esterification in wheat grain.  

 

Banana serves as contrast to wheat in both the matrix and the way the lutein was 

esterified. The main differences to wheat were that in banana lutein synthesis 

continued and lutein ester synthesis in both flesh and peel occurred during storage 

ripening while in wheat lutein synthesis had ceased and lutein esterification occurred 

relatively slowly during storage. To obtain the maximum quantity of lutein, ripe 

banana fruit is recommended. The mechanism of esterification in banana cannot 

further investigated easily because banana cannot withstand the temperature range 

used for studying wheat. However, isolation and investigation of the enzyme involved 

in lutein esterification could be of considerable significance.  

 

High lutein in both green and ripe banana peel can be exploited in the food and 

phytochemical industries. Although a high quantity of ripe bananas are consumed by 

people as staple food in tropical countries, (Aurore et al., 2009), the recommended 

daily intake of lutein is hard to achieve. This can be improved by extracting lutein 

from the banana peel and sold as a food supplement with green peel containing 

higher lutein content than yellow peel. There are abundant studies on a lutein 

supplement extracted from marigold flowers (Tagetes erecta L.) as well as its effect 

on human health (Hadden et al., 1999; Khachik, 2001; Landrum et al., 1997; 

Harikumar et al. 2008). Presently marigold flowers provide the only source of lutein 

for human supplements. Banana peel could provide another potential alternative 
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source for lutein supplementation. The method and reagents for extraction and 

isolation of total lutein from banana peel are not much different from the methods 

used of marigold flowers (Gregory et al., 1986). Although the content of lutein 

extracted from marigold flowers is much higher than banana (Piccaglia et al., 1998), 

the availability of green banana peel as waste product make it potentially an 

attractive alternative. Marigold flowers are commercially cultivated in the Central 

America for the extraction of lutein (Breithaupt et al., 2002), whereas banana peel is 

always available as waste product in most developing countries especially in the 

tropics.   

 

Banana has great versatility as a food particularly in Asian countries where it is eaten 

raw, cooked green or ripe. Although short cooking times involving deep frying and 

boiling are expected to have minimal effect on lutein loss (Khachik et al., 1992; 

Mares et al., 2008), further research is required.  

 

This study answered number of research questions on the effect of temperature on 

the stability of lutein and lutein ester, the mechanism of esterification, genetic control 

in esterification in wheat and also the difference in distribution of lutein and lutein 

ester in banana compared with wheat. As already stated in this chapter, the current 

study needs to be supported by further research on the stability of lutein and lutein 

ester during food processing in both wheat-based products and bananas. Abdel-Aal 

et al. (2010) showed a loss of almost 50% of lutein during the baking of flat bread. As 

lutein ester has greater stability at high temperature than lutein, the expected loss of 

lutein from breads made using high ester wheat should be much lower. Different food 

processing will have different effects on the retention of lutein and lutein esters 

because of different cooking times and temperatures. Hence, further studies lutein on 

lutein and lutein ester loss in baked goods are required however, the potential to 

increase the lutein content of a baked product by using flour with high ester content is 

an exciting prospect. 
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