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 The total phenolic content (TPC) of common vegetables grown in Ontario was 

determined by the Folin-Ciocalteu method, and it was found that the broccoli 

inflorescence had an exceptionally high TPC on average value, followed by cabbage, 

onion, potato and carrot. The TPC values of darkpurple potatoes and carrots were higher 

than the common potatoes and carrots. Positive correlations between the TPC and TAA 

were observed with varied degrees in all vegetables. Choice of cultivar and production 

practices can be used to increase TPC and TAA in a wide range of vegetables. Insecticide 

application did not influence the TPC and TAA of broccoli leaves and flowers. Higher N 

rate decreased the TPC and TAA of cabbage cultivar ‘Huron’ and of carrot. Fungicide 

and biofungicide applications did not influence TAA in carrots. Fertilizer applications did 

not influence the TAA of onions, but there was a decrease in TPC. The rate of MAP 

(mono ammonium phosphate 52% P2O5) affected the TAA of onions, but the influence 

was inconsistent between two antioxidant assays. High temperature with possibly high 

rainfall capacity occurred in the year increased the TPC and TAA of most studied 

vegetable crops.
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GENERAL INTRODUCTION 

 Vegetable crops are always considered an important part of a healthy diet. In addition to 

the rich vitamins and minerals (Prior and Guohua 2000), vegetable crops also contain 

significant amounts of bioactive compounds, such polyphenols, which provide a wide range 

of health benefits beyond basic nutrition. Epidemiological studies have consistently indicated 

an association between high intake of vegetable crops and a lower risk of chronic diseases 

such as certain types of cancer (Kwon et al. 2006; Reddivari et al. 2007a; Rose et al. 2005; 

Smiechowska et al. 2008), cardiovascular diseases (Radhika, Sudha et al. 2008; Terao, 

Kawai et al. 2008; Dauchet, Amouyel et al. 2009), and type II diabetes (Liu et al. 2004; 

Villegas et al. 2008). In addition, the World Health Organization World Health Report 2005 

(Lock et al. 2005) indicated that low intake of fruits and vegetables were identified as an 

important risk factor for chronic diseases. Today, Canada’s Food Guide recommends that 

vegetables should constitute the major components of a healthy eating pattern. It is suggested 

that people need to eat at least one serving of dark green (such as broccoli, romaine lettuce, 

and spinach) and one serving of orange vegetables (such as carrots, sweet potatoes, and 

winter squash) each day (Terao et al. 2008). In Canada, the main production of vegetable 

crops is in Ontario, which represents almost 43% of the national total farm cash receipts 

(Agriculture-Agri-Food-Canada 2010). 

 Phytochemicals with different bioactivities in various vegetable crops are important 

components of a healthy diet. Many of these compounds appear to be responsible for the high 

antioxidant activity that is beneficial to human health. Currently, people pay more attention 

to the nutrition and quality of the food they consume, thus increased levels of these health-

promoting substances in vegetables would be more desirable to meet consumer demand.
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 Polyphenols are the most rich antioxidant group of chemical substances in human diet 

(Tsao et al. 2006). Many of these compounds are produced by plants to protect themselves 

from oxidative damage and as chemical defenses against insects and microorganisms (Ghosh 

2005). 

 Several reports indicated that external stimuli can modulate the synthesis, and change 

the composition or quantities, of phytochemicals in plants (Kuc 1995; Matsuki 1996). 

Generally, the level of phytochemicals in vegetable crops is affected by several factors, such 

as genetic differences (variety or cultivar), environmental conditions, and crop management 

practices (e.g. fertilizer, application of insecticides, fungicide and herbicides). 

 Understanding the phytochemical components and how they can potentially contribute 

to health and wellness is important to consumers, farmers and the food industry. However, 

there are currently no systematic studies on the phenolic content and antioxidant activity of 

major Ontario vegetable crops. Therefore, the objectives of this study are 1) to determine the 

total phenolic content and antioxidant activity of major Ontario vegetable crops, 2) to 

determine the relationship between antioxidant activity and total phenolic content and 3) to 

identify factors that influence the levels of phytochemicals in vegetables. 
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1. LITERATURE REVIEW 

1.1. Introduction: importance of vegetables in the human diet 

 Vegetable crops are always an important part of a healthy diet. There are more than 

10,000 plant species eaten as vegetable crops around the world (Decoteau 2000). Although 

the consumption of fresh vegetables varied in recent years, the number of consumers who 

purchase fresh vegetable crops is increasing and vegetable consumption in Canada has been 

maintained at more than 60 kg fresh vegetables per year on average per person (Statistics-

Canada 2005). Compared with 20 years ago, Canadians now have 10.9 % more vegetables in 

their diet. Many of the popular vegetables such as carrots and onions are now consumed in 

higher quantities than 20 years ago (Statistics-Canada 2005). 

 Vegetables are of considerable importance in the human diet because they are rich 

sources of vitamins and minerals with lower calories, and they supply protein and fibres 

(Prior and Guohua 2000). Vegetables such as green beans are an excellent source of proteins 

(Messina 1999). Meanwhile, increased fruit and vegetable consumption can help displace 

foods high in saturated fats, sugar or salt, which are not good for human health. Canada’s 

Food Guide recommends that vegetables should constitute the major components of a healthy 

eating pattern (Health-Canada 2008). 

 Vegetable crops also contain significant amounts of bioactive compounds, which 

provide a wide range of health benefits beyond basic nutrition. In recent years, more and 

more research has focused on the antioxidant phytochemicals in vegetables, especially the 

relationship between the health effects of vegetables and specific diseases (Suter and Moser 

2005). The benefits are often associated with antioxidant phytochemicals, such as phenolics 

and carotenoids (Liu 2003). Epidemiological studies have consistently indicated an 
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association between a high intake of vegetable crops and a lower risk of chronic diseases 

such as certain types of cancer (Kwon et al. 2006; Reddivari et al. 2007a; Rose et al. 2005; 

Smiechowska et al. 2008), cardiovascular diseases (Dauchet et al. 2009; Radhika et al. 2008; 

Terao et al. 2008), and type II diabetes (Liu et al. 2004; Villegas et al. 2008). According to 

evidence presented in World Health Report 2003 (World-Health-Organization 2003), it is 

estimated that up to 2.7 million lives could potentially be saved each year, if fruit and 

vegetable consumption were sufficiently increased. More research is needed to investigate 

the role of vegetable crops in the prevention of chronic diseases. 

1.2. Vegetable Taxonomy and Production in Ontario 

 Vegetables are a large group with representatives from many families of the Kingdom 

Plantae, although some members of the Kingdom Fungi, such as mushrooms, are also 

considered vegetables by their use as food. Webster’s Dictionary (Grolier New Webster's 

Dictionary, 1992) defines a vegetable as ‘a edible plant or an edible part of plant (eg. 

cabbage, bean or potato, etc ), as prepared for market or table ’. While many species can be 

used as vegetable crops, only 50 or so are considered of commercial importance (Guanzon 

2003). 

 There are many methods used to classify vegetables, however none is perfect; some 

classifications are more useful than others depending on situations and needs. The most 

commonly used system is classification according to the source of the edible plant part(s), 

which include: root (e.g. beet, carrot, turnip); bulb (e.g. leek, onion, garlic); stem (e.g. 

asparagus, kohlrabi); flower (e.g. cauliflower, broccoli); tuber (e.g. potato); immature fruit 

(e.g. cucumbers, green peas, summer squash, sweet corn); mature fruit (e.g. muskmelon, 
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watermelon, tomato, winter squash); leaf (e.g. cabbage, lettuce, spinach); petiole (e.g. 

celery); and seed (e.g. dry bean) (Decoteau 2000). 

 Life cycle is another factor for plant classification. Annual plants complete their life 

cycle during a single growing season; examples are spinach, lettuce, and bean (Decoteau 

2000). Many of the common vegetables are annual. Biennial plants require two seasons to 

complete their life cycle, but many of them are grown as annuals, including many cole crops 

such as broccoli, cauliflower, and cabbage, and other vegetables including onions and 

carrots. Perennial plants grow for more than 2 years, such as globe artichoke, asparagus, and 

rhubarb (Decoteau 2000). 

 In addition, other classification methods have been used. Table 1-1 classifies vegetables 

according to nutrient content, such as protein content, vitamin A and vitamin C, mineral 

content. Only those containing the highest content of each component are listed.  

 Sweet corn, potatoes, green peas, tomatoes, carrots, dry onions, peppers, broccoli and 

cabbage are major vegetable crops in Ontario from the statistical summary of 2006 census 

(McGee 2010). 

 For the current study, broccoli, cabbage, carrot, onion and potato were selected to 

reflect the wide range of vegetable species in Ontario. Broccoli and cabbage are in the family 

Brassicaceae; carrot belongs to the Apiaceae family; onion is from the Alliaceae family; and 

both potato and tomato are part of the Solanaceae family. The selected vegetable crops also 

represent almost all edible parts of vegetables, including root (carrot), tuber (potato), leaf 

(cabbage), bulb (onion), immature flower bud (broccoli), and fruit (tomato). These vegetable 

crops are commonly found in the daily diet and represent the most important vegetable crops 

grown in Ontario and Canada (Statistics-Canada 2009)..
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Table 1-1 Classification of vegetables according to nutrient content (raw, and ranked in descending order per 100 g edible 

portion)  

Carbohydrates  
Lima bean seeds-63, Garlic-33, Yam-28, Sweet potato-20, Sweet corn-19, Salsify-19, Parsnip-18, 

Potato-12, Carrot-10, Beet-10 

Protein and amino acids (g) 
Lima bean seed-21, Kale-3.3, Sweet corn-3.3, Green pea-3, Broccoli-2.8, Mustard (green)-2.7, 

Collard-2.4 

Fibre, total dietary (g) Brussels Sprouts-3.8, Carrots-2.8, Broccoli-2.6, Asparagus-2.1, Kale-2.0 

Vitamin A (IU) 
Sweet potato-18147, Carrot-16706; Kale-15376, Mustard (green)-10500, Spinach-9377, Parsley-8424, 

Cress-6917, Collard-6668, Beet (green)-6326,Chard-6116 

Vitamin C (IU) 
Parsley-133, Red pepper-128, Kale-120, Broccoli-89, Brussels sprout-85, Turnip (green)-60, Chive-

58, Horseradish-52, Cauliflower-48, Watercress-43, Collard-35, Spinach-28 

Calcium (Ca) (mg) 
Turnip (green) 190, Dandelion (greens)-187, Horseradish-185, Collard-145, Parsley-138, Kale- 135, 

Beet (green)-117, Chinese cabbage-105, Mustard (green)-103, Broccoli-47  

Phosphorus (P) (mg) Lima bean-385, Garlic-153, pea (green)-108, Artichoke-90, Parsnip-71, Brussels sprout-69, Broccoli-

66, kale-56, edible pea-53 

Potassium (K) (mg) 
Lima bean-1724, Cress-606, Spinach-558, Parsley-554, Kale-447, Chicory-420, Garlic-401, Chard-

379, Parsnip-375, Artichoke-370, Mustard (green)-354,Potato-337, Mushroom-318 

Iron (Fe) (mg) 
Lima bean-7.5, Parsley-6.2, Beet (green)-2.8, Chard-3.2, Dandelion (green)-3.1, Spinach-2.7, Kale-

1.7, Mustard (green)-1.5, Pea (green)-1.5, Turnip (green)-1.1 

Sodium (Na) (mg) 
Chard-213, Beet (green)-226, Spinach-130, Celeriac-100, Artichoke-94, Celery-80, Dandelion 

(green)-76, Carrot-69, Parsley-56, Kale-43 

Zinc (mg) Spinach0.53, Asparagus-0.54, Broccoli-0.41, Kale-0.44 

Source: US Department of Agriculture (USDA) National Nutrient Database 2011.  
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 The potato is the most widely cultivated vegetable crop and is grown in all provinces in 

Canada. Although Ontario is not the largest potato-producing province in Canada, there still 

are about 14,569 hectares of potato planted with a production value of $117 million. Potatoes 

are Ontario’s largest fresh vegetable crop and second only to tomatoes as a processing crop. 

The carrot is one of the most important cool-climate root crops in Canada and Ontario is the 

main carrot production center. Ontario leads in carrot production with 131,500 t in 2008, 

which was about 44.7% of the national production. Ontario also produces the largest bulb 

onion crop. The total Ontario onion crop was harvested from 5,490 acres in 2008 with a total 

yield of 111,000 t, and a total value of $21 million. Ontario is the main area of cultivation of 

cabbage with 33.1% of total cabbage production in Canada. The production of cabbage was 

52,600 t with a production value of $14.7 million in 2008. The farm gate value of broccoli in 

Ontario is $8.8 million in 2008. Although broccoli has lower economic importance to 

Ontario, broccoli is a good candidate for expanded production in southern Ontario because of 

the increased popularity in recent years and its high nutritional value (Statistics-Canada 

2010). 

1.2.1 Broccoli (Brassica oleracea L. var. italica) 

 Most broccolis in Ontario are grown from transplants that are started in the greenhouse 

and planted out in the field at 4 to 6 weeks. The transplants can be planted in the field from 

late April until August. Using transplants helps to develop uniform crop growth in the field 

and the crops mature faster (Ontario Ministry of Agriculture, Food and Rural Affairs 

(OMAFRA 2010). Broccoli grows best in sandy loam at a pH of 6.5 with a moderate 

temperature (OMAFRA 2010). Usually it will take 45-60 days after transplanting before 

harvest.
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Table 1-2 Production and farmgate values of five major vegetable crops in Ontario, 

2008
1 

Crop Area planted Area harvested Production Farm value 

  (Hectares) (Hectares) (Tonnes) ($1,000) 

Broccoli 1532(40.0%)
2
 1435 8000(22.4%)

3
 8800 

Cabbage 1657(37.5%) 1532 52600(33.3%) 14750 

Carrot 3359(40.1%) 3339 131500(44.7%) 18070 

Onion 2384(42.5%) 2222 111000(53.8%) 21300 

Potato 14569(9.5%) 14245 7744000(7.5%) 117,112 
1
Source: Statistic Canada, 2009. Fruit and Vegetable Production. Cat.: 22-003-X; Canadian 

Potato Production. Cat.: 22-008-X. 
2
Percentages of total area planted in Canada. 

3
Percentages of total production in Canada. 
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With satisfactory field growth, the early marketable broccoli can be harvested by the middle 

of June and successive harvests may be obtained up to early November, or later in a mild 

autumn, thus providing a continuous supply to the market (Loughton 1988). Broccoli can be 

stored at 0 ºC and 95%-100% relative humidity after a rapid and uniform cooling. Broccoli 

has a short shelf life and can only be stored for 5 to 7 days in a perforated plastic bag before 

losing quality. Broccoli belongs to the Cole Crops group of vegetables. The edible part of 

broccoli is the immature flower bud. Many types of broccoli are annual but some are 

biennials and it is considered a cool season crop. Broccoli is an excellent source of vitamin 

C, calcium and iron, as well as a source of fibre, vitamin A and potassium (Decoteau 2000). 

It also contains multiple nutrients with potent antioxidant properties, such as flavonoids 

(Kurilich et al. 2002; Kurilich et al. 1999). Broccoli tops the list of the top 10 healthy 

vegetables developed by the U.S. Department of Agriculture (List 2001). Broccoli is an 

excellent source of photochemical including glucosinolates and their byproducts, phenolics 

(e.g. kaempferol, quercetin glucosides and isorhamnetin), vitamins (e.g. C, K), dietary 

minerals (e.g. iron, zinc, selenium), and fibre (Vasanthi et al. 2009). 

1.2.2 Cabbage (Brassica oleracea L. var capitata) 

 Cabbage is an herbaceous biennial but is grown as an annual. Cabbage grows best in 

cool and moist environments. Cabbage belongs to the genus Brassica, performs best in sandy 

loam soils at a pH of 6.5, and has a relatively high moisture requirement. In Ontario, cabbage 

is transplanted to the field at 6 weeks after seeding, and the crop matures in 70-120 days 

(OMAFRA 2010). The best time for harvesting cabbage is before the outer leaves begin to 

lose their colour. Cabbage can be stored at 0 ºC and 95%-100% relative humidity after a 

rapid and uniform cooling (OMAFRA 2010), and can remain in storage for 5 to 6 months. 
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 The edible portion of the cabbage is the large leafy head. Cabbage is an excellent source 

of vitamin C and dietary fibre (Decoteau. 2000). In addition, cabbage provides many 

antioxidant-related health benefits. A study in Brazil indicated that the water extracts of 

cabbage provided protection against DNA damage in rats (Horst et al. 2010).  Anthocyanins 

are known antioxidants richly found in blue or red fruits and vegetables. Research on the 

composition of anthocyanins in red cabbage proves that anthocyanins make up the majority 

of red cabbage polyphenols (McDougall et al. 2007). Glucosinolates is a class of secondary 

metabolites important for herbivore defence in cabbage (Newton et al. 2010). In addition, 

epidemiological studies provide evidence that glucosinolate hydrolysis products protect 

humans against cancer more effectively than the total intake of fruits and vegetables (Keck 

and Finley 2004)  

1.2.3 Carrot (Daucus carota L. ssp. sativus (Hoffm) Arcang) 

 Carrot is a biennial member of the Apiaceae family, which includes dill, fennel, celery, 

and parsley. Carrot is a cool season crop grown as an annual. Carrots grow best in deep and 

well drained muck and sandy loam soil with pH of 5.5 and 6.5, respectively. Carrots are not 

suitable for transplanting because transplanting would damage the roots, resulting in a forked 

or stunted, and hence unmarketable, root. In Ontario, carrots are sown during mid-April to 

late June and most carrots mature in 120-180 days. Late July to October is harvesting time 

for fresh market carrots and October to November for processing carrots. After harvest, the 

carrots can be stored at 0 ºC and 90-98% relative humidity after a rapid and uniform cooling 

(OMAFRA 2010). Carrots can be kept in cold storage for 6 months or longer.  

 Orange carrots are an excellent source of carotenoids, especially β-carotene. β-Carotene 

is not only a precursor of vitamin A, but in recent years, it has been shown to be a strong 
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antioxidant which reduces age-related macular degeneration (Molldrem et al. 2004). 

Research has also shown that phenolic acids are abundant in carrots, especially those planted 

in an organic growing system (Sikora et al. 2009). Coloured carrots have become popular 

recently due to their multiple pigments. The white, yellow and solid-coloured purple cultivars 

were found to have quite low carotenoid content, and the solid coloured purple carrot 

contained the most phenolic compounds (Grassmann et al. 2007). Anthocyanin extracts from 

black carrots demonstrated exert antioxidant activity in different in vitro tests (Kammerer et 

al. 2004). 

1.2.4 Onion (Allium cepa L.) 

 Onion is a bulbous biennial or perennial herb and a cool season crop. Onion can be 

grown either from seed, transplant, or sets. Onion grows best on mineral soil and muck soil 

with a pH of 5.8 to 7.0 and 5.0 to 6.0, respectively (OMAFRA 2010). Onions reach maturity 

when the neck tissues are soft. After harvest, the onion should be stored at 0 ºC and 65-70% 

relative humidity with good air circulation (OMAFRA 2010). Onions can be stored for 8 to 

12 months if treated with a sprout inhibitor and kept at optimal storage conditions. 

 Onion is one of the most important commercial vegetable crops grown in Canada and 

most onions grown in Ontario are sold as dry bulb onions for cooking. Onion is a very 

popular vegetable crop world-wide because of its unique flavour and is usually used as a 

flavouring agent (Becher and Ke 1986). Onions are a good source of vitamin C with low 

calories (Decoteau 2000). Onions are one of the richest sources of flavonoids (Sellappan and 

Akoh 2002; Stajner et al. 2006) , and the quercetin in onion is well-known for its antioxidant 

activity (Kiviranta et al. 1988). 
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1.2.5 Potato (Solanum tuberosum L. ) 

 Potato belongs to the family Solanaceae, which includes tomato, pepper, and eggplant. 

Commercially, the potato crop is established from ‘seed’ tubers. Potato is also a cool season 

crop. Potatoes grow best in a deep, friable and well drained sandy loam soil with a pH of 6-7 

(Decoteau 2000). April and May are the best months for planting potato and most potatoes 

mature in 120-180 days in Ontario. Potatoes can be stored for up to 11 months at 

temperatures below 5 ºC until they are ready for packaging and shipping, and sprout 

inhibitors can be used to extend the storage period at 10 ºC (OMAFRA 2010). 

 Potato is one of the most important food crops worldwide after wheat and rice, as 

staples for  the human diet (Woolfe and Poats 1987). In addition to the starch content, potato 

tubers are rich in proteins, carbohydrates, and minerals such as calcium, potassium, and 

phosphorous (Kolasa 1993). Many small molecules such as flavonoids and carotenoids have 

also been found to contribute significantly to the many beneficial effects of potato (Friedman 

1997; Lewis et al. 1998; Tsao 2009). 

1.3. Major nutrients of vegetable crops. 

 Plant-based foods contain three major macronutrients essential to human health: 

proteins, fats and carbohydrates. Vegetable oils are a rich source of unsaturated fatty acids 

which are healthier than the saturated fats derived from animals, which are linked to higher 

risks of cancer and heart disease (Hays et al. 2003; Nyberg 1998; Trichopoulou et al. 1992). 

 Vegetable crops are also important source of minerals, such as potassium, calcium, 

magnesium, phosphorus, iron, and zinc (Aung et al. 1983). Generally, green vegetable crops 

have higher levels of calcium and iron (Singh et al. 2001). 
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 All kinds of vitamins can be found in various vegetable crops. Carrot, spinach, sweet 

potato, and pumpkin are vegetables known for vitamin A. Green leafy vegetables are good 

sources of vitamin C. Mushroom is a good source of vitamin D. Most vegetable oils can 

provide abundant vitamin E (Ambrosini et al. 2007; Drewnowski et al. 1997; Sheppard et al. 

1993). 

 Fibre is also an important component in  vegetable crops which can help the functioning 

of the digestive system (Marlett and Vollendrof 1993). There are basically two types of 

dietary fibre, soluble and insoluble depending on their solubility in water,. Vegetables mainly 

contain insoluble fibres, which are especially helpful in alleviating problems related to 

constipation (Eastwood et al. 1977; Marshall 1986), reducing the absorption of salt and 

toxins (Levine 2006) and in maintaining blood sugar levels in diabetic patients (Chen et al. 

2010; De Natale et al. 2009; Wolfram and Ismail-Beigi 2010). Among all vegetables, 

cabbage, green beans, broccoli, and spinach are known for their high fibre contents.  

 Vegetable crops also contain other health beneficial components. Phytochemicals such 

as flavonoids and carotenoids have been found to contribute significantly to the health of 

humans in recent years (Cordell et al. 2007). These phytochemicals are known to benefit the 

normal functioning of the human body (Wettasinghe et al. 2002). For example, 

supplementation of lutein and lycopene can improve visual function and delay further 

degeneration in patients who are in the early stages of cataract development (Gupta et al. 

2003; Olmedilla et al. 2003). Different vegetables contain different types of phytochemicals, 

and for this reason, it is generally understood that consumption of a variety of vegetables is 

very inportant. Data from the literature indicates that the benefits increase significantly when 
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the intake is 400 g fruits and vegetables per day (Veer et al. 2000) or even higher (Gundgaard 

et al. 2003). 

1.3.1 Vegetable consumption and cancer risk 

 Vegetable crops are a rich source of phytochemicals. Consumption of vegetables is 

inversely related to the incidence of certain types of cancer (Temple and Gladwin 2003). The 

specific mechanisms of action of most phytochemicals in cancer prevention are not very 

clear, but from the epidemiological studies, the overall results continue to suggest that high 

fruit and vegetable consumption is related to low rates of different kinds of cancer 

(Greenwald et al. 2001; Key et al. 2002; Kris-Etherton et al. 2002; Temple and Gladwin 

2003). Several possible mechanisms have been proposed: 1) inhibit carcinogenesis by 

stimulating phase II enzymes and inhibiting phase I enzymes (Fahey and Talalay 1999; 

Joseph et al. 1999; Kassie et al. 2003); 2) scavenge DNA reactive agents; 3) suppress 

angiogenesis and metastasis (Igura et al. 2001; Meng et al. 2000); and, 4) inhibition and 

induction of apoptosis of certain types of cancer cells (Gamet-Payrastre et al. 2000; Thatte et 

al. 2000). 

 Several groups of phytochemicals in specific vegetables have been known for their 

potential in reducing cancer risk. For instance, broccoli sprouts are a rich source of 

polyphenols, which have antioxidative and antimutagenic activities (Vasanthi et al. 2009). 

Quercetin and other related flavonoids from onion have been shown to inhibit carcinogen-

induced tumors in rodents (Hung 2007). Lycopene, which is found in tomato, appears to 

lower the risk of prostate cancer (Amsellem-Ouazana and Conquy 2004; Ansari and Ansari 

2005), lung cancer (Comstock et al. 2008; Gallicchio et al. 2008), and other cancers (Seren et 
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al. 2008). Isothiocyanates and glucosinolates in cruciferous vegetables were found to reduce 

the risk of cancer (London et al. 2000; Thornalley 2002). 

1.3.2 Vegetable crops and cardiovascular disease 

 The incidence of cardiovascular diseases (CVDs) can be influenced by many factors, 

including life style e.g. smoking, physical exercise and diet. A diet high in vegetables can 

reduce the incidence of CVDs (Bazzano et al. 2002; Joshipura et al. 2001) through the 

following possible mechanisms: 1) reducing the synthesis of low-density lipoprotein (LDL) 

(Dillon et al. 2003); 2) suppressing inflammation; and 3) stimulating of the synthesis of 

antioxidant enzymes (Fahey et al. 2002; Gao et al. 2001). 

 Many phytochemicals of vegetable origin are antioxidants that suppress the oxidization 

rate of low density lipoproteins (LDL), which consequently reduces the formation of 

atherosclerotic lesions (Dillon et al. 2003). Epidemiological studies indicate that 

consumption of a diet rich in flavonoids is protective against heart disease (Vinson 1998), 

and can reduce the risk of stroke (Jeerakathil and Wolf 2001). Quercetin from Allium spp can 

decrease platelet aggregation and inhibit clot formation (Griffiths et al. 2002; Hubbard et al. 

2003). Lycopene in tomato can interfere with the synthesis of LDL (Chu et al. 2002) and may 

help to lowering blood pressure (Broekmans et al. 2000), and much of this effect is related to 

its antioxidant properties. 

1.4. Health-promoting antioxidant phytochemicals in vegetable crops  

 Phytochemicals with different bioactivities in various vegetable crops are important 

components of a healthy diet, many of which have been attributed to the antioxidant activity 

and health benefits. Understanding the chemistry, biosynthesis and biological roles of these 

compounds will help maximize the health benefits throughout the food value chain. The 
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major antioxidant phytochemicals, polyphenolic compounds and carotenoids in vegetable 

crops are discussed below. 

1.4.1 Phenolics and polyphenolic compounds  

 Polyphenols (Figure 1-1) are the richest antioxidant group of chemical substances in the 

human diet. They are characterised by the presence of phenolic rings (Tsao et al. 2006) and 

are important plant secondary metabolites (Scalbert et al. 2005). Vegetable crops are a 

particularly rich source of polyphenols (Ghosh 2005). One of the major physiological 

functions of polyphenols is to protect plants from oxidative damage, which can also be 

beneficial to humans. The most important groups of polyphenols in nature are flavonoids, 

which are benzoic acids such as gallic acid, lignans, stilbenes, coumarins and tannins 

(Ranabahu and Harborne 1993). 

 Flavonoids are the largest group of phenolic compounds and have a basic skeleton 

composed of three rings (C6-C3-C6). They are classified into six major classes according to 

their substitution pattern in the B- and C-rings, which are flavan-3-ols, anthocyanins, 

flavones, isoflavones, flavanones and flavonols (Harborne and Williams 2000). The 

flavonoid polymers are also known as proanthocyanidins. Flavonoids occur as plant 

secondary metabolites that are involved in pigmentation, antioxidants, antimicrobials, 

antistressors, and UV irradiation protection (Vaya and Aviram 2001). The most abundant 

flavonoids are flavonols. Hertog et al (1992) reported that among the edible parts of most 

vegetable crops, onions, kale and broccoli contain the highest amount of the most important 

flavonol, quercetin (>10 mg /kg) (Hertog et al. 1992). In plants, flavonoids have a variety of 

functions, including determining the colour of the blossoms, protecting the plant from UV.
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   Figure 1-1 The basic groups of polyphenols 
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radiation, and defence against the bacteria and fungi (Daniel et al. 1999). In addition, 

flavonoids are very effective antioxidants in human health, which can defend against several 

types of cancers (Doreau et al. 1993; Rodgers and Grant 1998; Tumova 1995). 

1.4.2 Carotenoids 

 Carotenoids are lipid-soluble pigments found in many green and yellow vegetable 

crops. A carotenoid compound consists of 40 carbon atoms with conjugated double bonds. 

Carotenoids are very unstable and easily isomerized to produce trans/cis isomers due to this 

structural feature (double bonds) (Rao and Agarwal 2000). Carotenoids can be divided into 

two groups, the carotenes and the xanthophylls. The former group includes -carotene, β-

carotene and lycopene which are composed of only carbon and hydrogen. Oxygenated 

derivatives, such as β-cryptoxanthin, lutein, zeaxanthin and capsanthin belong to the 

xanthophylls. Plants and many microorganisms synthesize carotenoids, but animals have to 

obtain them from plant foods. Up to now, more than 750 carotenoids have been isolated from 

natural sources (Britton et al. 2004). Carrot (containing β-carotene, also called pro-vitamin A, 

which is an antioxidant that the body converts into vitamin A), tomato (lycopene), sweet corn 

(zeaxanthin) and pumpkin (α-carotene, β-carotene, and lutein) are the richest sources of 

carotenoids among the vegetable crops. It is estimated that about 70-90% of the carotenoids 

consumed by humans come from fruits and vegetables. Carotenoids have been found to 

reduce the risks of lung (Gallicchio et al. 2008), colorectal (Palozza et al. 2008; Schnabele et 

al. 2008; Tang et al. 2008), breast (Mignone et al. 2009), and prostate cancers (Palozza et al. 

2008). Meanwhile, carotenoids can enhance the immune response (Chew and Park 2004; 

Cornet et al. 2007) and protect skin cells against UV radiation (Roberts et al. 2009; Stahl and 
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Sies 2005). It is recommended that the daily intake of lycopene is 5-10 mg / day (Rao and 

Honglei 2002). 

1.5. Factors affecting antioxidant activity in vegetables 

 Phytochemicals from vegetables are important in the human diet, however, many 

factors throughout the value chain can affect the composition of these compounds in 

vegetables. A study lead by the USDA found that the nutritional value of 43 fruits and 

vegetables declined because farmers have been planting crops solely designed to improve 

traits such as size and yield (Davis 2004). Although,  yield is still a problem for the farmer, 

the nutritional quality, particulary increased levels of the health-promoting substances in 

vegetables, has become more desirable a trait for most consumers (Diamanti et al. 2011; 

Shanmugasundaram 2005). Several reports indicate that external stimuli can modulate the 

synthesis and change composition or quantities of phytochemicals in plants (Kuc 1995; 

Matsuki 1996). Generally, the level of phytochemicals in vegetable crops is affected by 

several factors, such as genetic differences (variety or cultivar), environmental conditions, 

crop management practises (e.g. nutrient avaialability, application of insecticides, fungicide 

and herbicides) (Aherne et al. 2009; Dobson et al. 2008; Metcalf and Luckmann 1994; Peter 

G. Waterman 1994). 

1.5.1 Cultivar effect 

 Genetic composition is the main determining factor which can directly influence the 

phytochemicals of vegetables, since it has been shown that the differences in phytochemical 

compounds between cultivars are greater than those between plants of the same cultivar 

grown under different conditions (Justesen et al. 1998). Cultivars are cultivated varieties of 

agriculturally important plants. Scientists found that various cultivars of the same vegetable 
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can contain different kinds and different levels of phytochemicals. For example, some lettuce 

(Lactuca sativa) cultivars (e.g iceberg, green batavia) were very poor in flavonoids and 

phenolic compounds, whereas other varieties (e.g. lollo rosso, lollo biondo) contained large 

amounts of flavonols and anthocyanins (DuPont et al. 2000). Carrot cultivars also vary 

significantly in α- and β- carotene content (Chen 2001). In addition, phytochemical diversity 

was found in 29 genetically different potato cultivars (Dobson et al. 2008). Similar results 

were found in research on nine tomato cultivars. The concentrations of lycopene and the 

various phenolic compounds as well as the antioxidant activity were significantly influenced 

by the tomato cultivar (Bazzano et al. 2002). Howard et al.(2002) from the University of 

Arkansas found that genotype appeared to play an important role in affecting phenolic 

metabolism and antioxidant activity in spinach. The results from their trial indicated that 

advanced breeding lines of spinach had higher levels of total phenolics, individual and total 

flavonoids, and antioxidant activity than commercial cultivars. Selecting cultivars with high 

total phenolic content and antioxidant activity is a good choice for vegetable growers or plant 

breeders in order to satisfy the increasingly demanding consumers. Modification of phenolic 

composition of crops can be done by traditional plant-breeding techniques (Parr and Bolwell 

2000). 

1.5.2 Environmental effects 

 Environmental factors, such as geographic location, soil type, soil nutritional status, 

temperature, precipitation, and sunlight, can also influence the phytonutrient concentrations 

of vegetable crops (Lumpkin 2005). Each vegetable crop has certain environmental 

requirements. Vegetable crops should be grown in an environment that meets all 

requirements in order for them to reach the higher yield and highest concentration of the 
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potential health promoting compounds, however, a higher yield will decrease the 

concentration of many nutrients due to the dilution effect. There is a phenomenon called 

“dilution effect” which means the faster the growth rate of the crop, the lower the 

concentration of polyphenols and vitamins (Davis 2004). Researchers have found that 

geographical location has a large effect on carotenoid content and bioaccessibility in 

tomatoes (Aherne et al. 2009). In their study, both geographical location and variety affected 

carotenoid content and bioaccessibility in tomatoes, and tomatoes grown in Spain were found 

generally superior in carotenoids compared to those grown in Ireland. 

 Soil type is also an important factor affecting the phytonutrients of vegetable crops 

because soil is the main source of mineral nutrients. Soils are generally classified into four 

different groups: sands, loams, clays, and muck. Muck soil consists of highly decomposed 

organic materials and is usually used for growing specialty crops such as onions, carrots, 

celery, and sometimes potatoes. 

 Many recommendations have been made for management of the nutrient supply to 

enhance the phytochemical compounds in vegetable crops. Nitrogen (N) supply is known to 

influence phytochemical synthesis in vegetable crops. A lower N supply was related to 

higher levels of phenolics in wheat plants (Brown et al. 1984). In addition, a limited N supply 

also can raise the level of glucosinolates (Krumbein A 2001). Stewart (2001) established a 

trial to determine the effects of decreased N and phosphorus availability on the flavonol 

content of leaf and fruit tissues of tomato plants, and they found an inverse relationship 

between N availability and phenolic accumulation in leaves of both tomato seedlings and 

mature plants (Stewart et al. 2001; Stout et al. 1998). 
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 Other environmental factors, such as temperature, have been studied by Fernanda 

(Pereira et al. 2002) in broccoli and it was found that broccoli seeded in a 30/15 °C 

(day/night) temperature environment had significantly higher glucosinolate levels than where 

cultivated at lower temperatures (22/15 and 18/12 °C). Meanwhile, a tomato study lead by 

Dumas (2003) found that the lycopene content of tomatoes may depend on temperature as 

well. Lycopene biosynthesis was strongly inhibited when the temperature was less than 12 °C 

and stopped when temperatures were above 32 °C (Dumas 2003). 

1.5.3 Insect pests and insecticides 

 An increase in the population of insects can generally decrease the productivity of 

vegetables through damaging the marketable portion or reduecing the vigour of the crops. 

Nonchemical methods are usually considered before the application of any insecticides, but 

the application of insecticidescan be  very convenient, efficient, and cost-effective (Metcalf 

and Luckmann 1994). 

  Plants have various oxidative defence systems to protect themselves from outside 

attacks (Philosoph-Hadas et al. 1994). The phytochemicals in plants act as their major 

defence systems and can also be important to humans in many ways. Studies have indicated 

that higher levels of stress such as enhanced pest pressure can enhance the concentration of 

phenolic compounds in organic crops (Asami 2003). But other studies have also shown that 

pesticide application itself can induce phenolic production (Daniel et al. 1999). (Wu 1970) 

found increased carotene content in carrots grown in soil treated with the fumigant Telone or 

the nematicide Nemagon compared to controls. However, little is known about effects of 

pestcide application on the phytochemical composition of vegetable crops.  
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1.5.4 Diseases and fungicides 

 Diseases of vegetable crops may cause changes in the plant’s appearance and/or cause 

serious losses in yield. Usually vegetable diseases are treated with crop protection materials 

or cultivation techniques to lower disease incidence. Fungal diseases are the most common 

problem for vegetables, and they are mostly controlled by chemical methods. Some 

fungicides have been found to modulate the synthesis of secondary metabolites of plants. For 

example, maneb, benomyl, and nabam induced the synthesis of hydroxyphaseollin in 

soybean (Lydon and Duke 1993). In another study, potato harvested at an early maturation 

stage of maturation, with no fungicides were applied to protect against late blight, was found 

to have increased levels of some protein (Brandt and Molgaard 2001). 

1.5.5 Weeds and herbicides 

 A weed is defined as a plant that is growing where it is not wanted (Randall 1997). 

Weeds are competitive and aggressive, capable of surviving in competition with almost any 

vegetable crop. Generally, weeds can be divided into three major categories: grasses, 

broadleaves, and sedge. Weeds reduce yield and quality of vegetables through competition 

for light, moisture, and nutritients. Application of herbicides is usually an effective measure 

for weed control. Many herbicides are chemical regulators of plant growth and development, 

and thus, can affect the synthesis of secondary metabolites of plants. The possible 

mechanisms include a reduction in carbon fixation and a reduction in the synthesis of 

aromatic amino acids causing an accumulation of shikimates. For example, alachlor (Lasso®, 

Monsanto, MO) reduces flavonoid synthesis at a step late in the biosynthetic pathway, and 

glyphosate blocks synthesis of all cinnamate derivatives by inhibiting 5-enolpyruvyl 

shikimate-3-phosphate (EPSP) synthase. Inhibition of EPSP synthase also leads to the 
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accumulation of high levels of shikimates, benzoic acids and benzoic acid derivatives. 

Herbicides can also decrease phenylalanine ammonia-lyase (PAL) synthesis which is a 

protective reaction to oxidative damage (Hoagland 1996). Herbicides have been discovered 

to also act by blocking the synthesis of quinine cofactor in carotenoid biosynthesis (Prisbylla 

et al. 1993). A few studies have shown that the use of herbicides may reduce the 

accumulation of ascorbic acid by imparting oxidative stress on the crop, and of β-carotene 

owing to overshooting homeostasis after partial inhibition of its synthesis (Kadam et al. 

1981). The sulfonylureas and p-nitro-substituted diphenylether (DPE) herbicides can cause 

increases in the level of cinnamate-derived phenolic compounds and the DPEs can cause 

dramatic increases in terpenoid stress metabolites (Lydon and Duke 1989). 

1.6. Evaluation of antioxidant and analysis of phytochemicals in vegetable crops 

 Several different methods are available for measuring the concentration of phenolic 

compounds and their antioxidant capacities. Usually the total phenolic content is determined 

using the Folin-Ciocalteu method, whereas several chemical models are used for antioxidant 

assessment. Most antioxidant assays are based on the ability of a compound to trap radical 

species (atoms, molecules, or ions with unpaired electrons or an open shell configuration). 

There are two major mechanisms: hydrogen atom transfer and single electron transfer. The 

following methods are examples of the most frequently used assays for the evaluation of total 

antioxidant activity in vitro. 

1.6.1 Ferric reducing/antioxidant power (FRAP) method: 

 The ferric reducing antioxidant power (FRAP) assay introduced by (Benzie and Strain 

1996) is one of the useful assay for measuring the interactions among various antioxidants. 

The FRAP assay measures the antioxidant effect of many substances in the reaction medium 
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as the antioxidant reducing ability and it is a convenient and reproducible assay. FRAP has 

been extensively used to study the antioxidant activity of hydrophilic extracts of fruits and 

vegetables. The chemical reaction of the FRAP method involves a single electron reaction 

between Fe (TPTZ)2 (III) and a single electron donor ArOH. The primary reaction is: 

 Fe(TPTZ)2(III) + ArOH → Fe (TPTZ)2(II) + ArOH
+∙ 

(Benzie and Strain 1999)
 

 In the reaction, a potential antioxidant will reduce the ferric ion (Fe
3+

) to the ferrous ion 

(Fe
2+

); the latter forms a blue complex (Fe
2+

/2, 4, 6-tripyridyl-s-triazine (TPTZ), which 

increases the absorption at 593 nm. Higher absorption at this wavelength therefore indicates 

stronger reducing power of the phytochemical and thus, higher antioxidant activity. 

1.6.2 Oxygen radical absorption capacity (ORAC) method: 

 The Oxygen Radical Absorbance Capacity (ORAC) assay was developed by Cao (Cao 

et al. 1993) and was originally been used to evaluate the antioxidant activity of water-soluble 

phytochemicals. In 2002, Huang et al (Huang et al. 2002) developed an assay for the 

lipophilic components (such as carotenoids) using randomly methylated α-cyclodextrin as a 

solubility enhancer, which allows for the measurement of the antioxidant activity of both 

lipophilic and hydrophilic components in a given sample separately using the same peroxyl-

free radical source. In the ORAC assay, the peroxyl radical reacts with a fluorescent probe to 

form a nonfluorescent product and the peroxyl radical inhibition ability of an antioxidant is 

measured by an estimate of the area under the fluorescence decay curve (AUC) of the sample 

compared to that of the blank in which no antioxidant is presented (Abu-Ghazaleh 2001). 

ORAC values have been used in many research laboratories. For example, Huang et al. 

(2002) found that the top ORAC values were found in green pepper, spinach, purple onion, 

broccoli, beet, and cauliflower (Huang et al. 2002). 
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1.6.3 DPPH (2, 2-diphenyl-1-picrylhydrazyl) method: 

 The DPPH method introduced by Marsden (Bliois 1958) is based on the use of the 

stable free radical diphenylpicrylhydrazyl (DPPH). The DPPH method has been widely used 

for estimating antioxidant activity. When a solution of DPPH is mixed with the antioxidant 

which can donate a hydrogen atom to the DPPH molecule, this reduces the DPPH (free 

radical) to diphenylpicrylhydrazine (nonradical) with the loss of violet colour. The primary 

reaction is:  

 R
∙ 
+ AH = RH + A

∙
, where  

 R
∙
: radicals; AH: any H donor 

 The EC50 value is used to interpret the results from the DPPH method, which means the 

concentration of the substrate that causes 50% loss of the DPPH activity. The working 

wavelength of maximum absorbance is 515 nm. The reaction time ranges from 5 min 

(Lebeau et al. 2000) to 30 min (Jae-Kon Kim 2002) or longer depending on the completion 

of the reaction. 

 Many in vitro methods have been developed for the evaluation of antioxidant activity. 

However, there is no perfect single method that truly reflects the total antioxidant activity of 

a particular food due to the fact that different methods are based on different mechanisms, 

resulting in considerably varied antioxidant activity. To elucidate a full profile of antioxidant 

activity against various reactive oxygen species (ROS), methods which can effectively 

scavenge the hydroxyl, superoxide and perooxynitrite radicals are needed. In addition, 

although in vitro methods provide some useful information of antioxidant activity of the 

sample, these can not apply to biological systems because of the complex metabolism and 

transport processes. 
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1.6.4 Total phenolic content assay (Folin-Ciocalteu Method): 

 The Folin-Ciocalteu Method has long been used to measure the total phenolic content in 

natural products. It was originally developed by Folin in 1927 from chemical reagents used 

for tyrosine analysis (Folin 1927). The primary reaction is: 

 Na2WO4/Na2MoO4 →phenol-MoW11O40 (IV) 

 Mo (VI) + e
∙ 
→Mo (V) 

 Folin-Ciocalteu reagents are a mixture of phosphotungstic (H3PW12O40) and 

phosphomolybdic (H3PMo12O40) acids. It is reduced giving a blue colour, during phenol 

oxidation. The reaction occurs under alkaline condition and usually the detection wavelength 

is 765 nm. The quantity of polyphenols in the sample was expressed as gallic acid equivalent 

(GAE). Folin-Ciocalteu Method is simple, sensitive and precise and there is a reasonable 

relationship between Folin-Ciocalteu method and ORAC. 

1.7. HPLC 

 High performance liquid chromatography (HPLC) is a powerful tool that has been 

widely used to measure phytochemical profiles of antioxidants in different plants. Many 

HPLC methods have been developed for the detection, separation and quantification of 

different phytochemicals. HPLC analyses provide specific information about individual 

compounds. However, compared to the spectrophotometric methods, such as the Folin-

Ciocalteu method for the total phenolics, HPLC can be costly and time-consuming. 

1.7.1 HPLC for carotenoid antioxidants 

 HPLC is a common method for carotenoid separation. (Scott et al. 1996) reported on a 

collaboration of 17 European laboratories in developing a precise and accurate HPLC 

procedure for measuring lutein, zeaxanthin, lycopene, α-carotene and β-carotene in a 
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vegetable mixture. Carotenoids can be separated on either a normal phase or a reversed phase 

column, and the mobile phase may be delivered in an isocratic or gradient manner. The 

choice of a suitable HPLC method depends on the amount of sample, carotenoid 

composition, resolution, speed and purity required. C18 and C30 columns are most commonly 

used for reversed phase (RP) separation, and have been proven well suited for routine 

analysis of carotenoids (Gueguen et al. 2002; Lakshminarayana et al. 2005; Lyan et al. 2001; 

Mercadante 1999; Sharpless et al. 1996; Stoggl et al. 2005). Compared with C18 columns, C30 

columns may have a better performance for complex samples, particularly those high in 

esters (Khachik et al. 1999). However, (Tsao and Deng 2004) developed a method using RP 

C18 column in combination with diode array detectors (DAD) and mass spectrometry (MS) 

detection, and for the first time, separated several cis isomers of lutein diesters by using a 

binary mobile phase consisting of 9:1 ethyl acetate and acetonitrile-methanol. Stability of 

carotenoids is also an important issue in HPLC analysis because carotenoids are highly 

unsaturated and consequently prone to oxidation, especially on exposure to light, heat and 

enzymes. To minimize the loss of carotenoids during analysis, several preventative measures 

have been taken during isolation and chromatography, such as protection against light and 

oxygen, use of low temperature and antioxidants (BHT (butylated hydroxytoluene)) (Kurz et 

al. 2008), analysis in the shortest possible time (Bazzano et al. 2002).  

1.7.2 HPLC for polyphenol antioxidants 

 HPLC is the predominant analytical technique for polyphenolic compounds in plant-

based products (Adedokun et al. 2008). The most common HPLC method for the 

polyphenols consists of a reversed-phase column (typically C18), a UV–vis diode array 

detector (DAD), and a binary solvent system containing acidified water and a polar organic 
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solvent (Tsao and Deng 2004). Usually, phenolic acid, flavanones, isoflavones, and flavan-3-

ols have maximum absorbance at 280 nm, hydroxycinnamic acids at 320 nm, flavonol, 

flavone, and dihydroflavonols at 365 nm, and anthocyanins at 520 nm (Ibern-Gómez et al. 

2002; Merken and Beecher 2000). Because of the complexity of the phenolic contents in 

different target types of samples, only few methods have been developed to separate all and 

simultaneously analyze the individual polyphenolics (Merken and Beecher 2000). A better 

approach is to develop a HPLC method to measure different groups of polyphenolics in a 

single sample or few individual compounds in different sample sources. Jandera et al (2005) 

developed a method for the analysis of natural antioxidants including phenolic compounds 

and flavonoids in beverages and plant extracts and 32 phenolic compounds were 

simultaneously identified and determined, including derivatives of benzoic and cinnamic 

acids, flavones, and a few related glycosides (Jandera et al. 2005). 

1.8. Hypothesis and objectives of the research 

1.8.1 Hypothesis 

 The main hypothesis of this work is : Cultivar (genetics), agronomic practices (N rates, 

crop protection practices) and geographic location will have effects on the quantity of total 

phenolic content and the antioxidant activity of a vegetable crop. 

1.8.2 Research objectives 

 The objectives of this study are 1) to determine the total phenolic content of important 

Ontario vegetable crops (broccoli, cabbage, carrot, onion and potato), 2) to determine the 

antioxidant activity of the selected vegetable crops, 3) to determine the relationship between 

antioxidant activity and total phenolic content and 4) to identify factors that influence the 

total phenolic content and antioxidant activity in vegetable crops. 
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2. INFLUENCE OF INSECT DAMAGE AND YEAR ON PHYTOCHEMICAL 

AND ANTIOXIDANT ACTIVITY IN DIFFERENT STAGES OF BROCCOLI 

(BRASSICA OLERACEA L.) LEAVES AND FLOWERS. 

2.1. Introduction  

 Broccoli is an excellent source of Vitamin C, calcium and iron, as well as a source 

of fibre, vitamin A and potassium (Nestle 1998). It also contains multiple nutrients with 

potent antioxidant properties, such as flavonoids (Kurilich et al. 1999). The annual 

production of Ontario broccoli was 8000 t with a production value of $8.8 million in 

2008 (Statistics-Canada 2009). 

 A major pest of broccoli in Ontario is the swede midge, Contarinia nasturtii 

(Kieffer) (Diptera: Cecidomyiidae), which was first found in plants of the family 

Brassicaceae in Ontario in 2000 (Hallett and Heal 2001). Swede midge is now widely 

distributed in Ontario, Quebec and adjacent US states. Broccoli requires season long 

protection from swede midge with insecticides (Hallett et al. 2009). There have been a 

number of studies focused on insecticide management and cultivar selection to reduce 

swede midge damage to an economically acceptable level (Chen and Shelton 2007; 

Hallett 2007; Hallett et al. 2009; Wu et al. 2006). Hallett et al. (2009) reported that the 

pyrethroids λ-cyhalothrin and permethrin were effective in reducing broccoli damage 

caused by C. nasturtii. Lambda-cyhalothrin (λ- cyhalothrin, 10 g ai/ha, Syngenta Crop 

Protection, Guelph, ON) (Registration 24984.00; Pest Management Regulatory Agency) 

and acetamiprid (acetamiprid, 60.2 g ai/ha, DuPont Crop Protection, Mississauga, ON) 

(Registration 27128.00; Pest Management Regulatory Agency) are two registered 

insecticides in Canada for use against C. nasturtii in cole crops and an approximate 
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alternating application of these two insecticides was recommended in Ontario (OMAFRA 

2010). However, there has been no systematic study to determine whether or not swede 

midge damage, as affected by insecticide application, affects the nutritional value of 

broccoli. 

 Plant secondary metabolites do not play any role in the plants’ primary metabolic 

requirements, but they increase plant overall ability to survive and overcome local 

challenges, such as bacteria, fungi, and viruses. Plant secondary metabolites play an 

inportant role as antioxidant, free radical-scavenging, UV light-absorbing, and 

antiproliferative agents. In terms of potential herbivores , many phytochemicals are bitter 

and/or toxic, which can direct interactions with the herbivore’s central and peripheral 

nervous systems (Rattan 2010).  

 The objectives of the study were to 1) determine the impact of insecticide 

application on the total phenolic content and antioxidant activity of broccoli leaves at 

different stages of growth over 2 years, 2) to determine the impact of swede midge 

damage on the total phenolic content and antioxidant activity of mature broccoli flowers 

over 2 years, and 3) to determine the relationship between antioxidant activity and total 

phenolic content of broccoli. 

2.2. Materials and methods  

2.2.1 Broccoli growth and treatment 

 Field experiments were conducted on silt loam soil (2008:pH ≈ 7.9, sand ≈ 31%, 

organic matter ≈ 3.4%; 2009:pH ≈ 7.8, sand ≈ 31%, organic matter ≈ 2.5% ) over two 

years (2008-2009) at the Elora Research Station, University of Guelph (Elora, Ontario, 

Canada, N43.641044, W-80.405674). Broccoli cultivar ‘Eureka’ (Stokes Seed Ltd) was 
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either sprayed weekly with insecticide or left untreated (control). A randomized complete 

block design was used with four replicates. Foliar insecticide applications were made 

using a CO2-pressurized precision plot sprayer at 275 Kpa in a volume equivalent to 

200L/ha water. Two foliar insecticides, Matador 120 EC (λ- cyhalothrin, 10 g ai/ha, 

Syngenta Crop Protection, Guelph, ON) and Assail 70 WP (acetamiprid, 60.2 g ai/ha, 

DuPont Crop Protection, Mississauga, ON) were applied 3 and 5 times respectively on a 

roughly weekly basis beginning a day or two after transplanting. Matador was applied at 

a rate of 83 mL/ha and Assail was applied at a rate of 240 g/ha.  

 Broccoli was transplanted on June 24 in 2008 and June 23 in 2009. Broccoli leaves 

were collected at 3 different growth stages (16 July, 13 August and 03 September in 2008 

and 15 July, 07 August and 21 August in 2009) and the unopened flower buds, the 

marketable portion of the broccoli, were collected at the marketable stage (03 September 

in 2008 and 21 August in 2009). A randomized complete block arrangement with four 

replicates per treatment was used. Fifty to one hundred gram of broccoli leave and head 

were randomly selected from each replicate.  

2.2.2 Chemicals and solvents 

 The phenolic standard gallic acid, L-ascorbic acid, 2,4,6-tripyridyl-S-triazine 

(TPTZ), the Folin-Ciocalteu reagent, 6-hydroxy-2, 5,7,8-tetramethyl-2-carboxylic acid 

(trolox), fluorescein and 2,2’-Azobis(2-amidinopropane) dihydrochloride (AAPH) 

reagent were purchased from Sigma Chemical Co. (Oakville, ON). Ferric chloride 

(FeCl3), ferrous sulphate heptahydrate (FeSO4•7H2O), and sodium acetate were from 

Aldrich Chemical Co. (Milwaukee, WI). All HPLC grade solvents were purchased from 

Caledon Laboratories Ltd (Georgetown, Ontario). 
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2.2.3 Sample preparation and extraction  

 All collected broccoli leaves and flowers buds were dipped into liquid N and then 

stored in plastic bags at the field on the collection day. All the bags were stored at -20 °C 

before being processed. The frozen samples were freeze-dried in a bulk tray freeze dryer 

(Labconco Corporation, Kansas City, United State) for several days until thoroughly 

lyophilized and the freeze-dried samples were then finely ground with a mortar and 

pestle. The resulting powders were stored in 50 ml screw-capped plastic tubes (Sarstedt, 

Montreal) at –20 °C until analysis. 

 For the extraction of phenolic compounds, 0.5 g freeze-dried powder of each sample 

was mixed with 10 ml 80% methanol (methanol: distilled water: acetic acid=80:19:1, 

v/v/v) in a 15 ml screw-capped plastic tube, thoroughly vortexed and sonicated in an 

ultrasonic bath twice, each for 5 min, before being loaded on an orbital shaker (Roto-

shake genie, Scientific Industries, New York) for 1 h.  The tubes were then centrifuged at 

3000 rpm for 10 min. The supernatant was filtered through 0.45 µm syringe filter, and 

stored at – 20 °C until analysis. 

2.2.4 Total phenolic content 

 A modified Folin-Ciocalteu method (Slinkard and Singleton 1977; Tsao et al. 2005) 

was used for the determination of total phenolic content (TPC) of the samples. Briefly, 

the extract (0.2 ml) was first mixed with 1 ml of the Folin-Ciocalteu reagent and left at 

room temperature for 30 min, then 0.8 ml of 7.5% sodium carbonate solution was added 

to the mixture. The absorbance was measured at 765 nm in a UV-Visible microplate 

kinetics reader (EL 340, Bio-Tek Instruments, Inc., Winooski, VT). A standard curve was 

generated with gallic acid, at concentrations ranging from 20-100 µg/ml, from which 
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TPCs of the various samples were calculated and expressed as milligrams of gallic acid 

equivalent (GAE) per gram of dry weight broccoli. Distilled water was used as a blank. 

2.2.5 Antioxidant activity assay 

 The Ferric reducing/antioxidant power (FRAP) method (Tsao et al. 2003) was used 

to measures the ability of the antioxidants in the extraced broccoli samples to reduce the 

ferric-tripyridyltriazine (Fe
3+

-TPTZ) complex to the blue coloured ferrous form (Fe
2+

), 

which absorbs light at 593 nm.  A standard or sample extract (10 µl) was mixed with 300 

µl of ferric-TPTZ reagent (prepared by mixing 300 mM acetate buffer, pH 3.6, 10 mM 

TPTZ in 40 mM HCl and 20 mM FeCl3 in a ratio of 10:1:1, v/v/v) and added to the wells 

of a microplate. The plate was incubated at 37 °C for 1 hour. The absorbance readings 

were taken at 593 nm using a UV-Visible microplate kinetic reader (EL 340, Bio-Tek 

Instruments, Inc., Winooski, VT). The Total Antioxidant Activity (TAA) of the samples 

was calculated on the basis of 500 mM L-ascorbic acid and expressed as µmol ascorbic 

acid equivalents (AAE) per gram of dry weight broccoli. The higher the FRAP value, the 

stronger the antioxidant activity. 

 The oxygen radical absorption capacity (ORAC) method (Tsao 2007) was used to 

evaluate the antioxidant activity of  the  hydrophilic fraction in this study. All reagents 

were prepared in 75 mM phosphate buffer (pH 7.4). The 50-fold diluted samples (1 mg/ 

ml), 25 μl, were added to wells of a 96-well plate and 150 μl of 8.68×10-5 mM 

fluorescein (a target of free radical attack) working solution was added to all 

experimental wells. Trolox and distilled water were used as calibration standard and 

blank, respectively. Linear regression of trolox is in the range of 3.125-100 μmol/l for the 

standard. The plate was allowed to equilibrate by incubating for a minimum of 30 min in 
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the Synergy HT Multi-Detection Microplate Reader at 37°C. Following incubation, 

reactions were initiated by the addition of 25 μl of AAPH reagent followed by shaking at 

maximum intensity for 10 s. The fluorescence was monitored kinetically and data were 

recorded every minute. Excitation and emission filter wavelengths were set at λem 

485/20 and λex 528/20, respectively. Final results were calculated using the differences 

of areas under the FL decay curves (AUC) between the blank and a sample and the 

results were expressed as micromoles trolox equivalent (TE) per gram on a dry weight 

basis (μmol TE/ g DW). The area under the curve was calculated using the following 

equation: 

 AUC = (0.5 + f5/f4+f6/f4+ f7/f4+ f8/f4…+fi/f4) * CT 

 Where f4 is the initial fluorescence reading at cycle4, and fi is the fluorescence 

reading at cycle I, and CT is the total cycle time (minutes). The more oxygen radicals a 

sample can absorb, the higher its ORAC score, and thus the higher the total antioxidant 

activity. 

2.2.6 Statistical analysis 

 Data were analyzed using an analysis of variance (ANOVA) with the PROC 

MIXED procedure of SAS (Version 9.1.3, SAS Institute, Cary, NC). The fixed effects 

were insecticide treatment, year and stage and the random effect was replication. The 

data set was tested for normality using the Shapiro–Wilk test of residuals and outliers 

were identified using Lund’s test of standardized residuals (Lund 1975). Means 

separation was obtained using Tukey’s method of multiple comparisons. Pearson 

correlation coefficient was used to analyze the relationship between TPC and FRAP 



 

36 

values, as well as the correlation between TPC and ORAC values and between FRAP 

values and ORAC values. Significance was determined at the 5% level of probability. 

2.3. Results 

2.3.1 Total phenolic content (TPC) 

 There was a significant effect of growth stage on the total phenolic content in 

broccoli leaves (P<0.0001) (Table 2-1). No significant differences in TPC were found 

between the two years. However, there was a significant growth stage by year interaction 

(P<0.0001). The broccoli leaves in the early growth stage (July) had a significantly 

higher TPC value compared with leaves collected in August and September. There was 

no significant difference in TPC between the insecticide-treated and insect damaged 

(control) broccoli leaves at individule stages, however, the insect damaged broccoli 

leaves always had a higher numerically TPC than insecticide-treated broccoli leaves. 

Therefore, there was a significant difference of TPC between insect damaged and 

insecticide treated broccoli leaves averaged over the season(P=0.0036). 

 Application of insecticides reduced the TPC in broccoli heads grown in 2008, but 

not in 2009 (Table 2-2). The insecticide by year interaction was significant (P=0.0067). 

Broccoli heads without insecticide application in 2008 had the highest overall TPC, 25% 

higher than the broccoli treated with insecticide. In general, the average TPC of the 

broccoli over two years in the present study was 3.9 mg GAE/ g DW, slightly higher than 

what was reported for the broccoli grown in the U.S.A. (3.4 mg GAE/ g DW) (Wu et al. 

2004), although the 2009 data was lower than the U.S. average.  
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2.3.2 Total antioxidant activity (TAA) 

 There was a significant insecticide by growth stage by year effect on TAA as 

determined by the FRAP method (Table 2-1). In both years, the highest FRAP value was 

found in samples collected in July, especially for the insect damaged broccoli leaves. The 

broccoli leaves collected in August and September had relatively low FRAP values, 

nearly 21-33% lower than those collected in July. 

 Similar results were found in antioxidant activity as measured by the ORAC method 

in broccoli leaves. However, there was a significant difference between the two years. A 

significant effect of insect damage was found in 2009, but not in 2008. Early stage 

broccoli leaves without insecticide applications had a significantly higher antioxidant 

activity, except for broccoli leaves collected in July 2009. 
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Table 2-1 Total phenolic content (TPC) and total antioxidant activity (TAA) of 

broccoli (Brassica oleracea L.) leaves, grown at Elora Research Station, Elora, 

Ontario, in 2008 and 2009. 

Treatments TPC
1
 Total Antioxidant Activity

2
 

 GAE AAE (FRAP) TE (ORAC) 

 (mg g
-1

DW) (µmol g
-1

DW) (µmol g
-1

DW ) 

Control 5.4 a
3
 33 a 182 a 

Insecticide 4.9 b 30 b 164 b 

    

2008 5.3 ns 31 ns 185 a  

2009 5.0 32 162 b 

    

July 6.4 a 39 a 171 ns 

August 4.2 c 28 b 176 

September 4.7 b 27 b  173 

    

Control 2008 5.4 a 32 ns 189 a 

Control 2009 5.3 a 34 176 a 

Insecticide 2008 5.1 ab 30 181 a 

Insecticide 2009 4.6 b 30 147 b 

     

July Control 6.7 a 40 a 190 a 

July Insecticide 6.1 a 39 a 151 b 

August Control 4.4 bc 30 b 178 ab 

August Insecticide 4.0 c 26 b 174 ab 

September Control 5.0 b 29 b 179 ab 

September Insecticide 4.5 bc 25 b 167 ab 

     

July 2008 7.1 a 39 a 192 a  

July 2009 5.7 b 39 a 150 b 

August 2008 3.6 d 26 b 181 a 

August 2009 4.8 c 31 b 171 ab 

September 2008 5.0 bc 26 b 182 a 

September 2009 4.4 cd 27 b 164 ab 

Mean 5.1 31 173 
1
Total phenolic content (TPC) was expressed as mg gallic acid equivalent (GAE) per 

gram dry weight. 
2
Antioxidant activity (derived by FARP) expressed as µmol Ascorbic acid (AAE) per 

gram dry weight and ( derived by ORAC) expressed as µmol Trolox equivalent (TE) per 

gram dry weight. 
3
 In each section, numbers in a column followed by the same letter are not significantly 

different at 0.05, according to Tukey’s test. ns indicates no significant differences found 

among the treatments. 
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Table 2-2 Total phenolic content (TPC) and total antioxidant activity (TAA) of 

broccoli (Brassica oleracea L.) heads grown at Elora Research Station, Elora, 

Ontario, in 2008 and 2009.  

Treatments TPC
1
 Total Antioxidant Activity 

  GAE  AAE(FRAP)  TE(ORAC)  

  (mg g
-1

DW) (µmol g
-1

DW) (µmol g
-1

DW ) 

Control 2008 5.3 a 20 a 198 a 

Insecticide 2008 4.2 b 22 a 175 a 

Control 2009 3.0 c 12 b 77 b 

Insecticide 2009 2.7 c 11 b 83 b 

Mean  3.9 16 133 
1
Total phenolic content (TPC) was expressed as mg gallic acid equivalent (GAE) per 

gram dry weight. 
2
Antioxidant activity (derived by FARP) expressed as µmol Ascorbic acid (AAE) per 

gram dry weight and (derived by ORAC) expressed as µmol Trolox equivalent (TE) per 

gram dry weight. 
3
Numbers in a column followed by the same letter are not significantly different at 0.05, 

according to Tukey’s test. ns indicates no significant differences found among the 

treatments.
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 Insecticide application had no effect on the antioxidant activity of broccoli heads in 

both antioxidant activity assessments. However, there was a significant insecticide by 

year interaction (Table 2-2). Similar to the FRAP results; there was a significant 

difference between ORAC values over two years. The antioxidant activity result of 2008 

was 75% and 125% higher than that in 2009 for FRAP and ORAC, respectively. 

2.3.3 Correlation 

 There was a positive correlation between TPC and antioxidant activity as measured 

by the FRAP and ORAC assays. TPC was highly correlated with both the FRAP value (R 

=0.71, P<0.0001) and the ORAC value (R =0.90, P<0.0001). The results of the FRAP 

and ORAC assays correlated well with each other (R =0.83, P<0.0001). 

2.3.4 Weather data 

 The 2008 field season at the Elora Research Station was warmer and wetter than the 

long-term average, while the 2009 field seasons was comparatively cool and dry (Table 

2-3). In 2008, the mean air temperatures were above the long-term (10-year) averages 

(LTA) for June, July, August and September, but near LTA for May. Total rainfall values 

were above the long-term averages for June, July, August and September and below 

average for May. In 2009, the air temperatures were below the long-term average values 

for June, July August and September, and near LTA for May. Total rainfall values were 

above the long-term averages for August and below average for May, June, July and 

September.
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Table 2-3 Summary of monthly precipitation, mean air temperature data and long-

term averages (LTA) at the Elora Research Station, Elora, ON, in 2008 and 2009 

 Temperature (°C) Rainfall (mm) 

 2008 2009 LTA
1
 2008 2009 LTA 

May 11.8 12.0 11.9 71 77 97.4 

June 19.6 15.9 17.8 88 70 75.0 

July 21.5 16.8 19.5 126 45 76.1 

August 19.7 18.1 18.8 125 89 66.3 

September 16.9 14.5 15.4 106 46 73.1 

Mean 17.9 15.5 16.7 / / / 

Total / / / 517.2 327 387.9 
1 

10 year averages in Elora Research Station. Environment Canada. 
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2.4. Discussion 

 The Elora Research Station has been a site of high swede midge populations since 

2008 (i.e. average captures of ~10 males per pheromone trap per day) (Hallett 2007). 

Different phytochemicals play different roles in plants. Phenolics are a chemical defense 

for UV protection and can also defend against insect or microbial invasion (Harborne 

1994; Harborne and Williams 2000). Therefore, when attacked by insects for example, 

plants will synthesize more phytochemicals to better protect themselves. Exogenous 

protection, such as insecticide applications, can be useful to control  pests, but it can also 

affect the secondary metabolites of the plant. Broccoli in the control group was grown 

without any insecticide treatment, and thus experienced higher insect pressure than 

treated plants. Insect damage may have led to the higher total phenolic content and 

antioxidant activity of broccoli leaves in the control group. Several investigations have 

reported that spraying foliar insecticides had an inhibitory effect on the plant phenolic 

content of potato and onion (Àly 2004; Sabra 1993; Sellappan and Akoh). In addition to 

their effect on insect pressure, insecticides may also affect the metabolic pathway of 

plants directly. For instance, the ascorbic acid concentration in tomato fruits was 

significantly reduced after thiodicarb application in the absence of insect pressure 

(Antonious et al. 1988). 

 Although the results are not consistent between two years, insect damage had no 

significant effect on TPC and antioxidant activity in broccoli heads in 2008 and there 

were no differences in antioxidant activity in either year. These results are in agreement 

with the findings of Dugo et al.(2004) who found no correlation between phenolic 

content and insecticide treatment in grapes. Therefore, the broccoli heads treated with 
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insecticide have high antioxidant activity while maintaining high quality and appearance, 

thus helping to meet consumer demands for nutritious and high quality products. 

 TPC and TAA in broccoli heads were significantly higher in 2008 than in 2009. It is 

difficult to identify the specific factors that lead to these variations, but climate, 

temperature and pest exposure are potential reasons for this annual variation. The 

temperature of 2008 was warmer and wetter than the long-term average, while the 2009 

field season was comparatively cool and dry at the Elora Research Station. Variation in 

the capacity of broccoli to synthesize phenolics under different harvest seasons has been 

reported by Kaur (2007). Environmental growing conditions have also been found to 

affect the levels of phenolics and ORAC in blueberries (Howard et al. 2003), and total 

phenolic content in potatoes (Reddivari et al. 2007a). However, no specific reasons were 

proposed to explain the observed yearly variation. 

 Temperature may influence the antioxidant activity in plants. This study indicates 

that environment has more potential for altering TAA of broccoli heads than the effect of 

insecticide application. Mean air temperatures of the growing season were above the 10 

year average in 2008, but below in 2009 (Table 2-3). Thus, the higher temperatures and 

rainfall during the 2008-growing season could be responsible for the higher antoxidant 

levels in the broccoli plants. The results of a study in the U.S. suggested that growth 

temperatures affected the antioxidant activity  of strawberry fruit (Chen 2001). High 

growing temperatures significantly enhanced the flavonoid concentration of strawberry, 

and strawberry grown under cool day and night temperatures generally had the lowest 

phenolic acid, flavonol, and anthocyanin contents. 
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 Numerous in vitro antioxidant assays have been developed to evaluate the 

antioxidant activity of vegetable crops (Cao and Prior 1998; Huang et al. 2005). The 

choice of the assay depends on its chemical mechanism, simplicity and cost. The FRAP 

and ORAC assays were used in this study. The FRAP assay is used for evaluating redox 

activity and the ORAC assay is used to test the quenching activity of AAPH (2, 2’-

azobis(2-amidino-propane) dihydrochloride), a kind of free radical. 

 Antioxidant activity of broccoli measured by FRAP and ORAC showed a good 

correlation with TPC. The good correlations among the methods in this study suggest that 

high phenolic content in broccoli may be a major contributor to the high antioxidant 

activity. In general, samples with higher total phenolic content also had higher 

antioxidant activity as identified with the methods selected, although they have different 

mechanisms. Similar results have been seen in other studies (Beer et al. 2004; Davis et al. 

2004), which indicate that phenolics are a major contributor to antioxidant activity in 

broccoli. 

2.5. Conclusion  

 In conclusion, the results indicate that reducing insect damage through the 

application of insecticides reduced the TPC of broccoli leaves and head, but not 

consistently. Broccoli heads with insect damage had a higher TPC in one of the two years 

of the trial. Higher temperatures and possibly higher rainfall occurred in the year where 

the broccoli heads had higher TPC. Applying the tested insecticides did not reduce the 

nutritional quality of broccoli heads in terms of antioxidant activity. 
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3. INFLUENCE OF FERTILIZER, LOCATION AND YEAR ON 

PHYTOCHEMICALS AND ANTIOXIDANT ACTIVITY OF CABBAGE 

(BRASSICA OLERACEA L. VAR. CAPITATA L.) 

3.1. Introduction 

 Cabbage (Brassica oleracea L. var. capitata) and crucifers in general have been 

regarded as healthy vegetable crops due the glucosinolate content and the recognition in 

recent years of the phenolic content and high antioxidant activity (Smiechowska et al. 

2008). Cabbages can readily adapt to different environmental conditions, however, they 

grow best in sandy loam soils at a pH of 6.5 with a moderate temperature (Ontario 

Ministry of Agriculture, Food and Rural Affairs (OMAFRA 2010). Ontario is the main 

area of cultivation of cabbage in Canada. Cabbages require a long growing season of up 

to 150 days from transplanting to harvest (McKeown et al. 2010). Cabbage is grown in 

Ontario primarily for markets in the greater Toronto area. Cabbages are used in a variety 

of ways: in salads, cole slaw, and raw or cooked food forms for the naturally spicy 

flavour. The annual production of cabbage was 52,000 tons with a production value of 

$14.7 million in Ontario, in 2008 (Statistics-Canada 2008). 

 Cabbages grow best in a fertile soil with adequate nutrients. N is required in the 

greatest quantity of all mineral nutrients absorbed by plant roots. Proper levels of N are 

particularly important for optimal yield and quality of the cabbage head. It has long been 

recognized that higher N application can increase  cabbage yield, plant uniformity and 

quality (McCubbin 1945; White and Forbes 1976). However, applying excessive rates of 

N can result in a series of harmful side effects, such as petiole spotting (Takahashi 1981), 

shortened postharvest shelf-life, and delayed maturity (Berard 1990), and may cause 
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environmental pollution (Aulakh and Malhi 2005). Currently, the recommended N rates 

for cabbage are 170 kg N /ha for mineral soils and 160 kg N /ha for muck soils in Ontario 

(Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA 2010). 

 Determining the optimum rate of N for cabbage is important to optimize yield. 

However, the effect of fertilizer application on the total phenolic content and antioxidant 

activity of cabbage is unknown. It would be useful for growers to know the effect of N on 

the level of phenolic compounds and antioxidant activity of cabbage, so production 

practices could be modified to increase these beneficial compounds. There has been no 

study to account for the phenolic changes based on varied N rate or seasonal change in 

Ontario. Research should be focussed not only on maximizing crop yield, but also the 

crop management practices to increase or at least maintain the quality of the crops. 

Therefore, the objectives of this study were to: 1) investigate the effect of cultivar, 

environment and N rate on total phenolic content and antioxidant activity over two 

successive years; 2) to analyse the relationship between antioxidant activity  and total 

phenolic content in cabbage. 

 

3.2. Materials and methods 

3.2.1 Cabbage production 

 The experiments were conducted on Berrien sandy loam soil in 2008 and 2009 

(2008: sand ≈ 62%, silt ≈ 31%, clay ≈ 8%, organic matter ≈ 1.6%; 2009: sand ≈ 57%, silt 

≈ 35%, clay ≈ 8%, organic matter ≈ 1.9%) at the University of Guelph, Simcoe Research 

Station (42º 51΄ N80º16΄ W) in Simcoe, Ontario, to evaluate the influence of three 

factors: nitrogen (N) rate, cultivar and year on total phenolic content and antioxidant 
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activity of cabbage. Treatments consisted of three rates 0, 150 and 300 kg/ha of N and 

two cabbage cultivars ‘Huron’ and ‘Loughton’. All the experiments were arranged in a 

randomized complete block design with four replications. The cabbage was seeded in 

plug trays on 14 May in both years and transplanted on 13 June, 2008 and 11 June, 2009, 

respectively. The cabbage as harvested on 15-16 October 2008 and 27-28 October, 2009 

when the majority of the heads were mature, but before the most advanced cabbages were 

over-matured. Immediately after harvest, the cabbage was stored in a cold storage room 

(≈1 º C). 

 A similar experiment was conducted at the Ridgetown Campus, University of 

Guelph on sandy loam soil (sand ≈ 67%, silt ≈ 18%, clay ≈ 15%), Ridgetown, Ontario in 

2008. Treatments consisted of three rates (0, 75 and 225 kg/ha) of N and the same two 

cabbage cultivars (Huron and Loughton). The trial was arranged in a randomized 

complete block design with four replications.  The cabbage was seeded on 14 May and 

transplanted on 13 June, 2008. The cabbages were harvested when the majority of the 

heads were mature, but before the most advanced cabbages were over-mature, on 1 

October 2008. Immediately after harvest the cabbages were stored in a cold storage room 

and transferred to the Guelph Food Research Centre within one week after harvest. 

Unfortunately in 2009 sampling of the Ridgetown cabbage trial could not be conducted 

because of a manganese toxicity caused by low pH.  

 The weather data for the Simcoe and Ridgetown sites were collected using a 

Campbell Scientific CR-21X data logger located within 10 km from the field plots. 
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3.2.2 Chemical and solvents  

 Gallic acid, L-ascorbic acid, 2,4,6-tripyridyl-S-triazine (TPTZ), the Folin-Ciocalteu 

reagent, 6-hydroxy-2, 5,7,8-tetramethyl-2-carboxylic acid (trolox), fluorescein and 2,2’-

Azobis(2-amidinopropane) dihydrochloride (AAPH) reagent were purchased from Sigma 

Chemical Co. (Oakville, ON ). Ferric chloride (FeCl3), ferrous sulphate heptahydrate 

(FeSO4•7H2O), and sodium acetate were purchased from Aldrich Chemical Co. 

(Milwaukee, WI). All HPLC grade solvents were purchased from Caledon Laboratories 

Ltd (Georgetown, Ontario). 

3.2.3 Sample preparation and extraction  

 Sampling was done in quadruplicate with five cabbage heads as a replicate. A total 

of ca. 100 g cabbage (from 5 cabbage heads) were put into liquid N immediately after the 

cabbage tissue was taken from the external surface to the core by a clean soil borer (i.d. 2 

cm). The frozen samples were freeze-dried in a bulk tray freeze dryer (Labconco 

Corporation, Kansas City) for 4-7 days until thoroughly lyophilized and the freeze-dried 

samples were then finely ground with a mortar and pestle. The resulting powders were 

stored in 50 ml screw-capped plastic tubes (Sarstedt) at –20 °C until analysis. 

 For the extraction of phenolic compounds, 0.5 g freeze-dried powder of each sample 

was mixed with 10 ml 80% methanol in acidified water (methanol: distilled water: acetic 

acid=80:19:1, v/v/v) in a 15 ml screw-capped plastic tube (Sarstedt), thoroughly vortexed 

and sonicated in an ultrasonic bath twice each for 5 min at room temperature, before 

being loaded on to an orbital shaker (Roto-Shake Genie, Scientific Industries) for 1 h.  

The tubes were then centrifuged at 3000 rpm for 10 min. The supernatant was filtered 
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through 0.45 µm syringe filter, topped to 10 ml with the same solvent and stored at – 20 

°C until analysis. 

 

3.2.4 Total phenolic content  

 A modified Folin-Ciocalteu method (Slinkard and Singleton 1977; Tsao et al. 2005) 

was used for the determination of total phenolic content (TPC) of the samples. Briefly, 

the extract (0.2 ml) was first mixed with 1 ml of the Folin-Ciocalteu reagent and reacted 

at room temperature for 30 min, and then 0.8 ml of 7.5% sodium carbonate solution was 

added to the mixture. The absorbance was measured at 765 nm in a UV-Visible 

microplate kinetics reader (EL 340, Bio-Tek Instruments, Inc., Winooski, VT). A 

standard curve was generated with gallic acid, at concentrations ranging from 20- 100 

µg/ml, from which TPCs in the various samples were calculated and expressed as 

milligrams of gallic acid equivalent (GAE) per gram of dry weight cabbage. Distilled 

water was used as a blank. 

3.2.5 Antioxidant activity assay  

 The FRAP assay (Tsao et al. 2003) measures the ability of the antioxidants in the 

extracted cabbage samples to reduce ferric-tripyridyltriazine (Fe
3+

-TPTZ) complex to the 

blue coloured ferrous form (Fe
2+

) which absorbs light at 593 nm. Briefly, a standard or 

sample extract (10 µl) was mixed with 300 µl of ferric-TPTZ reagent (prepared by 

mixing 300 mM acetate buffer, pH 3.6, 10 mM TPTZ in 40 mM HCl and 20 mM FeCl3 

in a ratio of 10:1:1, v/v/v) and added to the wells of a microplate. The plate was 

incubated at 37 °C for an hour. The absorbance readings were taken at 593 nm using a 

UV-Visible microplate kinetic reader (EL 340, Bio-Tek Instruments, Inc., Winooski, 
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VT). TAA Total Antioxidant Activity (TAA) of the samples was calculated on the basis 

of 500 mM L-ascorbic acid and expressed as µmol ascorbic acid equivalents (AAE) per 

gram of dry weight cabbage. The higher the FRAP value, the stronger the antioxidant 

activity. 

 The ORAC assay (Tsao 2007) was used to evaluate the antioxidant activity of the  

hydrophilic fraction in this study. All reagents were prepared in 75 mM phosphate buffer 

(pH 7.4). Samples were diluted 50-fold for a final concentration of 1 mg/ml, and 25 μl 

diluted sample was added to each well of a 96-well plate and 150 μl of 8.68×10
-5

 mM 

fluorescein (a target of free radical attack) working solution was added into all 

experimental wells. Trolox and distilled water were used as a calibration standard and 

blank, respectively. Linear regression of trolox was used in the range of 3.125-100 

μmol/L. The plate was allowed to equilibrate by incubating for a minimum of 30 min in 

the Synergy HT Multi-Detection Microplate Reader at 37°C. Then reactions were 

initiated by the addition of 25 μl (153mM) of 2, 2’-azobis (2-amidinopropane) 

dihydrochloride (AAPH) reagent followed by shaking at maximum intensity for 10 s. The 

fluorescence was then monitored kinetically with data taken at every minute. Excitation 

and emission filter wavelengths were set at λem 485/20 and λex 528/20, respectively. 

Final results were calculated using the differences of areas under the FL decay curves 

(AUC) between the blank and a sample and the results were expressed as micromoles 

trolox equivalent (TE) per gram on a dry weight basis (μmol TE/ g DW). The area under 

the curve was calculated by the following equation: 

 AUC = (0.5 + f5/f4+f6/f4+ f7/f4+ f8/f4…+fi/f4) * CT 
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 Where f4 is the initial fluorescence reading at cycle 4 and fi is the fluorescence 

ending at cycle I, and CT is the total cycle time (minutes). 

3.2.6 Statistical analysis 

 Data were analyzed using an analysis of variance (ANOVA) with the PROC 

MIXED procedure of SAS Version 9.1.3 (SAS Institute, Cary, NC). The fixed effects 

were N rate, location and cultivar and the random effects were year and replication. The 

data set was tested for normality using the Shapiro–Wilk test of residuals and outliers 

were identified using Lund’s test of standardized residuals (Lund 1975). Means 

separation was obtained using Tukey’s method of multiple comparisons. Pearson 

correlation (Proc CORR) was used to analyze the relationship between TPC and FRAP 

values, TPC and ORAC values, and between FRAP values and ORAC values. 

Significance was determined at the 5% level of probability. 

 

3.3. Results  

3.3.1 Total phenolic content 

 In 2008, two cabbage cultivars were grown in two locations with varied N rates. 

There was no significant difference of total phenolic content between the two cultivars 

and two locations in 2008. A significant effect of N rate on TPC in cabbage was found at 

the Simcoe location, but not in cabbage grown in Ridgetown. There was a significant 

interaction effect of cultivar by N rate within location (p<0.0001), and no location by 

cultivar interaction. 

 The highest TPC was found in cabbage with zero kg/ha N application in both 

locations. TPC of cabbages decreased with increasing N application Although TPC of 
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cabbage was not affected by location, the TPC of cabbage with 0 kg/ha N application was 

found to be higher in Simcoe (2.56 mg GAE/g cabbage DW) than in Ridgetown (2.02 mg 

GAE/g cabbage DW) (p =0.0002). Due to a cultivar by N rate interaction within location, 

the data are presented separately and divided by location. 

 The means of the TPC of the two cultivars from the two locations ranged from 1.80 

to 2.24 mg GAE/g cabbage DW in Ridgetown and 1.79 to 2.94 mg GAE/g DW in 

Simcoe. In both locations, the highest TPC was found in cultivar Huron at 0 kg/ha N rate. 

However, the TPC of the cultivar Loughton was found to have the highest concentration 

when it was treated with the intermediate N rate, i. e. 75 kg/ha N and 150 kg/ha N rate, at 

Ridgetown and Simcoe, respectively. However, the effect of N rate on TPC was not 

significant for Loughton cabbage grown in Simcoe. No significant effects of N rate and 

cultivar were found in TPC of cabbages grown in Ridgetown, which may due to some 

Mn toxicity in soil in 2008.  

 A significant correlation between TPC and rate of N was only found in cultivar 

Huron (R=-0.54, p=0.0007).



 

53 

Table 3-1 Total phenolic content of cabbage (Brassica oleracea L. var. capitata) 

treated with different N rates, at Simcoe Research Station and Ridgetown Campus, 

Ontario in 2008. 

Location Cultivar N Rate (kg/ha) TPC
1
 

   GAE (mg/g DW) 

Ridgetown 

Huron 0 2.24 a  

Loughton 75 2.17 ab 

Huron 225 2.00 abc 

Loughton 225 1.91 bc 

Loughton 0 1.80 c  

Huron 75 1.80 c  

Simcoe 

Huron 0 2.94 a  

Loughton 150 2.31 b 

Loughton 0 2.19 b 

Huron 300 2.03 b 

Loughton 300 1.80 b 

Huron 150 1.79 b 

Mean   2.18 
1
Total phenolic content expressed as milligrams of gallic acid equivalent (GAE) per gram 

dry weight. 
2
 Numbers in a column followed by the same letter are not significantly different at 0.05, 

according to Tukey’s Test; ns indicates no significant differences were found among 

treatments.
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Table 3-2 Total phenolic content of cabbage (Brassica oleracea L. var. capitata) 

treated with different N rates, grown on Simcoe Research Station, Ontario in 2008 

and 2009. 

Cultivar N rate  Year TPC
1
 

   GAE (mg/g DW) 

Huron 0 2008 2.94 a  

Huron 0 2009 2.34 b 

Huron 150 2009 2.03 bcd 

Huron 300 2008 2.03 bcd 

Huron 150 2008 1.79 d 

Huron 300 2009 1.78 d 

Loughton 150 2008 2.31 bc 

Loughton 0 2008 2.19 bcd 

Loughton 0 2009 1.93 bcd 

Loughton 150 2009 1.84 bcd 

Loughton 300 2009 1.84 bcd 

Loughton 300 2008 1.80 cd 

Mean   2.09 
1
Total phenolic content expressed as milligrams of gallic acid equivalent (GAE) per gram 

dry weight. 
2
 Numbers in a column followed by the same letter are not significantly different at 0.05, 

according to Tukey’s Test; ns indicates no significant differences were found among 

treatments.
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 In 2009, a similar trial was carried out at the Simcoe Research Station to detect the 

influence of cultivar, N rate and growing season on TPC of cabbage (Table 3-2). There 

was a significant interaction of cultivar by N rate and cultivar by N rate by year. Huron at 

0 kg/ha N in 2009 had a higher TPC value compared with Huron that received 300 kg/ha 

N. There were no differences in TPC in cv. Loughton. A significant difference in TPC 

between the two years was found in cabbage receiving no N. The TPC of cabbage 

without N in 2008 was 21% higher than cabbage grown in 2009. Meanwhile, a significant 

difference in TPC between the two years was only found in cultivar Loughton. The TPC 

of Loughton grown in 2008 was 12% higher than Loughton grown in 2009. Generally, 

the 0 kg/ha N application had the highest TPC value, and the TPC values decreased with 

the higher N rates (TPC=2.3114-0.0016 N, p=0.0001). 

 

3.3.2 Antioxidant activity 

 The FRAP and ORAC derived antioxidant activity of cabbage grown in Simcoe and 

Ridgetown research stations are shown in Table 3-3. There were no differences in 

antioxidant activity among any of the treatments, when the FRAP analysis was used 

(Table 3-3). Significant differences of ORAC values were found within the two locations. 

The antioxidant activity as measured by ORAC for cabbage grown in Simcoe was 21.3% 

higher than those grown in Ridgetown. N rate did not affect the antioxidant activity in 

both locations as determined using the FRAP and ORAC methods. There were no 

significant interactions of location by cultivar and cultivar by N rate within a location. 

 The antioxidant activity of cabbages grown in Simcoe over two years are presented 

in Table 3-4. No significant effect of cultivar and N rate was found on the antioxidant 

activity. However, there was a difference between the two years. The antioxidant activity 
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as measured by the FRAP assay was 14.6 μmol AAE /g DW for cabbages grown in 2008, 

35% lower than that of cabbages grown in 2009 (22.6 μmol AAE /g DW). However, an 

opposite result was found in the ORAC antioxidant activity, i.e. the ORAC value was 

82.6 μmol TE /g DW in cabbage grown in 2008, 43.7% higher than those grown in 2009 

(46.5 μmol TE /g DW). A significant interaction of cultivar by N rate was only found in 

the FRAP value. The cultivar Huron at the zero N rate had the highest FRAP activity 

(22.6 μmol AAE /g DW), followed by cultivar Loughton at the no N rate (18.9 μmol TE 

/g DW). The interaction of year by N rate, year by cultivar and year by cultivar by N rate 

were also significant due to the influence of the year factor. There was no significant 

general linear regression of FRAP and ORAC and N rate. In general, cultivar Huron at 

zero N rates had the highest FRAP and ORAC values in 2009 and 2008, respectively. 

3.3.3 Correlations 

 There was no significant correlation between TPC and the antioxidant activity as 

measured by the FRAP assay. A positive correlation was found between TPC and the 

ORAC activity, however the relationship was not as strong as in the broccoli trials, R 

=0.38, p<0.01. It was interesting that a weak negative relationship was found between 

ORAC and FRAP, R =-0.36, p<0.05. 



 

57 

Table 3-3 Total antioxidant activity (derived by FRAP and ORAC) of cabbage 

(Brassica oleracea L. var. capitata) treated with different N rates grown on Simcoe 

Research Station and Ridgetown Campus, Ontario, 2008. 

 

 Treatment  

Total Antioxidant Activity 

FRAP 

AAE
1 

(µmolg
-1

 DW) 

ORAC 

TE
2 

(µmolg
-1

 DW) 

Location  
Ridgetown 15.1 ns

3
 68.1 b 

Simcoe 14.6  82.6 a 

Cultivar 
Huron 14.8 ns 82.4 a  

Loughton 14.9  68.3 b 

N rate 

(kg/ha) 

 

Ridgetown 

0 16.0 ns 68.6 ns 

75 14.4  63.4  

225 14.8  72.3  

Simcoe 

0 17.1 ns 90.9 ns 

150 13.2  80.9  

300 13.4  76.0  

Loc* Cultivar 

 

Ridgetown 
Huron 15.2 ns 75.8 ab 

Loughton 15.0  60.4 b 

Simcoe 
Huron 14.5  89.0 a 

Loughton 14.7  76.2 ab 

Cv * N rate 

(Loc) 

Ridgetown 

Huron 

0 16.5 ns  77.1 ns 

75 13.5  61.2  

225 15.4  88.9   

Loughton 

0 15.6  60.0  

75 15.3  65.6  

225 14.3  55.6  

Mean   15.1 68.1 

Simcoe 

Huron 

0 17.8 ns 104.3 ns 

150 13.7  85.8  

300 12.0  77.0  

Loughton 

0 16.4  77.5  

150 12.8  75.9  

300 14.8  75.0  

Mean   14.6 82.6 
1
Antioxidant activity (derived by FARP) expressed as µmol Ascorbic acid (AAE) per 

gram dry weight. 
2
Antioxidant activity: (derived by ORAC) expressed as µmol Trolox equivalent (TE) per 

gram dry weight. 
3 

Numbers in a column followed by the same letter are not significantly different at 0.05, 

according to Tukey’s test; ns indicates no significant differences were found among 

treatments. 
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Table 3-4 Total antioxidant activity (derived by FRAP and ORAC) of cabbage 

(Brassica oleracea L. var. capitata) treated with different N rates grown on Simcoe 

Research Station, 2008 and 2009. 

Treatments Total Antioxidant Content  

Cultivar 
N rate 

(Kg/ha) 
Year 

FRAP 

 AAE
1
(µmol/g DW) 

ORAC 

TE
2
(µmol/g DW) 

Huron 0 2009 27.4 a  43.5 c  

Huron 0 2008 17.8 bcd 104.3 a  

Huron 150 2009 22.1 ab 45.0 c  

Huron 150 2008 13.7 d 85.8 ab 

Huron 300 2009 21.1 abc 48.4 bc 

Huron 300 2008 12.0 d 77.0 abc  

Loughton 0 2009 21.4 ab 54.1 bc 

Loughton 0 2008 16.4 bcd 77.5 abc 

Loughton 150 2009 22.2 ab 44.7 c  

Loughton 150 2008 12.8 d 76.0 abc 

Loughton 300 2009 21.1 abc 43.6 c  

Loughton 300 2008 14.8 cd 75.0 abc 

Mean   18.6 64.6 
1
Antioxidant activity (derived by FARP) expressed as µmol Ascorbic acid (AAE) per 

gram dry weight. 
2
Antioxidant activity: (derived by ORAC) expressed as µmol Trolox equivalent (TE) per 

gram dry weight. 
3 

Numbers in a column followed by the same letter are not significantly different at 0.05, 

according to Tukey’s test; ns indicates no significant differences were found among 

treatments.
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3.3.4 Cabbage yield data 

 There were no significant differences in yield in the cabbage grown at Ridgetown 

(Table 3-5), which suggests that there was sufficient N in the soil before the cabbage was 

planted. There were differences in yield in relation to N rate and cultivar in Simcoe. No 

significant interaction of N rate and cultivar was found at the Simcoe Research Station. 

The cabbages treated with 300 kg /ha N had a significantly higher marketable yield in 

both years. In 2008, yield of ‘Huron’ was 4.7 t/ha higher than ‘Loughton’ and 8.3 t/ha in 

2009, however, the difference was not significant in 2009. This suggests that there was 

lower residual nitrogen in the soil at the Simcoe site in both years, and that residual N 

was lower in 2008 than in 2009. 

3.3.5 Weather data 

 The 2008 field season was warmer than average while the 2009 field season was 

comparatively cool and dry for both locations. In 2008, the mean air temperatures were 

above the long-term (30-year) averages for June, July and September in both Stations. 

Total rainfall values were above the long-term averages for May, July, August and 

September, below average for June in Simcoe Station and only June and September were 

above the long-term averages in Ridgetown. In 2009, the air temperatures were below the 

long-term average values for June and July in Simcoe and May, June, July, August and 

September in Ridgetown. Total rainfall values were above the long-term averages for 

June, July and August and below average for May and September in Simcoe. In 

Ridgetown, the total rainfall values were below the long-term averages from May to 

September. Conditions for both locations and years are presented in Table 3-6.
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Table 3-5 Yield data for cabbages grown in Simcoe and Ridgetown locations, 2008 

and2009 

Location   Marketable yield (t/ha) 

   2008 2009 

Simcoe 

N 0 13.6 a
1
 40.7 a 

(kg/ha) 150 54.4 b 66.8 b 

 300 73.6 c 85.0 c 

Cultivar Huron 57.6 a 68.3 ns 

 Loughton 52.9 b 60.0 

Ridgetown 

N 0 48.5 ns
1
 / 

(kg/ha) 75 43.8 / 

 225 51.7 / 

Cultivar Huron 53.0 ns / 

 Loughton 43.0 / 
1
Numbers in a column followed by the same letter are not significantly different at 0.05, 

according to Tukey’s test; ns indicate no significant differences were found among 

treatments.
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Table 3-6 Mean monthly air temperatures, monthly precipitation in 2008 and 2009 

for Simcoe and Ridgetown Research Stations. 

Simcoe Temperature (°C) Rainfall (mm) 

 2008 2009 LTA
1
 2008 2009 LTA 

May 11.2 12.7 12.6 122.0 37.9 73.8 

June 19.4 17.6 17.8 58.3 85.4 81.6 

July 21.1 18 20.4 109.7 88.7 76.7 

August 18.8 19.7 19.5 99.1 162.4 80.1 

September 16.5 16.0 15.5 102.7 43.4 88.8 

Mean 17.4 16.8 17.2 / / / 

Total / / / 491.8 417.8 401.0 

Ridgetown Temperature (°C) Rainfall (mm) 

 2008 2009 LTA 2008 2009 LTA 

May 11.3 13.0 13.6 74.2 30.6 76.8 

June 19.7 17.3 18.8 92.4 61.4 82.1 

July 20.8 18.5 21.5 91.4 31.6 92.8 

August 18.8 19.5 20.6 54.1 91.0 104.9 

September 16.7 16.0 16.8 111.6 34.4 92.9 

Mean 17.5 16.9 18.3 / / / 

Total / /  423.7 249.0 449.5 
1 

30 year averages (1970-2000) in both Research Stations. Enviroment Canada
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3.4. Discussion 

 The present study investigated the effects of N rate, cultivar, location and year on 

the total phenolic content and the antioxidant activity of cabbage. The correlation 

between TPC and the antioxidant activity was analysed in order to find out whether the 

phenolic compounds are significant contributors to the antioxidant activity, hence 

potential health benefits, of the selected cabbage cultivars. 

 TPC in cabbage did not differ by location and cultivar in 2008, but it was influenced 

by N rate in the trial at the Simcoe Research Station in 2008. The cabbage trial at 

Ridgetown had some Mn toxicity due to low pH and this might have confunded the 

results for this trial. Meanwhile the yield data for cabbage in Ridgetown indicated there 

were relatively high N residues in the soil where the cabbage was grown. Cabbage cv. 

Huron without N application had consistently higher TPC than those with N treatment. 

The difference may be explained by the dilution effect, that plants produce a certain 

limited amount of phytochemicals and the concentration is thus diluted by growth. The 

size of the cabbage head as reflected in the significantly increased yield of N treated 

cabbages supports this dilution theory. Plants fertilized with higher N rates are known to 

grow at a faster rate than they can produce the secondary metabolites through 

photosynthesis, subsequently, the concentration of secondary metabolites in the plant 

(such as phenolic compounds) decline (Jarrell and Beverly 1981; Maier, Dahlenburg et 

al. 1994; Davis 2004). Another possible explanation is the carbon/nutrient balance (CNB) 

hypothesis derived by Bryant (Bryant et al. 1983; Bryant et al. 1987) which asserted that 

plants allocate carbon and N to secondary metabolism only after growth requirements are 

met and that growth is constrained more by nutrient limitation than photosynthesis. 
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Therefore, excess carbohydrates accumulate in nutrient-limited plants and are diverted to 

the production of carbon-based secondary compounds when photosynthesis outpaces 

growth. 

 Within the Simcoe location, the TPC for cabbage treated with 150 kg N ha
-1

 (which 

is close to the recommended N rate (170 kg N ha
-1

) in Ontario was 1.99 mg GAE / g DW, 

or 199 mg GAE / 100 g DW. This is similar to the TPC reported in the literature. The 

USDA reported the average TPC of raw cabbage was 202 mg GAE/ 100 g DW (Wu et al. 

2004). Others have reported the total phenol content in terms of fresh weight. Singh et al. 

(2006) studied fourteen different cabbage cultivars and the average of total phenol 

content was 18.74 mg GAE/100 g fresh weight (FW) ranging from 12.58 to 34.41 mg 

GAE/100 g FW (Singh et al. 2006). In contrast to TPC, the only effect of N rate on 

antioxidant activity of cabbage occurred at the Simcoe location in 2009. There was an 

effect of cultivar and location on the ORAC antioxidant activity of cabbage grown in 

2008. However, the effect of cultivar on antioxidant activity of cabbage grown in the 

Simcoe Research Station over two years was not significant due to the interactive effect 

of cultivar by year. The effect of year on antioxidant activity of cabbage grown in Simcoe 

Research Station was probably caused by the different weather over the two years. 

 Within the Simcoe location, antioxidant activity varied over the two years, but 

interestingly, there was an opposite trend between the two methods to determine 

antioxidant activity over the two years. There was a weak negative correlation between 

the FRAP and ORAC values. The Pearson correlation coefficient showed a significant, 

but not very strong, positive correlation between the TPC and ORAC, implying that the 

phenolic compounds may not be a major contributor to antioxidant activity in cabbage, 
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and other phytochemicals may have different antioxidant mechanisms. FRAP is an assay 

based on the redox potential of an antioxidant, and the ORAC is based on the scavenging 

ability of an antioxidant against hydroxyl radicals. Compounds other than the phenolics, 

including vitamins A, C, and E and glucosinolates, a unique group of phytochemicals to 

the cruciferous plants such as cabbage, are also known to possess antioxidant activity 

through radical scavenging and inhibition of the chain initiation or chain propagation of 

the peroxidation process. However, Plumb et al (Plumb et al. 1996) demonstrated that 

glucosinolates are unlikely to account for the direct antioxidant effects of extracts from 

cruciferous vegetables. It has been reported that variety, climatic condition, agronomic 

practices, maturity at harvest, sample preparation method and storage conditions affect 

the antioxidant contents in Brassica vegetables (Broekmans et al. 2000; Howard et al. 

1999; Kurilich et al. 1999; Lisiewska and Kmiecik 1996). 

 Cultivar selection is an important factor in terms of phytonutrients and yield for 

vegetable crops. There were significant effects of cultivar on the TPC and the ORAC 

value of cabbage in the present study. Cultivar Huron in general had higher TPC and 

antioxidant activity than cultivar Loughton. Significant variations in TPC among 

cultivars were found in other studies. Singh (2006) found the total phenol content ranged 

from 12.58 to 34.41 mg/100 g fresh weight in 14 cultivars of white cabbage (Singh et al. 

2006). Kim et al. (2004) studied ten genotypes of cabbage at the 3-wk juvenile stage 

under identical soil and environmental conditions and found that total phenols ranged 

from 110.2 mg GAE/100 g in ‘Genesee’ to 153.3 mg GAE/100 g in ‘Bobcat’.  

 Increasing the fertilizer can boost the yield of vegetable crops (Everaarts and De 

Moel 1998; Zebarth et al. 1991). On the basis of the yield data, the cabbages that received 
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300 kg N ha
-1 

had a significantly higher marketable yield (73.6 and 85.04 t /ha, 2008 and 

2009), followed by the cabbages that received 150 (54.4 and 66.77 t /ha) as compared to 

zero N(13.6 and 40.7 t /ha) kg N ha
-1

. Growers get paid for total yield, and therefore need 

high yields to maximize profits. However, consumers are beginning to pay more attention 

to the quality of foods and they can get the information on nutritional quality from the 

label or advertisement of the produce. Therefore, vegetable crops with higher nutritional 

quality tend to be more desirable for the consumer. Currently, there is no system that 

pays for higher nutrition, or informs consumers about the specific nutrient content of the 

vegetables they buy, and thus growers will continue to grow for yield, not healthy 

constituents. For consumers in general, most individuals may not really want to pay more 

for potential benefit. Developing new, or selecting vegetables, with higher or optimal 

levels of functional compounds with good horticultural traits (yield, shape, maturity and 

disease resistance) are important both for comsumers and growers. 

 There was no significant difference in antioxidant activity between the two 

cultivars. The result of this study indicated that N rate had a greater contribution to the 

antioxidant activity of cabbage than cultivar. Therefore, optimizing the yield and 

increasing the antioxidant activity using varied N rates is one of the agronomic practices 

that can help to achieve this goal. Our results found that the recommended rate of 170 kg 

N ha
-1 

may be a good compromise between yield and quality, if the market begins to 

demand higher health benefits. 

 

3.5. Conclusion 
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 In conclusion, the results suggest that the differences in TPC of cabbage are related 

to the N rate, cultivar and year (environment). A decrease in TPC and antioxidant activity 

level of cabbage in response to higher rates of N was observed in ‘Huron’. The 

recommended rate of N provides a good balance between yield and antioxidant activity. 

The differences in TPC and antioxidant activity of cabbage over the two years could be 

due to the influence of temperature. Higher temperature and higher rainfall capacity may 

have increased the antioxidant activity of cabbage. The weak correlations between TPC 

and antioxidant activity indicated that TPC is not the major contributor to the antioxidant 

activity. 
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4. INFLUENCE OF PIGMENT, FUNGICIDE, YEAR AND FERTILIZER ON 

PHYTOCHEMICAL AND ANTIOXIDANT ACTIVITY IN CARROT (DAUCUS 

CAROTA L.) 

4.1. Introduction 

 Carrots (Daucus carota L.) provide important nutrients in the human diet including 

carotenoids, such as β-carotene, lycopene, lutein and zeaxanthin. β-carotene is not only a 

precursor of vitamin A, but in recent years, it has been shown to be a strong antioxidant 

which reduces age-related macular degeneration (Molldrem et al. 2004) and posesses 

anticancer activity (Cha et al. 2008). In addition, phenolic compounds are commonly 

found in carrot including chlorogenic, caffeic, and p-hydroxybenzoic acids along with 

numerous cinnamic acid derivatives (Gonçalves et al. 2010). These phytonutrients all 

have powerful antioxidant properties, which can prevent the oxidative damage caused by 

free radicals (Yao et al. 2004). The phenolic content (hydrophilic fraction) contributes to 

the sensory qualities (i.e. colour, flavour and aroma) of fruits and vegetables and carrot is 

no exception (Kreutzmann et al. 2008; Shahidi and Naczk 2003; Zhang et al. 2005). The 

variation of phenolic compounds could be used as a good indicator to evaluate the quality 

of vegetables (Alasalvar et al. 2001). Several studies have suggested that consuption of 

flavonoids may protect against cancer, heart disease, and other age-related disease 

(Reddivari et al. 2007b; Rodgers and Grant 1998; Smiechowska et al. 2008). Carotenoids 

are lipid soluble yellow, orange and red pigments found in many vegetable crops 

(Sandmann 2001). The common carrot is a rich source of α- and β-carotene and they are 

lipophilic. The hydrophilic fraction was the major contributor to antioxidant activity in 

carrots (Roberts et al. 2009), which is  the fraction where water soluble anthocyanins 
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would be found. Carrots with different pigments and phytochemicals have been 

commercially available for only a few years and the pigments in these carrots have not 

been studied in depth. These pigments work as very powerful antioxidants, grabbing and 

holding onto harmful free radicals in the body (Lako et al. 2007). 

 Ontario produced 188,275 tons of carrots, with a farm gate value of $35 million , in 

2009 (McGee 2010). This is 47% of the national carrot production and thus Ontario 

ranked first in carrot production in Canada. Ontario carrots are available to the consumers 

throughout most of the year. Carrots are grown in both organic and mineral or “high 

land” soils in Ontario. 

 Carrots are thought of as orange by most of people, but it is probable that they were 

originally purple or yellow (Banga 1963). Recently, through plant breeding, carrots with 

different pigments have been commercially available. The pigments in these carrots have 

not been studied in depth. Anthocyanin pigments provide carrots with purple colour, 

lutein contributes to the yellow colour and lycopene is the major pigment responsible for 

the red colour.There has been research on the health benefits and pigment content of 

carrots (Mills et al. 2008; Molldrem et al. 2004; Prior and Guohua 2000), but no studies 

have focused on carrots grown in Ontario. Thus is will be useful to determine the total 

phenolic content and antioxidant activity in different cultivars and breeding lines of 

coloured carrots over two years. This will assist in the selection and breeding of 

antioxidant-rich carrots and to provide information that could be used in marketing the 

carrots. 

 Plants are exposed to abiotic (drought, heat, wounding, etc) and biotic stresses (plant 

diseases, weeds, herbivores, etc) during growth and development. More than 100,000 
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different defence related compounds, named secondary plant metabolites, are secreted by 

plants to help them protect themselves from stresses, including phenolic compounds, 

glucosinolates, alkaloids, and other molecules (Bennett and Wallsgrove 1994). It is 

expected that agronomic practices, including fertilizer application, will have an effect on 

total phenolic content and antioxidant activity of carrot. This information could 

potentially be utilized to modify cultural practices to enhance the antioxidant content of 

commercial carrot cultivars. The agronomic practices were the effect of fungicides 

applied for leaf blight control in combination with three rates of N fertilizer, two trials to 

assess the effects of control measures for Sclerotinia sclerotiorum on carrots, one that 

included only fungicides and a second trial that compared the fungicide Lance with the 

biofungicide Elexa-4. The final trial evaluated the effects of different weed free periods 

on carrots. Some cultivars were studied over two years to determine if the study 

parameters were consistent and how different weather affected these levels, and one 

cultivar was grown on both muck and mineral soil. 

 The objectives of this study were to determine the effect of : 1) cultivar on 

antioxidant activity and total phenolic content in carrots 2) three rates of N fertilizer, 

fungicides and biofungicide Elexa-4 trials and different weed free periods on carrots and, 

3) the relationship between antioxidant activity and total phenolic content of carrots. 

4.2. Material and Methods 

4.2.1 Carrot production 

 All carrots in the experiment were grown at or near the University of Guelph-Muck 

Crop Research Station, Holland Marsh, Ontario in 2008 and 2009. The influences of 

cultivar, fungicide, weed-free periods, N rate and different seasons on total phenolic 
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content and antioxidant activity of carrot were investigated using the Folin-Ciocalteu 

method and two different antioxidant activity assays, the Ferric Reducing Antioxidant 

Power (FRAP) and the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) assay. All 

experiments were arranged in a randomized complete block design with four replications. 

4.2.2 Carrots with different pigments 

 Field trials were conducted near the Muck Crops Research Station on organic soil 

(pH ≈7.0, organic matter ≈ 48%, in 2008 and pH ≈6.3, organic matter ≈ 74%), Holland 

Marsh, Ontario, Canada. In 2008, ten cultivars of carrots, representing five different 

colours were direct seeded (70-80 seeds/m) on raised beds on 2 June. In 2009, there were 

sixteen carrot cultivars including the same cultivars as in the 2008. These were seeded on 

1 June 2009. Each replicate consisted of two rows, 86 cm apart, and 6 m in length.  

Carrots were harvested on 5 November, 2008 and 23 October, 2009. At harvest, a 10-

carrot sample was placed into cold storage (Filacell storage at ≈1 º C, 95% relative 

humidity (RH)) and freezes dried for extraction in 24 February 2009 and 15 January, 

2010. Cultivar/breeding lines, colours and sources used in this study are described in 

Table 4-1.  

4.2.3 Interaction of N application and fungicide application 

 The field trial was conducted on mineral soil (pH ≈7.9, organic matter ≈ 4.9%) at 

the Muck Crops Research Station, Holland Marsh, Ontario, Canada. Carrots cv. 

Enterprise (Stokes Seeds) was treated with two factors, different N rates and number of 

fungicide applications. Carrots were grown and harvested on the site in 2007 to remove 

soil N. No fertilizer was applied to the trial site in 2007. Carrots were directed seeded (80 

seeds /m) on raised beds using a Stan Hay precision seeder on 22 May 2008.
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Table 4-1 Carrot cultivars grown at the Muck Crops Research Station, 2008- and 

2009 

Cultivar Source
1
 Colour Year 

Purple – 106-6 UW Purple 2008/2009 

Red – 104-3 UW Red 2008/2009 

Dark Orange – 101-23 UW Orange 2008/2009 

Yellow – 102-1 UW Yellow 2008/2009 

White – 105-7 UW White 2008/2009 

Atomic Red JSS Red 2008/2009 

Envy Sem Orange 2008/2009 

Mellow Yello F1 Bejo Yellow 2008/2009 

Purple Rain Bejo Purple 2008 

Crème de Lite Nun White 2008 

Purple Haze Bejo Purple 2009 

Six Pak II HMS Orange 2009 

Choctaw Nun Orange 2009 

Chantenay Red Cored VS Orange 2009 

Apache Nun Orange 2009 

Nevada Bejo Orange 2009 

Cellobunch Sem Orange 2009 

White Satin Bejo White 2009 
1 Sources: Bejo = Bejo Seeds Inc., HMS = Harris Moran Seeds Co., JSS = Johnny’s 

Selected Seeds, Nun = Nunhems Vegetable Seeds, Sem = Seminis Vegetable Seed, VS = 

Vesey Seed, UW = University of Wisconsin breeding lines.
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The treatments were: three rates of N (0, 110, and 220 kg/ha) in combination with two 

fungicide treatments (no fungicide, and 5 applications at full rate) to give six treatments 

in total. The various rates of N were applied by hand as ammonium nitrate 2/3 preplant 

and 1/3 side dressed. Following the side dress application of N, the plots were irrigated to 

incorporate the N into the soil on 2 July. The fungicides were applied 1, 12, 23 August 

and 3, 12 September. Cabrio (pyracolstrobin 20%, 0.22 kg a.i./ha, BASF Canada lnc.) 

was applied on 1 and 23 August. Bravo 500 (chlorothalonil 50% 1.5 L a.i./ha, Syngenta 

Crop Protection) was applied on 12 Aug and 12 Sep and Lance (boscalid 70%, 220.5 g 

a.i./ha BASF Canada lnc.) was applied on 3 September. Fungicides were applied using a 

pull-type plot sprayer with TeeJet D-3 hollow cone nozzles at 690 kPa (boom) in 500 

L/ha of water. Weeds and fertilization were managed according to OMAFRA standard 

production practices (OMAFRA 2010).  A 10-carrot sample from each replicate was 

harvested on 31 October, placed into cold storage (Filacell storage at ≈1 º C, 95% RH) 

and freeze dried prior to assessment on 24 February 2009. 

4.2.4 Fungicides for the control of Sclerotinia 

 The field trial was conducted on organic soil (pH ≈6.3, organic matter ≈74%) at the 

Much Crops Research Station, Holland Marsh, Ontario, Canada. Carrot cv. Envy (Stokes 

Seeds) was directed seeded (82 seeds/m) on raised beds using a Stan Hay precision 

seeder on 22 May 2008. The treatments in this trial were: PRISTINE (pyraclostobin 

25.2%, 185 a.i. /ha and boscalid 12.8%, 88 a.i. /ha) at 737 g/ha on carrots inoculated with 

S. sclerotiorum and LANCE (boscalid 70%, 441 a.i./ha) at 630 g/ha product. An 

untreated, inoculated control was also included. Treatments were applied on 6, 20 and 30 

August, and 19 September and 3 October using a pull-type plot sprayer with TeeJet D -3 
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hollow cone nozzles at 690 kPa (boom) in 500 L/ha of water. On 31 July all plots were 

inoculated by evenly spreading 1.4 g/m paper strip inoculum (provided by the lab of B.D. 

Gossen, AAFC Saskatoon), on the soil in the 2 inter-row spaces per experimental unit. 

All carrots were harvested at maturity on 4 November 2008; a 2.32 m sample was pulled, 

placed in a plastic tote and placed in Filacell storage at ≈1 º C, 95% RH and 

approximately 50-100 g carrots were sampled and freeze dried prior to assessment on 24 

February, 2009. 

4.2.5 Biofungicide Elexa-4 for the control of Sclerotinia 

 The field trial was conducted in organic soil (pH ≈6.3, organic matter ≈74%) 

naturally infested with sclerotinia rot of carrot at the Muck Crops Research Station, 

Holland Marsh, Ontario, Canada. Carrot cv. Envy (Stokes Seeds) was direct seeded (80 

seeds/m) on raised beds into organic soil using a Stan Hay precision seeder on 25 May 

2008. LANCE (boscalid 70%, 441g a.i./ha BASF Canada Inc) was applied on 5, 12, 26 

Aug when within field detected ascospores of S. sclerotiorum surpassed the sclerotinia 

forecast model threshold of 5 detected ascospores using the Blue Plate Test on sclerotinia 

semi-selective medium. ELEXA-4 (chitosan 4% 1L a.i./ha, chitosan 2%, 0.5 L a.i./ha, 

Plant Defense Boosters, Inc; Lab grade chitosan 0.2% 0.5 L a.i./ha, Sigma Chemical 

Company) was applied beginning at carrot canopy closure on 31 July and biweekly 

afterwards on 12, 26 August and 9, 23 September. Both treatments were applied using a 

CO2 backpack sprayer equipped with four TeeJet 11002 fan nozzles spaced 40 cm apart 

and calibrated to deliver 500 L/ha at 240 kPa. A 10-carrot sample was harvested from 

each replicate on 31 October, placed into cold storage (Filacell storage at ≈1 º C, 95% 

RH) and freeze dried prior to assessment on 24 February, 2009. 
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4.2.6 Effect of critical weed-free period 

 The field trial was conducted in organic soil (pH ≈6.5, organic matter ≈75%) on the 

Muck Crops Research Station, Holland Marsh, Ontario, Canada. Carrots cv. Enterprise 

(Stokes Seeds) was seeded (77 seeds/m) on a raised bed (86 cm apart and 4 m long) on 27 

May 2008. The treatments in this trial were: a weed-free period up to the 8-leaf stage of 

carrot development, season-long weedy and weed-free controls, and a standard treatment 

of Geasgard (prometryne 48%) at 34 gai/ha applied preemergence on June 2 plus Lorox 

(linuron 50%) at 1125 gai/ha at the 4 leaf stage on 20 June. Weeds in the weed-free 

period treatment were controlled with a single application of 140 gai/ha of LOROX on 11 

June and by weekly hand weeding up to each respective carrot growth stage. All 

treatments were applied in 200 L/ha of water. Fertilization and pest control were 

managed according to OMAFRA standard production practices (OMAFRA 2010). A 10-

carrot sample was harvested from each replicate plot on 23 October, placed into cold 

storage (Filacell storage at ≈1 º C, 95% RH) and freeze dried prior to assessment on 24 

February 2009. 

4.2.7 Weather data for Muck Crop Research Station, 2008 and 2009 

 Air temperature (Campbell Scientific model HMP35C probe; Campbell Scientific, 

Edmonton, Alberta, Canada), and rainfall (Campbell Scientific tipping bucket gauge) 

were collected at an automated weather station located within 75 m of plots at the Muck 

Crop Research Station. Data were recorded using a CR1X data logger (Campbell 

Scientific). The weather data were compiled for each year using the weather station data. 

Temperature and rainfall data for all of the trials are summarized in Table 4-2.
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Table 4-2 Summary of moisture and air temperature data collected at the Muck 

Crops Research Station, Holland Marsh, ON, 2008 and 2009. 

 Temperature (°C) Rainfall (mm) 

  2008 2009 LTA
1
 2008 2009 LTA 

May 12.6  12.6 12.1 48 117 86 

June 18.4 16.5 18.2 68 49 74 

July 20.3 17.9 19.9 137 135 76 

August 19.2 19.4 19.3 63 89 57 

September 15.7 14.9 15.5 82 51 72 

October 9.0 7.3 8.9 54 62 59 

Mean 15.9 14.8 15.7 / /  

Total / / / 452 503 424 
1 

LTA: Long term average.
 
10 year averages in Muck Research Station.
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4.2.8 Chemical and solvents 

 The chemicals used for the assessments were phenolic standard gallic acid, L-

Ascorbic acid, 2,4,6-tripyridyl-S-triazine (TPTZ), the Folin-Ciocalteu reagent, 6-

hydroxy-2, 5,7,8-tetramethyl-2-carboxylic acid (trolox), fluorescein, 2,2-diphenyl-1-

picrylhydrazyl radical (DPPH) and 2,2’-Azobis(2-amidinopropane) dihydrochloride 

(AAPH) reagent(Sigma Chemical Co. Oakville, ON ) and ferric chloride (FeCl3), ferrous 

sulphate heptahydrate (FeSO4•7H2O), and sodium acetate (Aldrich Chemical Co. 

Milwaukee, WI); All HPLC grade solvents were purchased from Caledon Laboratories 

Ltd (Georgetown, Ontario). 

4.2.9 Sample preparation and extraction  

 All carrots were collected at maturity, washed in a small drum washer and kept in 

filacell storage at ≈1 º C, 95% RH. They were transferred from the cold storage at the 

Muck Research Station to the chemistry lab, and prepared for analysis. A slice, 

aproximately 2 cm in length was taken from healthy tissue in the middle from the 10 

randomly selected carrots and put into liquid nitrogen, then stored in plastic bags on the 

transfer day. All the bags were stored at -20 °C before being processed. The frozen 

samples were freeze-dried in a bulk tray freeze dryer (Labconco Corporation, Kansas 

City) for 4-7 days until thoroughly lyophilized and the freeze-dried samples were then 

finely ground with a mortar and pestle. The resulting powders were stored in 50 ml 

screw-capped plastic tubes (Sarstedt) at –20 °C until analysis. 

 Carrot samples were extracted successively with the nonpolar solvent hexane and 

the polar solvent methanol to obtain the lipophilic and hydrophilic fractions (Roberts et 

al. 2009). Lipid soluble carotenoids are the major compounds responsible for orange or 
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red colours in carrots and are extracted by hexane. The phenolic compounds were 

extracted by methanol after the extraction of the lipophilic extraction and all the residual 

hexane was evaporated under stream of N2. All extractions were carried out under dim 

light at room temperature to avoid isomerization and oxidation of the carotenoids. For the 

extraction of the lipophilic fraction, 1 g freeze-dried carrot powder was mixed with 10 ml 

of hexane in a 40-ml amber glass vial. The mixture was thoroughly vortexed and 

centrifuged at 3000 rpm for 15 min and then the hexane layer was removed. The same 

procedures were repeated to get a thorough extract. A 2 ml extract was removed from the 

combined hexane fraction to a 4 ml amber vial and dried under a gentle stream of 

nitrogen in the dark and redissolved in 2 ml acetone before analysis (Roberts et al. 2009). 

After the lipophilic extraction, the carrot residues were used for the extraction of 

hydrophilic fraction. These were mixed with 10 ml 80% methanol (methanol: distilled 

water: acetic acid=80:19:1, v/v/v) and transferred to a 15 ml screw-capped plastic tube 

(Sarstedt), thoroughly vortexed and sonicated in an ultrasonic bath twice each for 5 min, 

before being loaded on an orbital shaker (Roto-Shake Genie, Scientific Industries, New 

York) for 1 h. The tubes were then centrifuged at 3000 rpm for 10 min. The supernatant 

was filtered through 0.45 µm syringe filter, and stored at – 20 °C until analysis. 

4.2.10 Total phenolic content  

 A modified Folin-Ciocalteu method (Slinkard and Singleton 1977; Tsao et al. 2005) 

was used for the determination of total phenolic content (TPC) of the samples. The 

extract (0.2 ml) was first mixed with 1 ml of the Folin-Ciocalteu reagent and reacted at 

room temperature for 30 min, and then 0.8 ml of 7.5% sodium carbonate solution was 

added to the mixture. The absorbance was measured at 765 nm in a UV-Visible 
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microplate kinetics reader (EL 340, Bio-Tek Instruments, Inc., Winooski, VT). A 

standard curve was generated with gallic acid, at concentrations ranging from 20-100 

µg/ml, from which TPCs in the various samples were calculated and expressed as 

milligrams of gallic acid equivalent (GAE) per gram of dry weight carrots. Distilled 

water was used as a blank. Samples with high TPC were diluted so that the phenolic 

concentration would fall within the range of the standard curve. 

4.2.11 Antioxidant activity assay  

 Total antioxidant activity was determined using two different methods due to the 

hydrophilic and lipophilic fractions of the various carrot extract, namely, the DPPH (2, 2-

diphenyl-1-picrylhydrazyl radical) and ferric reducing antioxidant power (FRAP).  

 The FRAP assay (Tsao et al. 2003) measures the ability of the antioxidants in the 

carrot hydrophilic extract to reduce ferric-tripyridyltriazine (Fe
3+

-TPTZ) complex to the 

blue coloured ferrous form (Fe
2+

) which absorbs light at 593 nm. A standard or sample 

extract (10 µl) was mixed with 300 µl of ferric-TPTZ reagent (prepared by mixing 300 

mM acetate buffer, pH 3.6, 10 mM TPTZ in 40 mM HCl and 20 mM FeCl3 in a ratio of 

10:1:1, v/v/v) and added to the wells of a microplate. The plate was incubated at 37 °C 

for the reaction for an hour. The absorbance readings were taken at 593 nm using a UV-

Visible microplate kinetic reader (EL 340, Bio-Tek Instruments, Inc., Winooski, VT). 

TAA (Total Antioxidant Activity) of the samples was calculated on the basis of 500 mM 

L-ascorbic acid and expressed as µmol ascorbic acid equivalents (AAE) per gram of dry 

weight carrot. The higher the FRAP value, the stronger the antioxidant activity. 

 The DPPH assay (Molyneux 2004) was used for both the the lipophilic and 

hydrophilic fraction of the carrot extract. The samples were prepared for five 
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concentrations, which ranged from 1 mg/ml to 5 mg/ml, and four repetitions were done 

for each sample reaction. The sample solution (100 µl in acetone) was mixed with 100 

µL of DPPH solution (100 µg/ ml in acetone). The absorbance of the mixture was then 

determined at 515 nm in a visible-UV microplate kinetics reader (EL 340, Bio-Tek 

Instruments, Inc., Winooski, VT) after 1 h when the reaction reached a plateau at room 

temperature. The antioxidant activity was expressed as EC50, which is defined as the 

milligram of dry weight vegetable (an antioxidant) at which the initial absorbance of 1 µg 

DPPH is reduced to 50%. A lower EC50 value indicates a higher antioxidant activity. 

4.2.12 Statistical analysis 

 Data were analyzed using an analysis of variance (ANOVA) with PROC MIXED 

procedure of SAS Version 9.1.3 (SAS Institute, Cary, NC). The fixed effects were 

cultivar, N rate, fungicide, biofungicide, and/or weed free period and the random effects 

were replication and year. The data set was tested for normality using the Shapiro–Wilk 

test of residuals and outliers were identified using Lund’s test of standardized residuals 

(Lund 1975). Means separation was obtained using Tukey’s method of multiple 

comparisons. Significance was determined at the 5% level of probability. The Pearson 

correlation test was used to determine the correlations between antioxidant activity and 

total phenolic content. 

4.3. Results  

4.3.1 Total phenolic content and antioxidant activity of carrots with different 

pigments 

 For carrots grown in both 2008 and 2009, there was significant variation in total 

phenolic content (TPC) and total antioxidant activity (TAA) among cultivars (Table 4-3). 
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TPC and TAA were significantly higher in purple and red cultivars, such as cultivar 

Purple Rain in 2008 and cultivar Purple Haze in 2009. 

 In 2008, total phenolic content of coloured carrots varied greatly. TPC of the 10 

carrot cultivars/breeding lines ranged from 0.46 to 2.06 mg gallic acid equivalent (GAE) 

/g dry weight (DW). The commercial cultivar ‘Purple Rain’ generally had the highest 

TPC, followed by the breeding line ‘Red’. The TPC in cultivar ‘Purple Rain’ was 3.5-

fold higher than in cultivar ‘Mello Yellow’. The TAA of carrots also varied among 

different cultivars when assessed using the FRAP method, and the values ranged from 

2.00 to 3.38 μmol ascorbic acid equivalent (AAE)/ g DW. The dark coloured carrot 

cultivars, such as ‘Purple Rain’ and ‘Dark Orange’, had high levels of antioxidant 

activity. The same trend was found in the lipophilic fraction from the carrots for the 

DPPH assay. The hydrophilic fraction of purple carrots was difficult to analyze, due to 

the interference between the reaction colour (purple) and original colour of the sample. 

No significant difference in antioxidant activity was found in the hydrophilic fraction. 

However, the breeding line ‘Purple’ showed  high antioxidant activity in its lipophilic 

extract, which was 137% higher than that in ‘Yellow’ as measured by the DPPH assay.  

 In 2009, the purple and red cultivars also had the highest TPC and TAA (Table 4-3). 

The TPC of the 16 carrot cultivars/breeding lines ranged from 0.48 to 3.07 mg gallic acid 

equivalent (GAE) /g DW. The cultivar Purple Haze had the highest total phenolic 

content, three-fold higher than the content of the second highest cultivar, ‘Atomic Red’. 

Similar results were seen with the FRAP values. Purple Haze had the highest FRAP 

value, 23.15 μmol ascorbic acid equivalent (AAE)/ g DW, almost 20 μmol ascorbic acid 

per gram DW higher than that of Purple Rain, in 2008. Not only were the FRAP values 
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different among cultivars; the DPPH values were also significantly different (Table 4-4). 

 Generally, the average DPPH value as expressed in EC50 of dark carrot cultivars 

was lower than that of light colour carrot cultivars, which means a higher antioxidant 

activity in those darker cultivars. The lower the EC50, the less of the plants/antioxidants it 

takes to reduce the DPPH radical, thus the higher the antioxidant activity. 

 There were eight common carrot cultivars/breeding lines between the two years. No 

significant differences in TPC were found between the two years (p =0.4241). However, 

there was a significant genotype by year interaction (p=0.0236). There was a significant 

difference between the two years (p<0.0001) for TAA. This significant genotype by year 

interaction for TAA was found in both assay methods (p<0.0001). Five (out of eight) 

cultivars, mostly dark colour carrot cultivars, showed a significant difference between the 

two years for TAA, using FRAP and DPPH methods, respectively. Two white and yellow 

carrot cultivars, ‘White’ and ‘Mello Yellow’ showed consistent low results between the 

two years in all assessments.
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Table 4-3 Total phenolic contents and antioxidant activity (FRAP) of 16 carrot 

cultivars, grown near the Muck Crops Research Station, Holland Marsh, Ontario, 

2008-2009. 

Cultivar 
TPC

1
  

GAE
1
 (mg/g) 

FRAP
2
 

(µmol/g) 

 2008 2009 2008 2009 

Purple Haze  3.07 a
3
  23.15 a 

Purple Rain 2.06 a  3.38 a  

Atomic Red 0.70 b 1.01 b 2.85 ab 6.94 b 

Purple 0.79 b 0.88 c 3.05 ab 6.13 b 

Chantenay Red 

Cored 
 0.81 cd  4.55 c 

Dark Orange 0.75 b 0.78 cd 3.19 ab 4.34 cd 

Red 1.35 ab 0.73 de 3.05 ab 4.12 cd 

Six Park II  0.72 de  4.04 cd 

Yellow 0.48 b 0.72 de 1.85 ab 3.86 cde 

Choctaw  0.71 de  3.71 cdef 

Apache  0.70 de  3.54 cdefg 

Envy 0.54 b 0.698 def 1.89 ab 3.50 defg 

Mello Yellow 0.46 b 0.65 ef 2.00 ab 3.50 defg 

Cellobunch  0.63 ef  3.38 defg 

Nevada  0.60 efg  3.01 efg 

White 0.53 b 0.57 fg 2.56 ab 2.76 fg 

White Satin  0.48 g  2.54 g 

Crème de lite 0.47 b  1.43 b  
1
Total phenolic content expressed as milligrams of gallic acid equivalent (GAE) per gram 

dry weight. 
2
Total antioxidant activity expressed as µmol ascorbic acid equivalent (AAE) per gram 

dry weight in FRAP assay  
3
Numbers in a column within the same year followed by the same letter are not 

significantly different at P=0.05, according to Tukey’s test. 
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 There was a positive correlation between TPC and FRAP derived TAA (Table 4-5) 

(R =0.88, P<0.0001). DPPH hydrophilic fraction had a lower correlation with the TPC (R 

=0.27, P<0.05) and FRAP (R =-0.66, P<0.05). The correlation between the hydrophilic 

fraction and lipophilic fraction in the DPPH assay was only R =0.32 (P<0.0001). When 

carrots were grouped by colour, significant differences were also found for TPC and 

TAA (Table 4-6 ). The purple carrots had a significantly higher TPC and TAA than all 

other coloured groups, followed by the red coloured group. 
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Table 4-4 Total antioxidant activity (DPPH assay) of different carrots, grown on 

near the Muck Crops Research Station, Holland Marsh, Ontario, 2008-2009. 

Cultivar DPPH
1
 EC50 (mg DW/μg DPPH) 

 Hydrophilic (H) Lipophilic (L) 

 2008 2009 2008 2009 

Purple DL
2
 DL 0.37 c 0.51 b-e 

Atomic Red 0.75 ns
3
 0.0009 fg 0.44 bc 0.59 a-e 

Dark Orange 0.84  0.006 g 0.54 a-c 0.67 a-d 

Mello Yellow 1.28  0.330 a-c 0.56 a-c 0.46 b-e 

White 0.83  0.353 ab 0.59 a-c 0.58 a-e 

Purple Rain DL
2
  0.64 a-c

3
  

Envy 1.52  0.240 a-d 0.65 a-c 0.50 b-e 

Crème de lite 1.90   0.84 ab  

Yellow 0.88  0.14 d-f 0.88 a-c 0.32 c-e 

Red 0.62  0.027 fg 0.96 a 0.68 a-c 

Six Park II  0.036 e-g  0.21 e 

Apache  0.205 cd  0.23 e 

Choctaw  0.167 de  0.24 e 

Cellobunch  0.243 a-d  0.24 e 

Chantenay Red Cored  0.004 g  0.25 de 

White Satin  0.361 a  0.40 b-e 

Purple Haze  DL  0.74 ab 

Nevada   0.227 b-d  0.92 a 
1 

Total antioxidant activity expressed as DPPH- EC50: Milligrams of sample required to 

reduce absorbance of 1 μg DPPH concentration by 50% in DDPH assay. 
2 

DL: Detection limited 
3 

Numbers in a column within the same year followed by the same letter were not 

significantly different at P=0.05, according to Tukey’s test; ns indicates no significant 

differences found among the treatments.
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Table 4-5 Pearson correlation coefficients (R) between total phenolics (TPC) and 

total antioxidant activity (TAA) in coloured carrot trial. 

* p<0.05

  Total Antioxidant Activity
1
 

 TPC  FRAP  DPPH-H DPPH-L 

TPC - 0.88* 0.27* 0.13 

FRAP  - - -0.66* 0.10 

DPPH-H - - - 0.32* 

DPPH-L - - - - 
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Table 4-6 Total phenolic content and total antioxidant activity  of different coloured 

carrots grouped by colour, grown near the Muck Crops Research Station, Holland 

Marsh, Ontario, 2008-2009. 

Colour
1
 

TPC
2 

(mg GAE
 
/g) 

Total Antioxidant Activity
3
 

  FRAP  DPPH EC50 (mg DW/μg DPPH) 

   AAE(µmol /g) Hydrophilic Lipophilic 

 2008 2009 2008 2009 2008 2009 2008 2009 

Purple 1.4 a
4
 2.0 a 3.1 a 15.0 a DL

5
 DL 0.50 ns 0.63 ns 

Red 1.0 ab 0.9 b 3.0 ab 5.1 b 0.68 ns 0.02 c 0.70 0.63 

Orange 0.6 ab 0.7 b 2.4 ab 3.8 b 1.15 0.15 b 0.61 0.41 

Yellow 0.5 b 0.7 b 1.9 ab 3.4 b 1.12  0.24 ab 0.68 0.39 

White 0.5 b 0.5 b 2.0 ab 3.0 b 1.36  0.36 a 0.71 0.49 
1
Cultivars of similar colour were grouped for analysis 

2 
TPC: total phenolic content expressed as mg gallic acid equivalent (GAE) per gram dry 

weight. 
3 

TAA: total antioxidant activity expressed as µmol ascorbic acid equivalent (AAE) per 

gram dry weight in FRAP assay and DPPH- EC50: Milligrams of sample required to 

reduce absorbance of 1 μg DPPH concentration by 50% in DDPH assay. 
4
 Numbers in a column followed by the same letter were not significantly different at 

P=0.05, Tukey’s Test; ns indicates no significant differences found among the treatments. 
5 

DL: Detection limited.
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4.3.2 Effect of N rate and fungicide application on total phenolic content and total 

antioxidant activity of carrots  

 Different rates of N and the application of fungicides had no significant effects on 

the TPC of extract of carrots (Table 4-7 ). There was no N and fungicide rate interaction 

for TPC and TAA on carrots. Similarly, TAA as measured by the FRAP assay was not 

affected by N and the number of fungicide applications. However, a significant difference 

in the results of the DPPH assay among N treatments was observed (Table 4-8), as well 

as differences in the hydrophilic fraction. The extract of the lipophilic fraction of carrots 

treated with zero and 110 kg/ha N showed higher antioxidant activity compared with 

carrots that received 220 kg/ha N. The extract of the hydrophilic fraction of carrots 

treated with zero kg/ha N rate had lower antioxidant activity compared with carrots that 

received 110 kg/ha and 220 kg/ha N. The number of fungicide applications had no effect 

on TPC and TAA (Table 4-9). Meanwhile, there was no significant yield difference 

among the N treatments (Table 4-8), but the 0 kg/ha N application had the highest TPC 

value, and the TPC values decreased with the higher N rates (TPC=1.5317-0.001N, 

R=0.9162). The same trends were found between N rate and TAA derived from FRAP 

(TAA=4.68-0.0021N, R=0.9778), and N rate and TAA from hydrophilic fraction 

(TAA=0.3917-0.001N, R=0.9162). 

 There was a positive correlation between TPC and FRAP derived TAA (Table 4-10) 

(R =0.72, P<0.0001). The hydrophilic fraction had a negative correlation with the 

lipophilic fraction in the DPPH assay (R =-0.71, P<0.05).
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Table 4-7 Effect of N rate and fungicide on total phenolic content and total 

antioxidant activity of carrots, grown near the Muck Crops Research Station, 

Holland Marsh, Ontario, 2008. 

N rate 

( kg/ha) 

  

Numbers of 

Fungicide 

applications 

  

TPC 

GAE
1
 

Total Antioxidant Activity
2
 

( mg / g ) FRAP DPPH 

 AAE  EC50(mg DW/1µg DPPH) 

   (µmol /g) Hydrophilic  Lipophilic  

0 0 1.65 ns
3
 5.14 ns 0.44 a 1.02 b 

110 0 1.46  4.54 0.36 ab 1.07 b 

0 5 1.44  4.27 0.37 ab 1.05 b 

220 0 1.39  4.51 0.20 ab 1.67 a 

110 5 1.31  4.28 0.15 b 1.45 ab 

220 5 1.30 3.99 0.19 ab 1.50 ab 

Mean  1.43 4.46   
1 

TPC: total phenolic content expressed as mg gallic acid equivalent (GAE) per gram dry 

weight. 
2 

TAA: total antioxidant activity expressed as µmol ascorbic acid equivalent (AAE) per 

gram dry weight in FRAP assay and DPPH- EC50: Milligrams of sample required to 

reduce absorbance of 1 μg DPPH concentration by 50% in DDPH assay. 
3
 Numbers in a column followed by the same letter were not significantly different at 

P=0.05, Tukey’s Test; ns indicates no significant differences found among the treatments.
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Table 4-8 Effect of N rates on total phenolic contents and total antioxidant activity 

of carrots, grown near the Muck Crops Research Station, Holland Marsh, Ontario, 

2008 

N rate TPC Total Antioxidant Activity
2
 Yield 

(kg/ha) GAE
1
 ( mg/g ) 

FRAP 

AAE(µmol /g) 

DPPH EC50  

(mg DW/1µg DPPH) 

t/ha 

      Hydrophilic  Lipophilic   

0 1.55 ns
3
 4.70 ns 0.41 a 1.04 b 66.8 ns 

110 1.39 4.41 0.25 ab 1.26 b 65.4 

220 1.34 4.24 0.20 b 1.58 a 64.9 
1 

TPC: total phenolic content expressed as mg gallic acid equivalent (GAE) per gram dry 

weight. 
2 

TAA: total antioxidant activity expressed as µmol ascorbic acid equivalent (AAE) per 

gram dry weight in FRAP assay and DPPH- EC50: Milligrams of sample required to 

reduce absorbance of 1 μg DPPH concentration by 50% in DDPH assay. 
3
 Numbers in a column followed by the same letter were not significantly different at 

P=0.05, Tukey’s Test. ns indicates no significant differences found among the treatments.
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Table 4-9 Effect of fungicide applicaton on total phenolic content and total 

antioxidant activity of carrots, grown near the Muck Crops Research Station, 

Holland Marsh, Ontario, 2008 

Number of  TPC
1
 Total Antioxidant Activity

2
 

Fungicide  GAE( mg/g ) FRAP DPPH EC50(mg DW/1µg DPPH) 

applications  AAE(µmol/g)  

      Hydrophilic  Lipophilic  

0 1.50 ns
3
 4.73 ns 0.34 ns 1.25 ns 

5 1.35 4.18 0.24 1.34 
1 

TPC: total phenolic content expressed as mg gallic acid equivalent (GAE) per gram dry 

weight. 
2 

TAA: total antioxidant activity expressed as µmol ascorbic acid equivalent (AAE) per 

gram dry weight in FRAP assay and DPPH- EC50: Milligrams of sample required to 

reduce absorbance of 1 μg DPPH concentration by 50% in DDPH assay. 
3
 Numbers in a column followed by the same letter were not significantly different at 

P=0.05, Tukey’s Test; ns indicates no significant differences found among the treatments.
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Table 4-10 Pearson correlation coefficients (R) between total phenolics (TPC) and 

total antioxidant activity (TAA) in N and fungicide trial. 

* p<0.05.

  Total Antioxidant Activity
1
 

 TPC  FRAP  DPPH-H DPPH-L 

TPC - 0.72* 0.30 -0.28 

FRAP  - - 0.25 -0.27 

DPPH-H - - - -0.71* 

DPPH-L - - - - 
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4.3.3 Impact of fungicide on total phenolic content and total antioxidant activity 

of carrots inoculated with Sclerotinia sclerotiorum Sclerotioru 

 The application of fungicide did not affect TPC of the carrots compared to the 

untreated control, but there was a difference between the two fungicides (Table 4-11 ). 

The TPCs of the three treatments were 1.45 to 1.69 mg gallic acid equivalent (GAE) /g 

dry weight. The TPC was higher in carrots that were treated with LANCE at 630 g ai /ha 

than in carrots treated with PRISTINE at 737 g ai /ha. No effect of fungicides on 

antioxidant activity was found in both the FRAP and DPPH assays. 

 There was a positive correlation between TPC and FRAP derived TAA (Table 4-12) 

(R =0.72, P<0.0001). The hydrophilic fraction had a negative correlation with TPC (R =-

0.76, P<0.05) and FRAP derived TAA (R =-0.85, P<0.05). 

 

4.3.4 Effect of the application of a biofungicide, Chitosan, on total phenolic 

content and total antioxidant activity of carrots. 

 No significant differences of TPC and TAA in carrots were found among carrots 

treated with commercial or lab grade chitosan. However, we do not have an untreated 

control in this trial (Table 4-13 ). 

 There was a positive correlation between TPC and FRAP derived TAA (Table 4-14) 

(R =0.83, P<0.0001). The hydrophilic fraction was negatively correlated with TPC (R =-

0.83, P<0.01) and FRAP derived TAA (R =-0.92, P<0.001). However, there were no 

correlations with the lipophilic fraction. 

 For the whole project, cultivar ‘Envy’ was studied in three different trials. The total 

phenolic content of carrots extracts was 0.62 mg GAE/g DW in the colored carrot trial, 
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1.57 mg GAE/g DW in carrot fungicide trial and 1.36 mg GAE/g DW in carrot fungicide 

trial. Results obtained for the antioxidant activity derived by FRAP method were 

consistent with the trend of TPC. All the carrots ‘Envy’ were grown in the organic soil.
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Table 4-11 Effect of fungicide on total phenolic content and total antioxidant activity 

of carrots grown near the Muck Crops Research Station, Holland Marsh, Ontario, 

2008. 

Treatment Rate TPC
1
 Total Antioxidant Activity

2
 Yield 

 (g/ha) GAE AAE 

DPPH EC50 

(mg DW/1µg DPPH) t/ha 

  ( mg/g ) (µmol/g)   

        Hydrophilic  Lipophilic   

LANCE 630 1.69 a
4
 4.24 ns 1.18 ns 0.93 ns 79.8 ns 

Control 0 1.56 ab 3.80 1.40 1.02 75.5 

PRISTINE 
3
 737 1.45 b 3.95 1.45 0.79 88.1 

Mean  1.57 4.0 1.34 0.91  
1
TPC: total phenolic content expressed as mg gallic acid equivalent (GAE) per gram dry 

weight. 
2 

TAA: total antioxidant activity expressed as µmol ascorbic acid equivalent (AAE) per 

gram dry weight in FRAP assay and DPPH- EC50: Milligrams of sample required to 

reduce absorbance of 1 ug DPPH concentration by 50% in DDPH assay. 
3
 Carrots were inoculated with Sclerotinia sclerotiorum. Fungicide applied 6, 20 Aug, 3, 

19 Sep, 3 Oct.  
4
 Numbers in a column followed by the same letter were not significantly different at 

P=0.05, Tukey’s Test; ns indicates no significant differences found among the treatments.
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Table 4-12 Pearson correlation coefficients (R) between total phenolics (TPC) and 

total antioxidant activity (TAA) in fungicide trial. 

* p<0.05.

  Total Antioxidant Activity
1
 

 TPC  FRAP  DPPH-H DPPH-L 

TPC - 0.72* -0.76* 0.14 

FRAP  - - -0.85* -0.33 

DPPH-H - - - 0.17 

DPPH-L - - - - 
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Table 4-13 Effect of biofungicide on total phenolic content and total antioxidant 

activity of carrots, grown near the Muck Crops Research Station, Holland Marsh, 

Ontario, 2008. 

Treatment TPC
1
 Total Antioxidant Activity

2
 

 GAE 

FRAP 

AAE 

DPPH EC50 

 (mg/g ) (µmol/g) (mg DW/1µg DPPH) 

      Hydrophilic  Lipophilic  

ELEXA-4 (0.4% chitosan) 1.44 ns
3
 5.08 ns 0.36 ns 0.89 ns 

ELEXA-4 (0.2% chitosan) 1.33 4.51 0.39 0.96 

LAB GRADE CHITOSAN 

(0.2% chitosan) 1.30 4.51 0.40 1.15 

Mean 1.36 4.70 0.38 1.0 
1 

TPC: total phenolic content expressed as mg gallic acid equivalent (GAE) per gram dry 

weight. 
2 

TAA: total antioxidant activity expressed as µmol ascorbic acid equivalent (AAE) per 

gram dry weight in FRAP assay and DPPH- EC50: Milligrams of sample required to 

reduce absorbance of 1 ug DPPH concentration by 50% in DDPH assay. 
3
 Numbers in a column followed by the same letter were not significantly different at 

P=0.05, Tukey’s Test; ns indicates no significant differences found among the treatments.
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Table 4-14 Pearson correlation coefficients (R) between total phenolics (TPC) and 

total antioxidant activity (TAA) in biofungicide trial. 

* p<0.05.

  Total Antioxidant Activity
1
 

 TPC  FRAP  DPPH-H DPPH-L 

TPC - 0.83* -0.83* -0.12 

FRAP  - - -0.92* -0.09 

DPPH-H - - - 0.13 

DPPH-L - - - - 
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4.3.5 Effect of weed-free period on total phenolic contents and total antioxidant 

activity of carrots. 

 The TPC of carrots grown with different weed-free periods were in the range of 1.30 

to 1.70 mg gallic acid equivalent (GAE) /g DW and there were no significant differences 

among the values. Similarly there were no differences in TAA as determined by the 

FRAP method (Table 4-15). When the DPPH assay was used to determine TAA, 

hydrophilic fraction of weedy all season treatment had a significant higher TAA. The 

lipophilic fraction of carrots treated with commercial standard herbicide had a lower 

TAA when compared to carrots with other treatments in this trial. In addition, the weedy 

all season treatment resulted in reduced yields of carrots (9 ton per hectare). 

 No correlations were found between TPC and the FRAP derived TAA. The DPPH 

derived hydrophilic fraction had a negative correlation with the lipophilic fraction (R =-

0.57, P<0.05) and FRAP derived TAA (R =-0.76, P<0.05).  

 Cultivar ‘Enterprise’ was grown in both mineral and organic soil. The total phenolic 

content of carrots extracts from both soils was very similar, 1.43 and 1.49 mg GAE/g 

DW, respectively. In terms of the results of antioxidant activity derived by FRAP 

method, the carrot grown in mineal soli had higher antioxidant activity (4.46 AAE /g 

DW) than carrot from organic soil (3.85 AAE /g DW). 
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Table 4-15 Effect of herbicide on total phenolic contents and total antioxidant 

activity of carrots, grown near the Muck Crops Research Station, Holland Marsh, 

Ontario, 2008. 

Treatment TPC
1
 Total Antioxidant Activity

2
 Yield 

 GAE FRAP DPPH t/ha 

 (mg/g ) 
AAE 

(µmol/g) 
EC50(mg DW/1µg DPPH)  

      Hydrophilic  Lipophilic   

Weedy all season 1.70 ns
3
 4.33 ns 0.45 b 1.36 b 9 

Weed-free all 

season 
1.55 3.76 0.69 a 1.09 b 116 

Commercial 

standard 
1.42 3.74 0.51 ab 2.06 a 119 

Weed-free to 8 leaf 1.30 3.58 0.60 ab 1.25 b 117 

Mean 1.49 3.85 0.56 1.44  
1 

TPC: total phenolic content expressed as mg gallic acid equivalent (GAE) per gram dry 

weight. 
2 

TAA: total antioxidant activity expressed as µmol ascorbic acid equivalent (AAE) per 

gram dry weight in FRAP assay and DPPH- EC50: Milligrams of sample required to 

reduce absorbance of 1 μg DPPH concentration by 50% in DDPH assay. 
3
 Numbers in a column followed by the same letter were not significantly different at 

P=0.05, Tukey’s Test; ns indicates no significant differences found among the treatments.
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Table 4-16 Pearson correlation coefficients (R) between total phenolics (TPC) and 

total antioxidant activity (TAA) in weed-free period trial 

* p<0.05.

  Total Antioxidant Activity
1
 

 TPC  FRAP  DPPH-H DPPH-L 

TPC - 0.28 -0.13 -0.07 

FRAP  - - -0.76* 0.30 

DPPH-H - - - -0.57* 

DPPH-L - - - - 
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4.4. Discussion  

 In this study, the two purple carrot cultivars, Purple Haze and Purple Rain, had 

higher TPC values than the white and yellow carrot cultivars and also showed high 

antioxidant activity based on the FRAP assay. The genetic background of the carrots, 

which controls the pigments, appears to be the main factor that contributes to the high 

antioxidant activity. The results of the two years suggest that purple cultivars are the best 

choices for the development of carrot cultivars with enhanced human health and 

nutritional benefits in terms of antioxidant activity. The present study found that 

pigments, especially purple pigments (anthocyanins), contributed the most to the total 

phenolic content and total antioxidant activity in carrots. There is a trend that the darker 

the colour, the stronger the antioxidant activity. The evaluation of different coloured 

carrot cultivars studied in other countries has shown similar trends (Alasalvar et al. 2001; 

Grassmann et al. 2007; Roberts et al. 2009). Sun et al (2009) demonstrated that purple 

yellow carrots (purple carrot with yellow core) had the highest antioxidant activity  and 

total phenolic content, followed by purple orange carrots, however, the other yellow and 

white colour group did not differ from each other. The reported TPC values in coloured 

carrots varied as expected. The differences were partly caused by the diverse genetic 

background of cultivars and growing conditions. Sun (2009) reported that the TPC of 

purple yellow carrots was 38.69 catechin equivalent per gram dry weight, which is the 

highest value ever reported. Another study reported that the TPC of purple carrots was 

5.48 mg GAE per gram dry weight (Alasalvar et al. 2001) and the TPC of common 

carrots was 1.25 GAE mg per gram dry weight as reported by the USDA (Haytowitz et 

al. 2007). Our results for TPC (average 0.84 GAE mg per gram dry weight) were similar 
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to above reports. Purple carrots contain anthocyanin pigments (Kammerer et al. 2004) 

which are expected to contribute to the high TPC and TAA values (Kurilich et al. 2005; 

Surles et al. 2004; Wu et al. 2006). The above results suggested that anthocyanin 

pigments in purple cultivars may have contributed to the high values of TPC and TAA. It 

was also suggested that the purple cultivars contain higher concentrations of other 

polyphenolic compounds, such as chlorogenic acid and caffeic acid, than do orange, 

white or yellow carrots (Alasalvar et al. 2001; Roberts et al. 2009). HPLC profiles need 

to be done to identify the specific pigments in these carrot cultivars. 

 Differences on antioxidant activity  among cultivars were also found in other fruit 

and vegetables, such as strawberry (Häkkinen and Törrönen 2000), apples (van der Sluis 

et al. 2001), tomatoes (Abushita et al. 1997), lettuce (Ninfali et al. 2005), and cabbage 

(Singh et al. 2006), etc. The present study pointed out that the antioxidant activity of 

carrots is strongly influenced by the pigments, which varied in different carrot cultivars 

or breeding lines. 

 Many agronomic practices influence the levels of plant secondary metabolites, total 

phenolic content and antioxidant activity. The effect of N rate and number of fungicide 

application on TPC and TAA of carrots were investigated in this study. There was no 

effect of N rate or fungicide application on TPC and FRAP derived TAA, but a 

significant difference was found in the DPPH derived TAA. The TAA of the lipophilic 

fraction extract, mostly contributed by carotenoids, was reduced with the application of 

the high rate of N at 220 kg/ha, while the TAA of hydrophilic fraction was increased by 

this high N treatment. Hochmuth (1999) and others  reported that the carotenoid content 

of carrots increased quadratically with the application of N fertilizer and the the highest 
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carotenoid levels were achieved with 160 kg/ha N (Hochmuth et al. 1999). Another study 

in China showed that a high N supply decreased the concentrations of hydrophilic 

flavonoids by 18%–35% and that of chlorogenic acid by 8%–60% in medical plants, 

compared to a low N rate (Liu et al. 2010). Based on the results, N applied at 110 kg/ha 

on mineral soil, might be a good choice to make a compromise between hydrophilic and 

lipophilic antioxidants, which is also the N rate recommended by Ontario Ministry of 

Agriculture Food and Rural Affairs (OMAFRA 2010) for carrots grown on mineral soil. 

In addition, fertilizer trials have shown that there is no significant difference in total yield 

among different N rates (McDonald 2008). The carrots in this study were grown on a site 

with N removed by the previous crops. Normally, when more N is available from the soil, 

there will be more of a yield effect. This would also reduce the effects on TAA. 

 There were varied results in determining whether the TPC and TAA of carrots were 

affected by various fungicides including a biofungicide that stimulates host plant 

resistance. External attacks, such as insects or microbial infections, can modulate the 

synthesis of defensive phenolic compounds and therefore change the chemical 

composition or phenolics in the plants (Benhamou 1996; Matsuki 1996). The TPC and 

TAA of carrot were not affected by the number of fungicide applications in the present 

study. However, there was a significant difference among the fungicide treatments on 

TPC of inoculated carrots. Carrots produce phenolic compounds in response to infections 

by fungal pathogens, and it has been reported that plants treated with fungicides suffer 

from chemical stress (Siddiqui et al. 1999) which reduces the synthesis of the phenolic 

compounds in plants. The lowered TPC value of carrot treated with Pristine® 

(pyraclostrobin + boscalid) might be the result of this stress. 
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 The biofungicide, Chitosan, is processed from seafood wastes such as shrimp, and 

crab shells. Chitin is a component of the cell walls of fungi (Rinaudo 2006). The chitosan 

oligomer has been recognized as a product to enhance crop production due to its 

bioactivity on plants (Dzung and Khanh 2010). One effect of chitosan is purported to be 

the stimulation of host plant resistance (Raafat and Sahl 2009). Elexa®, a chitosan-based 

activator, has shown efficacy in grapes against downy mildew (Plasmopara viticola) and 

powdery mildew in field trials (Schilder et al. 2002). Kloepper et al. (2004) reported that 

combining chitosan with other treatments increased the likelihood of obtaining both 

induced resistance and increased plant growth. However, treatments of chitosan at two 

different rates did not affect the TPC and TAA in carrots in our study. Unfortunately, 

there was no control group to compare to these treatments. 

 The ‘Critical Weed-free Period’ is important information for growers to select weed 

management solutions and to optimize carrot yields. It also affects profitability and 

reduces the risks associated with herbicide use. It is agronomically valuable to use the 

concept of the critical weed-free period in the management of weeds. The present study 

investigated the effect of different weed-free periods on TPC and TAA of carrot. There 

were no significant differences among the levels of TPC and FRAP derived TAA among 

the carrots grown with different weed-free periods, compared with controls that were 

weedy all season. The TAA value of carrots that were weed-free all season, as measured 

by the DPPH assay, was significantly lower than that of other carrots that were weedy all 

season. The decreased TAA value seemed to be associated with reduced weed stress on 

carrots. Meanwhile, it was also related to the dilution effext because the yield of the 
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carrots without any weeds was significant higher than the yield for weedy all season 

carrots.  

 Although there are many reports in the literature of a correlation between TPC and 

TAA (Kalt et al. 1999; Ronald et al. 1998; Stratil et al. 2006). Phenolics have been 

attributed as the main contributor to these biological activities, providing proof that TPC 

is actually responsible for TAA. Total antioxidant activity and total phenolic content 

showed different degrees of correlation depending on the field trials in the present study. 

Four out of five trials had significant positive correlations between TPC and FRAP-

derived TAA and two trials had significant correlations between TPC and DPPH-derived 

TAA. The lack of a correlation between TPC and TAA could be due to the lower number 

of samples in the analysis. However,  (Heinonen et al. 1998) found no correlation 

between total phenolic and total antioxidant activity in plant extracts. Similar results were 

found in other studies that demonstrated that the antioxidant activity of an extract cannot 

be predicted on the basis of its total phenolic content (Kahkonen et al. 1999). This could 

be explained by other components of fruits and vegetables,  phytochemicals such as 

vitamins and alkaloids that exhibit potent antioxidant activity. In this case, the 

carotenoids might be a factor. Meanwhile, (Satué-Gracia et al. 1997).found that different 

phenolic compounds have different responses in the Folin-Ciocalteu method.  

4.5. Conclusion 

 Among the carrot cultivars and agronomic practices studied, the total antioxidant 

levels can be affected by genotype and agronomic practise. Fungicide and biofungicide 

applications did not show a significant influence on antioxidant level in carrots. 

 There were good positive correlations between TPC and TAA measured by 
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FRAP. Purple-fleshed carrots had the highest levels of total antioxidant activity and 

phenolic compounds. Fungicides applied for leaf blight control in combination with three 

rates of N fertilizer have no effect on TPC and TAA of carrot. No effect was found of 

fungicides, which was used as control measures for Sclerotinia sclerotiorum on carrots, 

as well as biofungicide Elexa-4. The weed free all season treatment decreased the TPC 

and the level of hydrophilic fraction on carrots. The TPC of the carrot cultivars studied 

over two years was consistent , but the TAA was not consistent over the two years. The 

carrots grown in 2009 had a higher TAA than carrots in 2008. 
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5. INFLUENCE OF FERTILIZER ON PHYTOCHEMICAL AND 

ANTIOXIDANT ACTIVITY IN ONION (ALLIUM CEPA L.) 

5.1. Introduction  

 Onion (Allium cepa L.) is one of the most important commercial vegetable crops in 

Ontario. They are available all year round as a result of modern storage methods (van 

Diepen 2007). Among vegetables, onions account for around 6% of the area of Ontario’s 

commercial vegetable production (47282 hectares) and ranked after sweet corn (9882 

hectares), tomato (6368 hectares), peas (5655 hectares), beans(3670 hectares) and carrots 

(3608 hectares) (Statistics-Canada 2010). The bulb onion belongs to the family Alliaceae 

that includes several other crops such as garlic and leeks. Most onions are grown on 

muck soil in Ontario (Bradford, Leaminton, Brand, Bend, and Thedford marshes) (Munro 

and Small 1997). Onion can be grown from seed, transplant, or sets. Most cooking onions 

are grown from seed in Ontario but around 80 ha (200 acres) of onions are grown from 

transplants each year in the Holland Marsh area (OMAFRA 2010). 

 In addition to the popular flavour (Bandyopadhyay et al. 1970), onions represent a 

significant source of flavonoids in the human diet (Sellappan and Akoh 2002; Stajner et 

al. 2006). The subgroup of flavonoids found in onion include anthocyanins (red/purple 

cultivars), and flavanols such as quercetin and its derivatives (yellow and red cultivars ) 

(Leighton et al. 1992). These compounds have been related to a range of health benefits 

which include anticancer effects (Belman 1983; Caspi et al. 2004; Challier et al. 1998; 

Galeone et al. 2006), antibiotic effects (Griffiths et al. 2002; Ramos et al. 2006), and 

antioxidant properties (Park et al. 2007). Onions are important vegetables in the  daily 
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diet and therefore excellent contributors for the potentially health-promoting compounds 

anthocyanins and quercetin (Cha et al. 2008). 

 The application of nutrients such as N to onions is important for yield as well as the 

quality aspects grade or firmness (Charron et al. 2001). The most common source of N 

for onions in Ontario is ammonium nitrate, but ammonium sulphate is also used at times. 

The Ontario production recommendations call for a rate of 0- 180 kg/ha of phosphorous 

(OMAFRA 2010). Phosphorous is usually applied in the broadcast fertilizer but is 

sometimes also added in a band or a broadcast application as MAP (mono ammonium 

phosphate). When MAP is applied to onions, the contribution of N in the MAP is taken 

into account. 

 No study has focused on the effect of phosphorus or N application on total 

antioxidant activity, or total phenolic content of onions. The objectives of this study were 

to investigate: 1) the effect of fertilizer application on antioxidant activity and total 

phenolic content of onion. Specifically, the effects of N source and phosphorus rate and 

method on the total phenolic content and antioxidant activity in yellow bulb onions, 2) 

the relationship between antioxidant activity and total phenolic content. The experiments 

were carried out in 2008 and 2009 in different locations in the Holland Marsh. 

5.2. Materials and methods 

5.2.1 Onion production 

 Field trials were conducted on an organic soil over two years (2008-2009) at or near 

the Much Crops Research Station, Holland Marsh, Ontario, Canada. In 2008, onions, 

cultivar Tahoe, were directly seeded (34 seeds/m) into organic soil (organic matter ≈ 

57.0%, pH ≈7.3) with a Stan Hay Precision seeder on 5 May at the Much Crops Research 
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Station. A randomized complete block arrangement with four replicates per treatment 

was used. Each experimental unit consisted of eight rows (42 cm apart), 7 m in length. 

Fertilizer was applied as a pre-plant broadcast at the rate of 90 kg/ha of actual N and 100 

kg/ha actual P. Different rates and sources of N were applied to the onions in 2008, in 

combination with the phosphorous source, MAP (mono ammonium phosphate). 

Treatments were: Ammonium nitrate (34% N) + mono ammonium phosphate (MAP, 

mono ammonium phosphate 52% P2O5, 11% N, 1.5% SO4), urea (46% N) + MAP, and 

ammonium sulphate + MAP. The same rate of N (90kg/ha) and P (100 kg/ha) was 

applied to each treatment, only the source was different. In 2009, a trial was conducted on 

organic soil (organic matter ≈ 73.9%, pH ≈ 6.2, P (ppm) ≈ 35) at the Muck Crops 

Research Station, Holland Marsh, Ontario to investigate the effects of different rates and 

placement of phospohrous fertilizer. The treatments were 25, 50, 75, 100 and 150 kg 

MAP /ha, 25 kg MAP /ha+AVAIL (maleic itaconic copolymer 40%) and 25 kg MAP /ha 

banded. An untreated control was also included. Nitrite (90 kg NO3/ha) and potash (250 

kg/K2O/ha) were also added to the treatment area. Each replicate consisted of 8 rows (42 

cm apart), 10 m in length.  

 During the harvest season, onions were left in windrows to dry for 7-14 days, 

depending on the weather each year. After drying, plant tops were mechanically removed 

approximately one inch above the bulb using the topper bed of a combine, then heat 

cured for 24 h at 25 º C and 65% relative humidity in storage. After curing, the storage 

temperature was lowered by 5 º C per week until 0 º C was attained. All onion samples 

were transported from the Muck Crops Research Station to Guelph Food Research Center 
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on Aug 6, 2009, and Dec 22, 2009 respectively, and were freeze dried for analysis of 

TPC and TAA at Agri-Food lab on September 20, 2009 and Feb 24, 2010. 

 In 2009, onions were obtained from a trial conducted at two separate sites. Onion 

cultivars, ‘Hamlet’ and ‘Trialblazer’, were seeded at the Muck Crops Research Station 

and at an off-station site near the Muck Crops Research Station (organic matter ≈38.9%, 

pH ≈ 6.2, P (ppm) ≈ 45), respectively. (We cannot be certain from which site the onion 

samples were obtained and therefore the cultivar is either ‘Hamlet’ or ‘Trialblazer’). 

5.2.2 Weather data for Muck Crop Research Station, 2008 and 2009 

 Air temperature (Campbell Scientific model HMP35C probe; Campbell Scientific, 

Edmonton, Alberta, Canada), and rainfall (Campbell Scientific tipping bucket gauge) 

data were collected at an automated weather station located within 75 m of Muck Crop 

Research Station. Data were recorded using a CR1X data logger (Campbell Scientific). 

The weather data for the onion growing period were compiled for each trial using the 

weather station data. Temperature and rainfall data for all of the trials are summarized in 

Table 5-1.
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Table 5-1 Summary of moisture and air temperature data collected at the Muck 

Crops Research Station, Holland Marsh, ON, 2008 and 2009. 

 Temperature(°C) Rainfall (mm) 

  2008 2009 LTA
1
 2008 2009 LTA 

May 12.6  12.6 12.1 48 117 86 

June 18.4 16.5 18.2 68 49 74 

July 20.3 17.9 19.9 137 135 76 

August 19.2 19.4 19.3 63 89 57 

September 15.7 14.9 15.5 82 51 72 

October 9.0 7.3 8.9 54 62 59 

Mean 15.9 14.8 15.7 / /  

Total / / / 452 503 424 
1 

10 year averages in Muck Research Station.
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5.2.3 Chemical and solvents  

 The chemicals used  for the assessments were phenolic standard gallic acid, L-

Ascorbic acid, 2,4,6-tripyridyl-S-triazine (TPTZ), the Folin-Ciocalteu reagent, 6-

hydroxy-2,5,7,8-tetramethyl-2-carboxylic acid (trolox), fluorescein and 2,2’-Azobis(2-

amidinopropane) dihydrochloride (TAAPH) reagent were purchased from Sigma 

Chemical Co. (Oakville, ON ) and ferric chloride (FeCl3), ferrous sulphate heptahydrate 

(FeSO4•7H2O), and sodium acetate (Aldrich Chemical Co. Milwaukee, WI). All HPLC 

grade solvents were purchased from Caledon Laboratories Ltd (Georgetown, Ontario). 

 

5.2.4 Sample preparation and extraction  

 Each completely clean onion bulb was quartered and 50-100 g of the onion scales 

(all layers) of onions was put into liquid N. Sampling was done in quadruplicate, with 10 

onions as a replicate. The frozen samples were freeze-dried in a bulk tray freeze dryer 

(Labconco Corporation) for several days until thoroughly lyophilized and the freeze-dried 

samples were then finely ground in a mortar and pestle. The resulting powders were 

stored in 50 ml screw-capped plastic tubes (Sarstedt) at –20 °C until analysis. 

 For the extraction of phenolic compounds, 0.5 g freeze-dried powder of each onion 

treatment was mixed with 10 ml 80% methanol (methanol: distilled water: acetic 

acid=80:19:1, v/v/v) in a 15 ml screw-capped plastic tube (Sarstedt), thoroughly vortexed 

and sonicated in an ultrasonic bath twice, each for 5 min, before being loaded on an 

orbital shaker (Roto-Shake Genie, Scientific Industries) for 1 h. The tubes were then 

centrifuged at 3000 rpm for 10 min. The supernatant was filtered through 0.45 µm 

syringe filter, and stored at – 20 °C until analysis. 
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5.2.5 Total phenolic content 

 A modified Folin-Ciocalteu method (Slinkard and Singleton 1977; Tsao et al. 2005) 

was used for the determination of total phenolic content (TPC) of the samples. Briefly, 

the extract (0.2 ml) was first mixed with 1 ml of the Folin-Ciocalteu reagent and react at 

room temperature for 30 min, then 0.8 ml of 7.5% sodium carbonate solution was added 

to the mixture. The absorbance was measured at 765 nm in a UV-Visible microplate 

kinetics reader (EL 340, Bio-Tek Instruments, Inc., Winooski, VT). A standard curve was 

generated with gallic acid, at concentrations ranging from 20-100 µg/ml, from which 

TPCs in the various samples were calculated and expressed as milligrams of gallic acid 

equivalent (GAE) per gram of dry weight broccoli. Distilled water was used as a blank. 

5.2.6 Total antioxidant activity (TAA) assay 

 The FRAP assay (Tsao et al. 2003) measures the ability of the antioxidants in the 

extracted cabbage samples to reduce ferric-tripyridyltriazine (Fe
3+

-TPTZ) complex to the 

blue coloured ferrous form (Fe
2+

) which absorbs light at 593 nm. A standard or sample 

extract (10 µl) was mixed with 300 µl of ferric-TPTZ reagent (prepared by mixing 300 

mM acetate buffer, pH 3.6, 10 mM TPTZ in 40 mM HCl and 20 mM FeCl3 in a ratio of 

10:1:1, v/v/v) and added to the wells of a microplate. The plate was incubated at 37 °C 

for the reaction for an hour. The absorbance readings were taken at 593 nm using a UV-

Visible microplate kinetic reader (EL 340, Bio-Tek Instruments, Inc., Winooski, VT). 

Total Antioxidant Activity (TAA) of the samples was calculated on the basis of 500 mM 

L-ascorbic acid and expressed as µmol ascorbic acid equivalents (AAE) per gram of dry 

weight cabbage. The higher the FRAP value, the stronger the antioxidant activity. 
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 The ORAC assay (Tsao 2007) was used to evaluate the antioxidant activity of the  

hydrophilic fraction in this study. All reagents were prepared in 75 mM phosphate buffer 

(pH 7.4). Samples were diluted 50-fold for a final concentration of 1 mg/ml, and 25 μl 

diluted sample was added to each well of a 96-well plate and 150 μl of 8.68×10
-5

 mM 

fluorescein (a target of free radical attack) working solution was added into all 

experimental wells. Trolox and distilled water were used as a calibration standard and 

blank, respectively. Linear regression of trolox was used in the range of 3.125-100 

μmol/L. The plate was allowed to equilibrate by incubating for a minimum of 30 min in 

the Synergy HT Multi-Detection Microplate Reader at 37°C. Then reactions were 

initiated by the addition of 25 μl (153mM) of 2, 2’-azobis (2-amidinopropane) 

dihydrochloride (AAPH) reagent followed by shaking at maximum intensity for 10 s. The 

fluorescence was then monitored kinetically with data taken at every minute. Excitation 

and emission filter wave lengths were set at λem 485/20 and λex 528/20, respectively. 

Final results were calculated using the differences of areas under the FL decay curves 

(AUC) between the blank and a sample and the results were expressed as micromoles 

trolox equivalent (TE) per gram on a dry weight basis (μmol TE/ g DW). The area under 

the curve was calculated by the following equation: 

 AUC = (0.5 + f5/f4+f6/f4+ f7/f4+ f8/f4…+fi/f4) * CT 

 Where f4 is the initial fluorescence reading at cycle 4 and fi is the fluorescence 

ending at cycle I, and CT total minutes of the cycle. 

5.2.7 Statistical analysis 

 Data were analyzed using an analysis of variance (ANOVA) with the PROC 

MIXED procedure of SAS Version 9.1.3 (SAS Institute, Cary, NC). The fixed effects 
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were N source, P rate and the random effect was replication. The data set was tested for 

normality using the Shapiro–Wilk test of residuals and outliers were identified using 

Lund’s test of standardized residuals (Lund 1975). The fertilizer rate was a fixed effect 

and the year was a random effect. Means separation was obtained using Tukey’s method 

of multiple comparisons. Significance was determined at the 5% level of probability. 

5.3. Results  

5.3.1 Total phenolic content 

 In 2008, the TPC of onions varied among the different treatments (Table 5-1). The 

TPC of onions, expressed as gallic acid equivalent, was 3.3 mg /g dry weight (DW) with 

ammonium nitrate (34% N) + monoammonium (MAP), which was 32% higher than the 

TPC value of onions treated with ammonium sulphate + MAP (2.5 mg GAE / g DW). 

The onions treated with urea + MAP had a moderate TPC, 3.0 mg GAE / g DW and 20% 

higher than the TPC value of onions treated with ammonium sulphate + MAP. No 

significant yield difference was found among the treatments. 

 In 2009, the TPC of the onions investigated in this study varied from 1.54 to 1.72 

mg GAE/g of dry weight. The highest TPC value, 1.72 mg GAE /g DW, was found in 

onions treated with MAP rate at 100 kg/ha, however no significant difference of TPC was 

found among the treatments of different phosphorus rates and N rate (Table 5-2). No 

significant yield difference was found among the treatments. 

 When onions with  the same N rate (90 kg/ ha) were compared between 2008 and 

2009, the TPC of onions in 2008 was about 80% higher than onions in 2009. The onion 

cultivars in the two years were different, so it is not possible to tell how much of the 

difference is related to weather and how much to cultivar. . 
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Table 5-1 Total phenolic content and total antioxidant activity of onions treated 

with different N fertilizers, grown near the Muck Crops Research Station, Holland 

Marsh, Ontario, 2008. 

Treatment
1 

 Rate 

(kg/ha) 

TPC
2
 

(mg/g ) 

 

Total Antioxidant 

Activity 

Yield 

FRAP 

(µmol /g) 

ORAC 

(µmol /g) 

t/ha 

 

Ammonium nitrate 97+ MAP 192 3.3 a
4
 7.0 ns 21.5 ns 93.0 ns 

Urea 72+ MAP 192  3.0 ab 8.0  21.6  86.9 

Ammonium sulphate 157+ MAP 192  2.5 b 9.4  21.3  88.3 

Mean 2.9 8.1 21.5  
1 

N and P applied at the rate of: 90 + 100 kg/ha; MAP = monoammonium phosphate 

(52% P, 11% N); Ammonium nitrate (34% N); Urea (46% N); Ammonium sulphate 

(21% N)  
2 

TPC: total phenolic content expressed as mg gallic acid equivalent (GAE) per gram dry 

weight. 
3 

TAA: total antioxidant activity expressed as µmol ascorbic acid equivalent (AAE) per 

gram dry weight in FRAP assay and as μmol Trolox equivalent (TE) per gram dry weight 

in ORAC method. 
4
 Numbers in a column followed by the same letter were not significantly different at 

P=0.05, Turkey’s Test; ns indicates that no significant differences were found among the 

treatments. 
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Table 5-2 Total phenolic contents and total antioxidant activity in onions treated 

with different rates and formulations of phosphorous, grown near the Muck Crops 

Research Station, Holland Marsh, Ontario, 2009. 

Treatment Rate (kg/ha) TPC
1
 

(mg/

g) 

Total Antioxidant Activity 

(TAA)
2
 

Yield  

MAP N P FRAP 

(μmol/g) 

ORAC 

(μmol/g) 

t/ha 

Control 0 90 0 1.6 

ns
3
 

5.1 a 114.8 ns 71.8 ns 

MAP
4
 50 96 26 1.7 5.0 ab 112.5 76.9 

MAP 100 101 52 1.7 4.9 abc 116.4 74.7 

MAP 75 98 39 1.5 4.9 abc 89.1 77.8 

MAP 25 93 13 1.5 4.8 abc 96.6 77.9 

MAP 150 107 78 1.6 4.7 abc 103.7 72.3 

MAP+Avail 25 93 13 1.6 4.1 bc 96.9 76.1 

MAP 

(Banded) 

25 93 13 1.5 4.0 c 105.0 76.1 

Mean  1.6 4.7 104.4  
1
 TPC: total phenolic content expressed as mg gallic acid equivalent (GAE) per gram dry 

weight. 
2
 TAA expressed as µmol ascorbic acid equivalent (AAE) per gram dry weight in FRAP 

assay and as μmol Trolox equivalent (TE) per gram dry weight in ORAC method. 
3
 Numbers in a column followed by the same letter were not significantly different at 

P=0.05, Tukey’s Test; ns indicates that no significant differences were found among the 

treatments. 
4
 MAP = monoammonium phosphate (52% P, 11% N);

 
N pre-applied at the rate of 90 

kg/ha
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5.3.2 Total antioxidant activity 

 The results of antioxidant activity tests indicated that different phosphorous rates did 

not affect the antioxidant activity in yellow onion except that measured by the FRAP 

method in 2009 (Table 5-2). In 2008, no significant differences in TAA were found using 

either antioxidant assay method. The TAA of onions ranged from 7.0 to 9.4 μmol 

ascorbic acid equivalents (AAE) /g DW in FRAP method and 21.3 to 21.5 μmol trolox 

equivalent (TE) /g DW in ORAC method. 

 In 2009, significant differences in TAA in onion were found in the FRAP assay. The 

untreated control onions had significantly higher TAA, 5.07 μmol AAE/ g DW, followed 

by the onions treated with 50 kg/ ha MAP. No significant differences in TAA of onions 

were found by the ORAC method. 

5.3.3 Correlations 

 There was only one significant relationship found between total phenolic content 

and antioxidant activity of onions (Table 5-3). In the 2009 trial the results from the FRAP 

assay were related to TPC (R = 0.35, P<0.05).
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Table 5-3 Pearson correlation coefficients (R) between total phenolics (TPC) and 

total antioxidant activity (TAA). 

* p<0.05

    TAA 

   TPC ORAC FRAP 

2008 

 TPC  - - - 

TAA 
FRAP -0.47 -0.24  - 

ORAC 0.08 - - 

2009 

 TPC  - - - 

TAA FRAP 0.35* 0.19 - 

ORAC 0.02 - - 
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5.4. Discussion 

 In this study, the Folin-Ciocalteu method was used for the assessment of total 

phenolic compounds in onions. This method has produced useful information regarding 

the total phenols in various plant extracts and biological samples (Ainsworth and 

Gillespie 2007). It has been proposed as a standardized method for most chemistry labs 

for assessment of  polyphenols (Ronald et al. 2005). Polyphenolic compounds are one of 

the largest categories of phytonutrients in food (Grace 2005) and it is widely believed that 

these are the major components of antioxidant activity in edible plants (Katsube et al. 

2004). Therefore, the quantification of total phenolic compounds in onion extracts can 

provide general information on antioxidant activity of the onion extract. 

 The ORAC and the FRAP assays were used for the determination of antioxidant 

activity of yellow onions treated with rates and formulations of N and phosphorous 

fertilizers. Mostly results indicated no significant differences of TAA among treatments 

in onion extracts except for the FRAP values in 2009. FRAP is an assay based on the 

redox potential of an antioxidant, and the ORAC is on the scavenging ability of an 

antioxidant against hydroxyl radicals (Ronald et al. 2005). Therefore, the combination of 

FRAP and ORAC would be an effective way to detect the antioxidant activity in most 

botanical samples because ORAC and FRAP utilizing two different mechanisms. 

 It is interesting that antioxidant activity of yellow onions detected by the ORAC 

assay was higher in 2009. The varied ORAC values as presented in this study, are not 

only caused by the different treatments, such as cultivar, different MAP rates (which 

depending on the experiment design), but also the environmental conditions, such as 

growing year, temperature, and geographic variation although the location and soil types 
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were similar. Cultivar was reported as an important factor that affects the antioxidant 

activity in fruit and vegetables (de Wit et al. 2010; Manthey and Perkins-Veazie 2009; 

Rodriguez Galdon et al. 2010). Rodriguez (2010) found that cultivars contributed to 

marked differences in organic acid contents among the analysed potato cultivars, but also 

the soil and climatic conditions affect the phytochemical contents of some potato 

cultivars. Patil et al. (1995) has shown that meterological factors (including temperature 

and rainfall patterns) and the site of growth of onion have a stronger influence on 

quercetin concentration in onion cultivars. In the current study, the differences of the 

average growing temperature and soil conditions might have contributed to the higher 

ORAC values in 2009. 

 Total phenol content can be regarded as an indicator for antioxidant activity because 

of the SET antioxidant mechanism (Huang et al. 2005); however it is not always valid to 

assume that the higher the polyphenol content, the higher the antioxidant activity. 

Antioxidant acvity might be related to other phytochemicals compounds other than 

polyphenols, such as volatile sulphur (S) compounds in onion. Onions are rich in S 

containing secondary metabolites (Kubec et al. 1999) and alliins (cysteine sulfoxides) are 

the characteristic S containing secondary metabolites from onion. They are not only 

responsible for onion’s pungent odours, but also for antioxidant activity and many of 

their health-promoting effects (Fukushima et al. 1997; Lazarevic et al. 2011; Perner et al. 

2008; Takahashi and Shibamoto 2008). Field trials in Germany have shown that the S 

fertilizer had a strong influence on the formation of S containing secondary metabolites 

in onions (Bloem et al. 2004) and the results showed that the alliin content in bulbs could 

be doubled by S fertilization. However, in the present study, the antioxidant activity of 
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onions treated with MAP and sulphate was  not statistically different from that of the 

onions receiving other N fertilizers without sulphur. Meanwhile, the present study found 

that ORAC values of onion extract were not correlated well with the FRAP values 

measured, probably because their different mechanisms of antioxidant activity. The 

ORAC assay utilizes the Hydrogen Atom Transfer (HAT) mechanisms and the FRAP 

assay utilizes the Single Electron Transfer (SET) mechanisms (Ronald et al. 2005). The 

variation of S compounds in onion samples probably also affected the result of 

antioxidant activity. 

 Good management practices are essential to control the quality and quantity of 

vegetable crops. Fertilizer placement techniques (banding, AVAIL) were used to increase  

the efficiency of applied P or increase the availability of native soil P. AVAIL is a long 

chain, organic polymer created to be mixed into phosphate fertilizers to sequester 

antagonistic metals in the soil around the applied phosphate, reduce tie-up of phosphate, 

and make phosphate more available to the plant (Ward 2010). In this study, the 

application of AVAIL and banding significantly decreased the TAA of onion extract as 

compared with the untreated control. This indicated that factors other than the MAP rate, 

i.e. the fertilizer application method, influenced the antioxidant activity of onion extract. 

There were no significant differences among the three methods of applying MAP at 25 

kg/ha, however, when MAP was applied in a band or with AVAIL, the antioxidant 

activity of onion derived by FRAP methods was numerically lower than the onion only 

treated with MAP at 25 kg/ha. 

 In recent years, fertilizers were applied as low a rate as possible due to the economic 

and environment concerns. Nevertheless, fertilizer application for onions should ensure 
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adequate levels of all nutrients. Mono-ammonium phosphate (MAP) is an effective 

source of fertilizer which contains 11% N, and ammonium –N can assist with the 

absorbance of phosphorus, therefore, the application of MAP can reduce the need for 

broadcast application of N (OMAFRA 2010). Although antioxidant activity of onion 

extract in the FRAP method displayed a decrease response to MAP and banding, there 

was only a 1.1 µmol AAE /g DW difference between untreated and banded-MAP treated 

onions and most assessments in our study indicated that there are no influences of MAP 

rate and application methods in terms of total phenolic content and antioxidant activity. 

5.5. Conclusion 

 In conclusion, the total antioxidant levels can be affected by P combined with other 

fertilizer application. The ammonium sulphate application decreased the TPC content of 

onions. The banded-MAP decreased the antioxidant level of onions based on  the FRAP 

assay. The phosphorus application method did not show a significant influence on TPC 

and antioxidant level in common yellow onions. There was no P effect on the yield of 

onion in both years. 
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6. INFLUENCE OF CULTIVAR AND YEAR OF GROWTH ON 

PHYTOCHEMICAL AND ANTIOXIDANT ACTIVITY OF POTATO (SOLANUM 

TUBEROSUM L) 

6.1. Introduction 

 Potato is one of the most important staple foods of the human diet worldwide after 

wheat and rice (Woolfe and Poats 1987). Potatoes are a source of dietary starch but are 

also rich in proteins, fibre, and minerals such as calcium, potassium, and phosphorus 

(Kolasa 1993). Plant secondary metabolites such as flavonoids and carotenoids have also 

been found in potato (Friedman 1997; Lewis et al. 1998), and their potential health 

benefits to humans have been studied in recent years. Phytochemicals such as phenolic 

compounds are strong antioxidants in vitro (Rice-Evans et al. 1996; Yang et al. 2004), 

and have been shown to improve the antioxidant status of plasma in humans (Carbonneau 

et al. 1998; Serafini et al. 2000; Serafini et al. 1998). Phytochemical antioxidants such as 

chlorogenic acid and anthocyanins help prevent breast and prostate cancers (Reddivari et 

al. 2007b), colon cancer (Camire et al. 2009), and lower  the risk of cardiovascular 

disease (Robert et al. 2006). 

 Several factors including genetics (Al Saikhan et al. 1995; Reyes et al. 2005), 

environmental conditions during the growing season (Reyes et al. 2005), maturity 

(Howard et al. 2000), and processing (Brown 2005) are known to affect the 

phytochemical contents and thus the antioxidant activity of vegetable crops. In particular, 

longer days and cooler temperatures were shown to increase the content of anthocyanins 

and total phenolics of purple and red fleshed potatoes by 1.4 and 2.5 times (Reyes et al. 

2004). Cultivars of potato are known to contain different levels of phenolics, and potatoes 
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with pigmented skin and flesh in particular have been shown to be a good source of 

antioxidants (Andre et al. 2007; Brown 2005; Han et al. 2006). 

  Increasing evidence shows that pigments in fruits and vegetables are always related 

to antioxidants (Delgado-Vargas et al. 2000; Hooper and Cassidy 2006), and antioxidants 

are key to the prevention of chronic diseases (McDevitt et al. 2005).This would imply 

that fruit and vegetables with pigmented skin and/or flesh would have higher levels of 

antioxidants. Both the skin and flesh can be pigmented in some potato cultivars (Reyes et 

al. 2005). 

 While the individual phenolic compounds may have different physiological roles, 

and their chemical identities and concentrations in plants have been analysed using 

sophisticated instrumentation, the total phenolic content (TPC) however, is frequently 

assessed using a simple and rapid spectrophotometric Folin-Ciocalteu method (Ronald et 

al. 2005). Because there are difficulties in measuring the true antioxidant status of food 

products in vivo, the antioxidant activity of foods or food components have been 

estimated using in vitro chemical models. There are two major mechanisms to explain 

how antioxidants deactivate the free radicals, one is Hydrogen Atom Transfer (HAT), and 

the second is Single Electron Transfer (SET) (Ronald et al. 2005). Two assays are 

commonly used to measure these mechanisms, the ORAC assay (Oxygen Radical 

Absorption Capacity) for the HAT mechanisms and the FRAP assay FRAP (Ferric 

Reducing/Antioxidant Power) for the SET mechanisms. ORAC detects the inhibition of 

peroxyl radical capacity by antioxidants and it is considered to be the most biological 

relevant assays due to the peroxyl radical which  is the predominant free radical found in 

lipid oxidation in foods and biological samples (Ronald et al. 2005). The assay uses 
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fluorescent markers and is very sensitive and requires only a relatively low concentration 

of the sample. The FRAP  assay measures the reducing power of the samples (Benzie and 

Szeto 1999), but does not measure compounds that act by radical quenching (Ou et al. 

2002). Using the combination of FRAP and ORAC assays would be an effective way to 

detect the antioxidant capacities in most botanical samples. In addition, both the ORAC 

and FRAP assays are simple, reliable and used as standard methods for many chemical 

labs. The most abundant phenolic compounds, chlorogenic acid and anthocyanins, are 

distributed in the hydrophilic fraction of potato extracts (Brown 2005; Leo et al. 2008). 

 This study was conducted at the same site over two years to determine the levels of 

antioxidants and phenolic compounds in a range of Ontario –grown potatoes, and to 

determine if variation in weather over two years would have an important influence on 

the antioxidant levels in potatoes. 

 The specific objectives of the study were to determine 1) the effect of cultivar on 

antioxidant activity, total anthocyanin content and total phenolic content in the 

hydrophilic fraction of potato tubers, 2) the consistency of levels of these groups of 

compounds over two years to identify weather related effects and, 3) the relationship 

between antioxidant activity and total phenolic content of potato. 

6.2. Materials and methods 

6.2.1 Field production and tuber processing 

 Field trials were conducted at the Elora Research Station, University of Guelph 

(Elora, Ontario, Canada,-43°41'N, 80°26'W) on a Conestoga silt loam soil over two years 

in 2008 and 2009. The potatoes were planted between May 21 and May 26 in 2008 and 

May 19 and May 21 in 2009. A randomized complete block design with four replicates 
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per treatment was used. Replicated plots were a single row wide, and 5 m or 7.6 m long, 

with 25 cm spacing between seed pieces. Plots were fertilized with 20:10:10 at 896 kg ha
-

1
 at planting. The insecticide Admire (imidacloprid, 7.5-12mL100 m

-1
 row in furrow) and 

fungicide Quadris (azoxystrobin, 4-6 mL100 m
-1

 rows in furrow) were applied to the 

potato tubers at the time of planting. Herbicide application was: pre-emergence Sencor 

(thiophanate-methyl, 1.2-2.2 L ha
-1

) + Dual Magnum(S-metolachlor, 1.25-1.75 Lha
-1

). 

Curzate (Cymoxanil 60%, 225 g ha
-1

) and Mancozeb (dithiocarbamates, 1.35-1.6 kg ha
-1

) 

were applied to prevent late blight (caused by Phytophthora infestans) as needed based 

on weather conditions and potential for disease outbreak. Insecticides and fungicides 

were applied as needed during the season following OMAFRA recommendations 

(OMAFRA 2010). Vines were killed with Reglone (diquat, 1.7-2.3 Lha
-1

) on 10 

September, 2008 and 1 September,
 
2009. The trials were harvested mechanically between 

22 and 26 September, 2008 and 13 October 2009 (Sangre was harvested on 1 October). 

Immediately after harvest, tubers were stored in a temperature-controlled container (~13 

ºC) during curing time. The temperature and rainfall were measured at Elora 

Meteorological Research Station (approximately 0.5 km from the potato plot) and the 

weather data are presented in Table 6-1. Temperature was measured using a thermistor 

(Campbell Scientific (Canada) Corp, Edmonton, AB, Canada) and the rainfall was 

collected using a tipping bucket rain gauge (Campbell Scientific (Canada) Corp, 

Edmonton, AB, Canada). The weather conditions were different in the two years of the 

trial (Table 6-1).
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Table 6-1 Summary of monthly precipitation, mean air temperature data and long-

term averages at the Elora Research Station, Elora, ON, 2008 and 2009 

 Temperature(°C) Rainfall (mm) 

 2008 2009 LTA
1
 2008 2009 LTA 

May 11.8 12.0 11.9 71 77 97.4 

June 19.6 15.9 17.8 88 70 75.0 

July 21.5 16.8 19.5 126 45 76.1 

August 19.7 18.1 18.8 125 89 66.3 

September 16.9 14.5 15.4 106 46 73.1 

Mean 17.9 15.5 16.7 / / / 

Total / / / 517.2 327 387.9 

Soil 

 2008 2009 

pH 7.9 7.8 

Organic Matter 3.40% 2.50% 
1 

10 year averages in Elora Research Station
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 Potato tubers were stored at ambient temperature at the Elora Research Station for 3 

weeks, and then transferred to and stored at 4 º C in a walk-in refrigerator at the Guelph 

Food Research Centre for another 2 weeks prior to sampling. Descriptions of each 

cultivar for flesh and skin colours, shape, maturity, yield and storage quality of potato 

tubers used in this study are described in Table 6-2. A randomized complete block 

arrangement with four replicates per cultivar was used. Five medium sized tubers were 

randomly selected from each replicate. Potato tubers were washed and surface-dried. 

Each whole clean potato tuber was cut into 4-6 pieces and a total of 50-100 g wedges 

were collected from the 5 tubers which were frozen in liquid nitrogen and subsequently 

stored in plastic bags at -20 °C. Tubers were processed with their skin on due to the 

difficulty of uniformly peeling certain potato tubers. The frozen samples were freeze-

dried in a bulk tray freeze dryer (Labconco Corporation, Kansas City) for several days (4-

7 days) until thoroughly lyophilized, and the freeze-dried samples were then finely 

ground with a mortar and pestle. The resulting powders were stored in 50 ml screw-

capped plastic tubes (Sarstedt) at –20 °C until analysis. 
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Table 6-2 Characters of 11 potato cultivars grown at the Elora Research Station in 2008 and 2009
1
. 

 Brief description 

Cultivars Colour Maturity Tuber shape Yield potential Storage Sources 

Skin Flesh 

Mackintosh Black Purple Purple Mid-to-late Long Low-medium Good Squirrell Farms
2
 

Purple Majesty Purple Purple Mid-to-late Oval Medium Good Research 

Material, U of G
3
 

F04038 Purple White Mid Round to oval Low Good AAFC Breeding 

line
4
 

Red Thumb Red Red Late Fingerling Medium Good Research 

Material, U of G
x
 

Y38 Red Red Mid-to-late Oval to long High Good Breeding program 

research material, 

U of G X 

Chieftain Red White Late Round to oval High Good AAFC 

Norland Red White Early Round High Good AAFC 

Sangre Red White Late Round to oval Medium -High Good AAFC 

Banana Yellow White Mid-to-late Long Medium -High Good Squirrell Farms 

Yukon Gold Tan Yellow Mid-season Round to Oval Medium Good AAFC 

Snowden buff white Late Round Medium Good AAFC 
1
Potatoes were provided and grown at the Elora Research Station in 2008 and 2009 and all general information was based on long 

term trials at the Elora Research Station. 
2
The cultivar originated from the AAFC, National Potato Breeding Program  and distributed by Squirrel Farms,  Glen Squirrell 

477081 3rd line, R. R. # 2 Shelburne, Ontario, L0N 1S6 
3
University of Guelph 

4
AAFC Agriculture and Agri-Food Canada, National Potato Breeding Program, Fredericton, NB
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6.2.2 Chemical and solvents 

 Gallic acid, L-ascorbic acid, 2,4,6-tripyridyl-S-triazine (TPTZ), the Folin-Ciocalteu 

reagent, 6-hydroxy-2,5,7,8-tetramethyl-2-carboxylic acid (trolox), fluorescein and 2,2’-

azobis(2-amidinopropane) dihydrochloride (AAPH) were purchased from Sigma 

Chemical Co. (Oakville, ON ). Ferric chloride (FeCl3), ferrous sulphate heptahydrate 

(FeSO4•7H2O) and sodium acetate were from Aldrich Chemical Co. (Milwaukee, WI). 

All HPLC grade solvents were from Caledon Laboratories Ltd (Georgetown, Ontario). 

6.2.3 Sample preparation and extraction  

 For the extraction of phenolic compounds, 0.5 g freeze-dried powder of each potato 

cultivar was mixed with 10 ml 80% methanol (methanol: distilled water: acetic 

acid=80:19:1, v/v/v) in a 15 ml screw-capped plastic tube (Sarstedt), thoroughly vortexed 

and sonicated in an ultrasonic bath twice, each for 5 min, before being loaded on an 

orbital shaker (Roto-Shake Genie, Scientific Industries) for 1 h. The tubes were then 

centrifuged at 3000 rpm for 10 min. The supernatant was filtered through 0.45 µm 

syringe filter, and stored at – 20 °C until analysis. 

6.2.4 Total phenolic content 

 A modified Folin-Ciocalteu method (Slinkard and Singleton 1977; Tsao et al. 2005) 

was used for the determination of TPC of the samples. The extract (0.2 ml) was first 

mixed with 1 ml of the Folin-Ciocalteu reagent and allowed to react at room temperature 

for 30 min, and then 0.8 ml of 7.5% sodium carbonate solution was added to the mixture. 

A 200µl mixture was added into the 96-well plate for each replicate. The absorbance was 

measured at 765 nm in a UV-Visible microplate kinetics reader (EL 340, Bio-Tek 

Instruments, Inc., Winooski, VT). A standard curve was generated with gallic acid, at 
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concentrations ranging from 20-100 µg ml
-1

, from which TPCs of the various samples 

were calculated and expressed as milligrams of gallic acid equivalent per gram of dry 

weight potato (GAE g
-1

 DW). Aqueous methanol (80%) was used as the blank control. 

6.2.5 Total anthocyanins content 

 The total anthocyanins content (TAC) was estimated by a modified pH differential 

method (Cheng and Breen 1991). The extract of each potato sample (10 µl) was mixed 

separately with 272 µl of buffer at pH 1.0 (0.1 M HCl / 4.9 m M KCl) and another at pH 

4.5 (24.8 m M NaAC). The buffer was adjusted to 1.0 or 4.5 by hydrochloric acid if 

necessary. Absorbance was measured in a UV-visible microplate kinetics reader at 510 

nm and at 700 nm in buffers of pH 1.0 and pH 4.5, respectively. The net total absorbance 

(A) was calculated using A = [(A510 - A700) pH1.0 - (A510 - A700) pH4.5]. The total 

anthocyanins content was derived using cyanidin-3-glucoside (Cy3g) whose molar 

extinction coefficient was 26,900 L⋅cm
-1⋅mol

-1
 and molecular weight was 449.2 g mol

-1
. 

Results were expressed as milligrams of Cy3g equivalent per gram of dry weight potato 

(Cy3g E g
-1

 DW). The detection limit for the plate reader is 0.017 ug ml
-1

 of cyanidin-3-

glucoside concentration. 

6.2.6 Antioxidant activity assays 

 The Ferric Reducing/Antioxidant Power (FRAP) method (Tsao et al. 2003) was 

used to measure the ability of the antioxidants in the hydrophilic fraction of extracted 

potato samples to reduce the ferric-tripyridyltriazine (Fe
3+

-TPTZ) complex to the blue 

coloured ferrous form (Fe
2+

) which absorbs light at 593 nm.  A standard or sample extract 

(10 µl) was mixed with 300 µl of ferric-TPTZ reagent (prepared by mixing 300 mM 

acetate buffer, pH 3.6, 10 mM TPTZ in 40 mM HCl and 20 mM FeCl3 in a ratio of 
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10:1:1, v/v/v) and added to the wells of a microplate. The plate was incubated at 37 °C 

for 1 h. The absorbance readings were taken at 593 nm using a UV-Visible microplate 

kinetic reader. The total antioxidant activity (TAA) of each sample was calculated as 

FRAP value on the basis of 500 mM L-ascorbic acid and expressed as µmol ascorbic acid 

equivalents per gram of dry weight potato (AAE g
-1

 DW). 

 The oxygen radical absorption capacity (ORAC) method (Cao et al. 1997) was used 

to evaluate the antioxidant activity of  the  hydrophilic fraction in this study. All reagents 

were prepared in 75 mM phosphate buffer (pH 7.4). The 50-fold diluted (by 80% 

methanol) samples (25 μl) were added to wells of a 96-well plate and each mixed with 

150 μl of 8.68×10
-5

 mM fluorescein working solution. Trolox and distilled water were 

used as the calibration standard and blank, respectively. Linear regression of trolox was 

used in the range of 3.125-100 μmol l
-1

 for the standard. The plate was allowed to 

equilibrate by incubating for a minimum of 30 min in the Synergy HT Multi-Detection 

Microplate Reader at 37 °C. Reactions were initiated by the addition of 25 μl of 153 

mmol l
-1

 AAPH followed by shaking at maximum intensity for 10 s. The fluorescence 

was monitored kinetically and data were recorded at 1 min intervals. The excitation and 

emission wavelengths were set at 485 nm and 528 nm, respectively. The final results 

were calculated using the differences of area under the fluorescence decay curves 

between the blank and a sample and the results were expressed as micromoles trolox 

equivalent (TE) per gram dry weight potato (μmol TE g
-1

 DW). The area under the curve 

(AUC) was calculated using the following equation: 

 AUC = (0.5 + f5/f4+f6/f4+ f7/f4+ f8/f4…+fi/f4) * CT 
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 Where f4 is the initial fluorescence reading at cycle 4, fi is the fluorescence reading 

at cycle I, and CT is the total minutes of the cycle. 

 The hydrophobic fraction was not analyzed in this study, even though there may be 

some antioxidant activity in carotenoids in the yellow flesh or skin of some potato 

cultivars. Further analysis of the yellow pigments is underway in the Tsao lab in addition 

to an analysis of the specific anthocyanins in the purple and red potatoes. 

6.2.7 Statistical analysis 

 Data were analyzed using an analysis of variance (ANOVA) with the PROC 

MIXED procedure of SAS Version 9.1.3 (SAS Institute, Cary, NC). The fixed effects 

were cultivar, and year and the random effect was replication. The data set was tested for 

normality using the Shapiro–Wilk test of residuals and outliers were identified using 

Lund’s test of standardized residuals (Lund 1975). Means separation was obtained using 

Tukey’s method of multiple comparisons. Pearson correlation coefficient was used to 

analyze the relationship between TPC and FRAP values, between TPC and ORAC 

values, and between FRAP values and ORAC values. The data were pooled for the 

comparison of two years results. Significance was determined at the 5% level of 

probability. 

6.3. Results 

6.3.1 Total phenolic content 

 There were differences in the TPC of the 11 potato cultivars each year (p<0.0001, 

2008; p<0.0001, 2009) and there was a cultivar × year interaction (p<0.0001). The TPC 

ranged from 1.2 to 3.6 mg GAE g
-1

 DW in 2008 and 1.0 to 2.8 mg GAE g
-1

 DW in 2009 

(Table 6-3). Cultivars could be grouped into one of three categories depending on 
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pigmentation in the skin and flesh of the tuber. ‘Mackintosh Black’ (purple skin and 

purple flesh) had the highest over all TPC (3.6 mg and 2.8 mg GAE g-1 DW in 2008 and 

2009, respectively) followed by the cultivars ‘Purple Majesty’, ‘Red Thumb’, and ‘Y38’, 

although statistically they were similar (Table 6-3). This group of potatoes (with both 

red/purple skin and flesh) had the highest TPC, followed by those with white flesh and 

red or purple skin, such as ‘Chieftain’ and ‘F04038’, and cultivars with pale yellow or 

white skin/flesh (Table 6-3). There was significant difference in TPC among the three 

distinct groups (p<0.0001). 

 The significant cultivar by year interaction (P<0.0001) appears to be caused by 3 of 

the 11 cultivars which responded differently between the two years (Table 6-3) for TPC 

values. The TPC values for ‘Mackintosh Black’ and ‘Purple Majesty’ were both 0.74 mg 

lower in 2009 (p=0.02), while TPC of ‘Y38’ was higher in 2009 (p=0.0002).
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Table 6-3 Total phenolic content (TPC) in different potatoes, grown on Elora 

Research Station, Elora, Ontario, 2008 and 2009. 

Cultivars TPC
1 
(mg GAE/g DW) 

 2008 2009 Year difference t value p value 

Mackintosh Black 3.6 a
2
 2.8 a 0.7 4.08 0.02 

Purple Majesty 3.4 a 2.7 a 0.7 4.06 0.02 

Red Thumb 2.9 ab 2.6 a 0.2 1.21 1 

Y38 2.1 bc 3.1 a -1.0 -5.41 0.0002 

F04038 1.8 cd 1.6 b 0.2 0.99 1 

Chieftain 1.7 cd 1.1 c 0.6 3.23 0.18 

Norland 1.6 cd 1.3 bc 0.3 1.61 0.99 

Banana 1.6 cd 1.3 bc 0.3 1.67 0.98 

Sangre 1.6 cd 1.1 c 0.5 2.66 0.52 

Yukon Gold 1.4 d 0.9 c 0.5 2.76 0.45 

Snowden 1.2 d 1.0 c 0.2 1.02 1 

Mean 2.1 1.8 / / / 
1
Total phenolic content expressed as milligrams of gallic acid equivalent (GAE) per gram 

dry weight. 
2
Numbers in a column followed by the same letter are not significantly different at 0.05, 

according to Tukey’s Test.
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6.3.2 Total anthocyanins content (TAC) 

 Anthocyanins were only found in pigmented potatoes with purple or red skin and/or 

flesh (Table 6-4). Significant differences in TAC among cultivars were also found over 

two years (P < 0.0001, 2008; P < 0.0001, 2009) (Table 6-4). The cultivar ‘Purple 

Majesty’ generally contained the highest TAC (1.92 mg Cy3gE g
-1

 DW) in 2008, while in 

2009 ‘Y38’ had the highest TAC (1.79 mg Cy3gE g
-1

 DW). However, despite the slightly 

different ranking orders in TAC, there was a significant positive ranking correlation 

between two years (R=0.86, p<0.0001). 

 The average TACs were not significantly different between two years for the 11 

cultivars studied. However, there was a significant cultivar by year interaction for TAC 

(P<0.0001). The two purple-fleshed cultivars (Mackintosh Black and Purple Majesty) 

had significantly lower TAC in 2009 as compared to 2008 (Mackintosh Black: p=0.01, 

t=4.18; Purple Majesty: p=0.02, t=4), while the TAC content of the red fleshed cultivar 

Y38 increased by 0.71 mg Cy3gE g
-1

 (61%) in 2009 (P<0.0001, t=-8.96). Between the 

two purple-fleshed cultivars, the TAC content of ‘Purple Majesty’ was always 

significantly higher than that of Mackintosh Black (by 0.65 and 0.66 mg Cy3gE g
-1

 DW 

in 2008 and 2009, respectively) (p<0.0001, t=8.21, 2008; p<0.0001, t=8.39, 2009). The 

potatoes with purple skin and/or flesh had the higher TAC compared to the red potatoes 

except for ‘Y38’, which for unknown reasons had the highest TAC in 2009 (Table 6-4).
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Table 6-4 Total anthocyanin content (TAC) in different potatoes, grown on Elora 

Research Station, Elora, Ontario, 2008 and 2009. 

Cultivars TAC
1
(Cy-3-gE mg/g DW) 

 2008 2009 
Year 

difference 
t value p value 

Mackintosh Black 1.27 b
2
 0.86 c 0.33 4.18 0.01 

Purple Majesty 1.92 a 1.52 b 0.32 4.00 0.02 

Red Thumb 0.78 c 0.95 c -0.26 -3.32 0.1063 

Y38 1.16 b 1.86 a -0.71 -8.96 <0.0001 

F04038 0.20 d 0.14 e 0.06 0.72 1 

Chieftain 0.10 d 0.05 e 0.04 0.54 1 

Norland 0.08 d 0.06 e 0.02 0.21 1 

Sangre 0.06 d 0.06 e 0.002 0.03 1 

Banana ND
3
 ND - - - 

Yukon Gold ND ND - - - 

Snowden ND ND - - - 

Mean 0.70 0.69 / / / 
1
TAC: total anthocyanin content expressed as milligrams of cyaniding-3-glucoside 

equivalent (Cy-3-gE) per gram dry weight 
2
Numbers in a column followed by the same letter are not significantly different at 0.05, 

according to Tukey’s Test 
3
The total anthocyanins were not detected in cultivars Banana, Yukon Gold and Snowden 

.samples contained anthocyanins less than 0.0096 mg Cy3gE g
-1

 DW
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6.3.3 Total antioxidant activity (TAA) 

 Cultivar differences for TAA were found using both FRAP and ORAC assays 

(Table 6-5 &Table 6-6). Differences in antioxidant activity were also found between the 

two years, but there was a genotype by year effect in both assays (P<0.0001). In the 

FRAP assay, the antioxidant activity of potato extracts ranged from12 to 64 μmol AAE g
-

1
 DW and 6 to 20 μmol AAE g

-1
 DW, in 2008 and 2009, respectively (Table 6-5). 

Meanwhile, the antioxidant activity of potato in 2008 was 1- 2.2 times higher than the 

potato from 2009. The ORAC assay showed a similar trend, i.e. lower in 2009, with 

ORAC values ranging from 42 to 168 μmol TE g
-1

 DW and 75 to 121 μmol TE g
-1

 DW in 

2008 and 2009, respectively (Table 6-6), However, cultivars ‘Y38’, ‘F04038’, ‘Banana’ 

and ‘Snowden’ had a higher antioxidant activity in 2009. Generally, the purple flesh 

potato cultivars ‘Purple Majesty’ and ‘Mackintosh Black’ had the highest TAA, while the 

white and yellow-fleshed cultivars ‘Yukon Gold’ and ‘Snowden’ had the lowest TAA. As 

a comparison, ‘Mackintosh Black’ had a TAA (ORAC in 2008) that was 4 times greater 

than ‘Snowden’. The red-pigmented cultivars fell in the middle in terms of the 

antioxidant activity. TAA between the purple and the red fleshed cultivars was significant 

in the FRAP assay (p<0.0001, t=6.15), but not in the ORAC assay (p=0.3391, t=0.96) 

(Table 6-5 &Table 6-6).
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Table 6-5 Antioxidant activity
1
 (FRAP) in different potatoes, grown on Elora 

Research Station, Elora, Ontario, 2008 and 2009. 

Cultivars FRAP(μmol AAE/g) 

 2008 2009 Year difference t value p value 

Mackintosh Black 64 a
2
 20 a 44.1 12.12 <.0001 

Purple Majesty 68 a 22 a 46.1 12.65 <.0001 

Red Thumb 54 a 18 a 35.9 9.86 <.0001 

Y38 37 b 20 a 17.5 4.82 0.002 

F04038 23 bc 8 b 15.3 4.21 0.013 

Chieftain 21 bc 8 b 13.2 3.64 0.068 

Norland 24 bc 8 b 16.1 4.42 0.007 

Banana 22 bc 7 b 14.4 3.96 0.028 

Sangre 24 bc 8 b 16.4 4.49 0.005 

Yukon Gold 16 c 5 b 11.3 3.09 0.247 

Snowden 12 c 6 b 6.0 1.65 0.987 

Mean 33 12 / / / 
1
Antioxidant activity was investigated by FRAP method (results were expressed as μmol 

Ascorbic acid (AAE) per gram dry weight) 
2
Numbers in a column followed by the same letter are not significantly different at 0.05, 

according to Tukey’s Test.
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Table 6-6 Antioxidant activity
1
(ORAC) in different potatoes, grown on Elora 

Research Station, Elora, Ontario, 2008 and 2009. 

Cultivars ORAC(μmol TE/g) 

 2008 2009 Year difference t value p value 

Mackintosh Black 168 a
2
 121 b 47.3 3.94 0.03 

Purple Majesty 176 a 138 ab 35.7 2.75 0.45 

Red Thumb 141 ab 130 b 13.1 1.01 1 

Y38 137 ab 174 a -36.6 -3.04 0.274 

F04038 91 cd 105 bc -14.6 -1.21 1 

Chieftain 99 bc 55 d 43.9 3.66 0.066 

Norland 83 ced 61 d 21.1 1.76 0.974 

Banana 60 cde 67 d -6.9 -0.58 1 

Sangre 55 de 45 d 9.5 0.79 1 

Yukon Gold 67 cde 40 d 27.3 2.27 0.786 

Snowden 42 e 75 cd -30.7 -2.36 0.728 

Mean 102 92 / / / 
1
Antioxidant activity was investigated by ORAC method (results were expressed as μmol 

Trolox equivalent (TE) per gram dry weight) 
2
Numbers in a column followed by the same letter are not significantly different at 0.05, 

according to Tukey’s Test.
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6.3.4 Weather data 

 The 2008 field season at the Elora Research Station was warmer and wetter than the 

long-term average, while the 2009 field seasons was comparatively cool and dry (Table 

2-3). In 2008, the mean air temperatures were above the long-term (10-year) averages 

(LTA) for June, July, August and September, but near LTA for May. Total rainfall was 

above the long-term average for June, July, August and September and below average for 

May. In 2009, the air temperatures were below the long-term average values for June, 

July August and September, and near LTA for May. Total rainfall values were above the 

long-term averages for August and below average for May, June, July and September.
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Table 6-7 Summary of monthly precipitation, mean air temperature data and long-

term averages (LTA) at the Elora Research Station, Elora, ON, in 2008 and 2009 

 Temperature (°C) Rainfall (mm) 

 2008 2009 LTA
1
 2008 2009 LTA 

May 11.8 12.0 11.9 71 77 97.4 

June 19.6 15.9 17.8 88 70 75.0 

July 21.5 16.8 19.5 126 45 76.1 

August 19.7 18.1 18.8 125 89 66.3 

September 16.9 14.5 15.4 106 46 73.1 

Mean 17.9 15.5 16.7 / / / 

Total / / / 517.2 327 387.9 
1 

10 year averages in Elora Research Station. Environment Canada
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6.3.5 Relationships between phenolic content, anthocyanins and antioxidant 

activity 

 There was a positive correlation between the TAA and TPC or TAC in both the 

FRAP and ORAC assays (Table 6-8). The two measurers of phenolic content, TPC and 

TAC, were positively correlated (R =0.84, P<0.0001). Similarly, the two antioxidant 

assay methods FRAP and ORAC were a correlated (R =0.67, P<0.0001). The antioxidant 

activity as expressed in ORAC values was highly correlated with both TAC (R =0.85, 

P<0.0001) and TPC (R =0.87, P<0.0001), whereas the FRAP values had slightly lower 

correlation coefficients of R =0.53 and 0.73, respectively (Table 6-8). 

 Generally, the 2008 growing season was cool and wet and had fewer sunny days 

than normal (data not reported) and the 2009 growing season was even cooler, but not as 

wet as 2008. It also had fewer sunny days than normal in 2009. The average monthly air 

temperature from May to September in 2008 was 2.4 degrees higher compared to 2009 

and the total rainfall was higher in 2008 (517 mm) compared to 2009 (327 mm) at the 

Elora Research Station. The average air temperature and total rainfall in 2008 were 

higher than  the long term (10 year) average, however, the average monthly air 

temperature and total rainfall in 2009 were both lower than the long term (10 year) 

average. No supplemental irrigation was applied. Soil pH (7.9) and soil organic matter 

(3.0%) were similar in both years. The year (2008) with the higher rainfall and 

temperature was associated with higher TPC, TAC and TAA.
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Table 6-8 Pearson correlation coefficients (R) between total phenolics (TPC), 

anthocyanins (ACY) and total antioxidant activity (TAA)
1
 

1
Total antioxidant activity: antioxidant activity was detected by oxygen radical absorption 

capacity (ORAC) and ferric reducing/antioxidant power (FRAP) methods  

Note: All correlations are significant at p<0.0001

   TAA
z
 

 TAC TPC FRAP ORAC 

TAC - 0.84 0.53 0.85 

TPC - - 0.73 0.87 

FRAP - - - 0.67 

ORAC - - - - 



 

146 

6.4. Discussion 

 Results of the present study indicated that potato cultivars with pigmented flesh 

colour had higher antioxidant activity than commonly consumed white or yellow fleshed 

potatoes; the darker the colour, the higher the antioxidant activity. That is, the purple-

fleshed cultivars had higher antioxidant activity than those with red flesh. This was 

consistent with the results that have already been noted with TPC and TAC, suggesting 

phenolic compounds, particularly the anthocyanins, may be the principle phytochemicals 

contributing to the total antioxidant activity of potato.  Good correlations between the 

TPC/TAC and TAA (FRAP and ORAC) also support this observation.  Similar results 

have been reported in a U.S. study (Reyes et al. 2005) in which correlations were found 

between TAC, TPC and antioxidant activity using different purple and red flesh potato 

genotypes, such as All Blue, NDC 4069-4 and Russian Blue. Another study showed 

similar levels of TPC ( 1.6 to 8.4 mg GAE g
-1

 DW) among 20 potato clones and higher 

TPC values were  related to the presence of anthocyanins  in the peel and tuber (Ji et al. 

2011) 

 White fleshed potato cultivars with red skin, such as Chieftain and Norland, had 

higher TPC and TAA than those with pale skin: white fleshed cultivars, such as ‘Banana’ 

and ‘Snowdon’, again suggesting the differences are a result of the anthocyanins in the 

skin of these potatoes. Even though the skin or  peel  was not analysed separately from 

the flesh of the potato samples  in this trial, there is  evidence from other studies showing 

the antioxidant activity of potato is mainly from the peel (Kahkonen et al. 1999; Sotillo et 

al. 1994). More than 50% of the total phenolic content was found in the peels and the 

adjoining tissues of the potato tuber (Al-Weshahy and Amir 2009; Nara et al. 2006). It 
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has also been reported that phenolic acids, mainly hydroxybenzoic and hydroxycinnamic 

acids such as gallic and chlorogenic acid, are the major phenolic compounds in potato, 

particularly in the peel (Sotillo et al. 1998). 

 Among the pale skin, white/yellow fleshed potatoes, the cultivar ‘Banana’ had the 

highest TPC and TAA (Table 6-3,Table 6-5 &Table 6-6). This could be explained at least 

partly by the relatively small tuber size of ‘Banana’ as compared with ‘Snowden’ or 

‘Yukon Gold’. Smaller tuber size means a larger surface area to volume ratio. 

Considering the fact that the peel only accounts for 10% of the sample total weight 

(Reyes et al. 2005), but 50% of the phenolic content (Al-Weshahy et al. 2006) this effect 

of the surface area to volume ratio on the TPC and antioxidant activity of a potato tuber 

would be significant.  In the present study, all potato samples were processed without 

separating the skin from the flesh. Thus cultivars with smaller tubers, such as ‘Banana’, 

would likely have more skin content in the total sample weight as compared with similar 

cultivars with larger tubers, such as ‘Snowden’. 

 Any differences associated with tuber size were due to genotypic differences as all 

potatoes were grown in the same experimental field and with the same agronomical 

practices. For this reason, the so-called dilution effect caused by tuber size, which is often 

used to explain the effect of fertilizer application (Jarrell and Beverly 1981; Maier et al. 

1994), is not considered a contributor in this study. A dilution effect is mostly seen in 

cases where the same cultivar is  grown under different agronomic practices such as 

organic and conventional, which produce increased crop yields under heavy fertilizer use 

but reduced concentration of nutrients on the same volume or weight basis (Davis 2004). 
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 There was a cultivar by year interaction for many traits as most cultivars had lower 

TPC and TAA in 2009. The biggest changes were seen for purple and red-fleshed 

cultivars, particularly ‘Mackintosh Black’. Non-pigmented potatoes with white flesh and 

white/yellow skin, such as ‘Yukon Gold’ and ‘Snowden’, did not undergo changes 

between the two trial years.  These observations suggest that anthocyanins production in 

pigmented potatoes is influenced by environmental conditions. The soil type and 

production practices were very similar in the two years, thus changes of TPC, TAC and 

TAA in pigmented potatoes in particular may have been caused solely by the 

environmental conditions in which the potatoes were grown over the two seasons. The 

2008 season had higher mean temperatures and rainfall compared to 2009. This implies 

that anthocyanin content may be improved by choice of location and agronomic 

practices, specifically, a region with higher temperatures and higher rainfall or where 

irrigation is possible. 

 Temperature can influence the level of phytochemicals in plants. Cooler 

temperatures and longer days (higher solar radiation) resulted in higher TAC but not TPC 

in potatoes grown in Colourado compared with those in Texas (Reyes et al. 2004). In the 

present study, however, a higher average growing temperature resulted in both higher 

TPC and TAC content in purple and red-fleshed potato cultivars, a result that is opposite 

to what was reported by Reyes et al (2004). However increased flavonoid content has 

been reported for certain fruits such as strawberry under warmer temperatures during fruit 

development (Wang and Zheng 2001). 

 In this study, the TAC content of  purple and red fleshed potato cultivars ranged 

from 0.78 to 1.92 mg Cy3gE g
-1

 DW, which was equivalent to 16.38 to 40.32 mg Cy3gE 
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per 100 g fresh weight based on average potato water content of 79% (Bland and Tanner 

1985). This result is within the range of  anthocyanin content of the purple and red 

fleshed potatoes reported in a study conducted in the United States which showed the 

TAC varied from 11 to 174 mg cyanidin-3-glucoside per 100 g fresh weight (Reyes et al. 

2005). However, the TAC content in Ontario potatoes is relatively low. The cultivars 

were different in the Reyes et al. (2005) trial, so it is not possible to determine if cultivar 

or environment was responsible for the generally lower TAC in this trial.   

 Blueberry is often regarded as one of the richest sources of anthocyanins, which are 

considered to be the major contributors to the antioxidant activity and other health 

benefits of blueberry.  TAC in blueberries ranged from 138 to 385 mg Cy3gE per 100 g 

fresh weight (Cevallos-Casals and Cisneros-Zevallos 2003). Although the TAC per gram 

in blueberry is much higher than in the potato tubers, purple and red potato cultivars may 

have a number of advantages compared to blueberry because: 1) potatoes are available 

year round; 2) they are a staple food that is produced in bulk and consumed by a large 

population; 3) they are much less expensive on a fresh weight basis than blueberries, 4) 

they have a much longer shelf life than blueberries and require no refrigeration at home. 

 

6.5. Conclusion 

 This is the first study to determine the antioxidant activity and phenolic content of 

potatoes grown in Ontario, including a range of popular white and yellow-fleshed 

cultivars and relatively new cultivars with purple and red flesh. The cultivars with purple 

and red flesh had high antioxidant activity compared to those with white or yellow flesh 

or skin. Differences in anthocyanin content and total phenolic content were related to 
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antioxidant activity and varied considerably between the two years of trials. These 

differences could be due to the influence of temperature and rainfall during the growing 

season, but further work is needed to determine how growing conditions influence 

anthocyanin content. Purple coloured potato cultivars, rich in anthocyanin, are a good 

source of antioxidants and can potentially be developed further as functional foods with 

higher antioxidant activity levels. Potato breeders wishing to increase antioxidant levels 

need to focus on improving the anthocyanin content in the flesh and skin of the tuber 

while maintaining eating quality. TAC and TPC were highly correlated and could be used 

during selection to improve quality. Potatoes with white skin and flesh had little 

antioxidant activity. Consumers wishing to increase their intake of antioxidant rich foods 

should choose the more intensely coloured potato cultivars. 
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7. GENERAL DISCUSSION 

7.1. Summary of the research 

 Vegetables have always been an important part of the human diet, not only 

providing essential nutrients, but also reducing the risk of many chronic diseases and 

enhancing human health (Hwang and Bowen 2002; Smith-Warner 2001). Vegetables are 

good sources of phenolics, carotenoids and other biologically active phytochemicals that 

are known to have beneficial health  effects (Lampe 1999). Consumption of 

phytochemicals in vegetable crops is inversely related to the incidence of certain types of 

cancer (Temple and Gladwin 2003), cardiovascular diseases (Dillon et al. 2003; Vinson 

1998) and stroke (Jeerakathil and Wolf 2001), and many of these health effects are 

related to the antioxidant properties of the phytonutrients (Genkinger et al. 2004). 

Consumers now pay more attention to the nutritional quality of the foods, and seek foods 

with increased levels of the health-promoting substances, particularly phytochemical 

antioxidants (Dillard and German 2000). Producing high quality food crops, such as raw 

and processed vegetables that meet such demand, is therefore a top priority in the 

industry (Cantliffe and Vansickle 2001; Cantliffe and Vansickle 2009; Lee and Kader 

2000; Paull 2008). 

 While, in general, phytochemicals such as phenolics and carotenoids are known to 

be strong antioxidants, these compounds, like all other plant secondary metabolites, can 

be affected by many factors during the production cycle. Data on the phytochemical 

composition of vegetables and how phytochemicals contribute to the antioxidant potential 

of vegetables are insufficient or unknown in most Ontario vegetable crops. The present 

study was the first to determine the phenolic content and total antioxidant activity of 
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Ontario grown common vegetable crops, and the effect of certain agronomic practices 

and environmental factors on the antioxidant properties. The vegetable crops in the 

present study were broccoli, cabbage, carrot, onion and potato, which are all important 

crops in Ontario. The primary aim was to determine the phenolic content and antioxidant 

activity of several vegetables and evaluate the effects of cultivars and growing season on 

phytonutrients, as well as to determine the effects of location, fertilizer, biofungicide, and 

pesticide applications on these compounds. Most trials were conducted over two years to 

determine whether different weather conditions affected the total phenolic content and 

antioxidant activity. 

 It was found that the TPC values varied greatly among the five vegetable crops 

studied. Broccoli buds had an exceptionally high total phenolic content on average, 

followed by cabbage, onion, potato and carrot, except for the dark purple potato and 

carrot varieties that had TPCs three times higher than the conventional vegetables (white 

potatoes and orange carrots). Due to the different procedures of sample preparation and 

condition and means of expressing the results, it is difficult to directly compare the 

results from other research in terms of the total phenolic content. However, the ranking of 

these other studies was similar. Broccoli is the vegetable that always has the highest 

overall phenolic content, but carrot was not always the lowest one. A study in U.S. 

explored the antioxidant and antiproliferative activities of common vegetables, which 

were purchased from local grocery stores (Huang et al. 2002). The results for total 

phenolic content were in the following order: broccoli (80.8 mg GAE/ 100 g) > yellow 

onion (69.0) > cabbage (36.7) > carrot (35.2) > potato (23.3). While this provides 

information about what people are consuming, the study is problematic because cultivar, 
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growing conditions, location, storage time and conditions are all unknown, so the results 

cannot directly compared with ours. But generally, in comparing total phenolic content 

per gram dry weight of selected vegetable crops, TPC from the Ontario area are 

considered competitive when compared to the same vegetable grown in U.S. (Wu et al. 

2004). The information from the USDA database indicates that mean of TPCs for 

selected vegetable crops were: broccoli (3.16 GAE/ 1g DW), cabbage (2.02), potato 

(1.41), carrot (1.25), and onion (0.91), these are all lower than the mean values from the 

present study with the average for broccoli (3.9 GAE/ 1g DW), cabbage (2.18), potato 

(1.95), carrot (1.46), and onion (2.25). 

 Two assay systems (FRAP and ORAC), with different mechanisms, were used to 

assess the antioxidant activity of vegetables in the present study, however, results from 

both assays were found to follow a similar ranking as TPC, i.e. broccoli buds had the 

highest antioxidant activity in both assays, followed by cabbage, potato, onion and carrot 

except for the dark purple potato and carrot cultivars. The highly pigmented purple 

potatoes and carrots demonstrated a significantly higher antioxidant activity compared to 

the common potato and carrots cultivar. Currently, many studies have been done to 

analyse the antioxidant activity of fruits and vegetables (Halvorsen et al. 2002; Ismail et 

al. 2004; Kahkonen et al. 1999; Ou et al. 2002; Pellegrini et al. 2003), however, the 

methods used in these studies varied. The potential variation of method increases the 

difficulty in comparing the results of the present study with the antioxidant activity of 

vegetables from other studies. Standardized measurements for evaluation of the 

antioxidant activity of plant should be developed for future comparison of the results. 
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 Positive relationships between TPC and TAA were found to various degrees in all 

vegetables but onion and cabbage. Many reports have indicated a correlation between 

TPC and TAA in vitro in vegetables, and phenolics were identified as the main 

contributor to this biological activity (Huang et al. 2002; Ismail et al. 2004; Kalt 2005). 

Therefore, it can be concluded that the phenolic compounds are also the major 

contributors to the antioxidant activity of broccoli, potatoes, and carrots according to the 

strong correlations between TPC and TAA. On the other hand, weak relationships were 

found between the TPC and TAA in onions and cabbage. The exact reason for this is not 

clear; however, both onion and cabbage are known to contain high concentrations of 

other phytochemical antioxidants such as sulphur-containing compounds which would 

contribute to the antioxidant activity of these vegetables (Bloem et al. 2005; Dekker et al. 

2000; Rouzaud et al. 2004). 

 Genotype (cultivar or accession) was found to be an important factor that influences 

the total phenolic content and antioxidant activity in vegetable crops, especially for 

carrot, potato and cabbage. Cultivars of carrot and potato that are highly pigmented with 

red and purple colours showed the highest TPC and TAA. There were few differences in 

TPC and TAA among orange carrots and white potatoes, probably because these had low 

levels of anthocyanins. However, the differences between two green cabbage cultivars 

suggest that cultivar could also be an important factor in this species. 

 In addition to the varietal differences, agronomic practises were also shown to 

significantly affect the TPC and consequently TAA. In the broccoli trial, the results 

suggested that insecticide application did not influence the TPC and TAC of broccoli 

leaves and flowers at any of the growth stages; however, in the cabbage trial, the results 
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suggested that the TPC of cabbage was affected by N rate, cultivar and year. Higher N 

rate decreased the TPC and antioxidant activity of cabbage cultivar Huron. It looks as if 

pesticide applications did not affect TPC and TAA, but N fertilization had an influence in 

cabbage and there were some differences among fertilizers on onion. In the carrot trials, 

the higher N rates and weed control with herbicides reduced the antioxidant activity of 

carrots, but fungicide and biofungicide applications did not influence antioxidant levels in 

carrots. The total antioxidant activity of onions was not affected by fertilizer applications 

containing phosphorus, but there was a decrease in TPC content as a result  of ammonium 

sulphate application. The rate of mono ammonium phosphate affected the antioxidant 

level of onions, but the influence was inconsistent between the two antioxidant assays. 

Phosphorus application did not influence TPC and antioxidant activity of the yellow 

onion. 

 In addition to the agronomic practices mentioned above, seasonal variations, that is, 

the effect of weather conditions, can be a major factor influencing the phytochemical 

composition and antioxidant activity of vegetables. Results were not consistent in some 

trials during the two field trial years of this study. In the cabbage, carrot and potato trials, 

the phenolic content and the antioxidant activity varied greatly, but the ranking of the 

results were similar within each year. Generally, the total phenols and the total 

antioxidant content of the vegetables in these trials were higher in 2008, a warmer 

growing season, compared to 2009. Overall, the growing season in 2008 was warmer 

than 2009, in fact the average temperatures in 2008 were higher than the average of the 

last 10 years at all locations. In addition, 2008 had higher total rainfall, compared to the 

last 10 years at all experimental locations. The soil moisture content (even though it may 
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contribute to the dilution effect) may have a positive effect on the production of 

chemicals with antioxidant activity in the vegetables studied. Higher growth temperatures 

may have stimulated the synthesis of polyphenol compounds, thus increasing the 

antioxidant activity in vegetable crops (Rodriguez Galdon et al. 2010). 

 In summary, the results show that the total phenolic content and antioxidant activity 

varied over a wide range in this collection of vegetable crops. Broccoli had high phenols 

and antioxidants, white potatoes were low and orange carrots were also low; cabbage and 

onions had moderate phenols and antioxidants as expected. The trends identified in 

Ontario vegetables are similar, but somewhat higher, to those reported by the USDA for 

vegetables grown in the U.S. Production practices did not have a major effect on 

phytonutrients in these trials with the exception of the N rate on cabbage. Weather 

appears to have an important effect; higher temperatures and possibly higher rainfall 

resulted in higher TPC and TAC. 

 Vegetable crops with purple and red pigments had significantly higher antioxidant 

activity than commonly consumed vegetables. When there are choices for a variety of 

different coloured vegetables to your diet, eating Ontario purple vegetables will ensure 

higher phytonutrients in the diet. 

 High nitrogen application to vegetable crops can increase the yield. A difference of 

0.1% N in the plant material was associated with a 10% increase in yield (Greenwood et 

al. 1980). Yield is very important  for a grower because a grower only gets paid for yield 

(Greenwood et al. 1991). It is not a wise practise to increase the quality of vegetable 

crops by reducing the N application, if this decreases yield. Nonetheless, growers or 

vegetable breeders should have a large number of cultivars (varieties) to select from for 
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extensive screening in order to satisfy different consumers. Given the complexity of 

agronomic practices and environmental conditions, genetic screening is a very useful way 

to reveal the differences of healthy phytochemicals in vegetable crops. Meanwhile, there 

is a need to inform consumers on the health components of vegetables, so they can begin 

to choose vegetables based on health benefits. This would increase demand, and 

eventually price.  

7.2. Study limitations 

 Due to the complexity of the study design, and the ambitious undertaking of the 

main goal, which was to identify and understand the effect of many factors on the 

nutritional compositions of each cultivar of the vegetables studied, this study could only 

provide information about the phytochemical content and the antioxidant potential in 

general. In-depth studies on specific compounds and their contribution to the total 

phenolic compounds and antioxidant activity, and ultimately to human health, must be 

conducted in order to develop a cultivar of a vegetable that is uniquely designed as a 

source of functional foods for enhanced health benefits. For this purpose, individual 

compounds, such as carotenoids, glucosinolates, and other groups of phytochemicals, in 

addition to the phenolics, need to be studied using advanced techniques such as high 

performance liquid chromatography and mass spectrometry. 

7.3. Future research 

 Although the current study is limited to general screening of the total phenolic 

content and the antioxidant activity of selected vegetable crops commonly grown in 

Ontario, there were important findings that point to the need for further research. In 

addition to the identification of the specific antioxidant compounds as mentioned above, 
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particular focus can be given to the dark coloured vegetable cultivars which were found 

to contain high concentrations of polyphenols and were a good source of antioxidants 

(Garcia et al. 2005; Reyes and Cisneros-Zevallos 2007). Preliminary results indicated that 

the majority of the pigment in the purple cultivars of carrots and potato, for example, 

were anthocyanins. Due to the existing strong evidence of the health benefits of the 

anthocyanins from small berry fruits, such as blueberry and blackberry (Beattie et al. 

2005; Mazza 2007; Zafra Stone et al. 2007), producing anthocyanin-rich vegetable 

cultivars for daily consumption or as staple foods (e.g. purple potatoes), would be of 

great significance to farmers, consumers and the food industry. For these reasons, future 

research can be focused on the chemistry, biochemistry, biosynthesis, biological roles and 

bioavailability of the anthocyanins, and methods to enhance these through breeding, 

agronomic practices and food processing. There is much that can be done to develop 

functional foods and nutraceuticals based on such vegetables. A multidisciplinary team 

including agronomists, plant breeders, food chemists and nutritionists is essential. 

 In addition, more trials over several years with specific production practices would 

be required to understand the effects of weather, soil type and other production factors on 

these phytochemicals more fully. 
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9. APPENDICES 

9.1. Broccoli 

Appendix 9-1 Variance analysis of effects of insecticide spraying on the total 

phenolic content (TPC) of broccoli (Brassica oleracea L.) leaves grown in Ontario, 

2008-2009.  Values are representative of a randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 0 . . . 

Residual 0.3323 0.07832 4.24 <.0001 

Effect Num DF Den DF F value Pr > F 

Insecticide 1 33 9.8 0.0036 

Stage 2 33 63.33 <.0001 

Year 1 33 2.77 0.1058 

Treatment* Year 1 33 1.12 0.2979 

Treatment * Stage 2 33 0.06 0.9447 

Stage * Year 2 33 21.59 <.0001 

Treatment* Year* Stage 2 33 0.38 0.6877 

 

Appendix 9-2 Variance analysis of effects of insecticide spraying on total phenolic 

content (TPC) of broccoli flowers (Brassica oleracea L.) grown in Ontario, 2008-

2009. Values are representative of a randomised complete block design, n=4. 

Cov Parm Estimate Standard 

error 

Z value Pr Z 

Replicate 0.01449 0.0461 0.31 0.3766 

Residual 0.1505 0.07095 2.12 0.0169 

Effect Num DF Den DF F value Pr > F 

Treatment 1 9 4.35 0.3986 

Year 1 9 95.79 <.0001 

Treatment*Year 1 9 12.26 0.0067 
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Appendix 9-3 Variance analysis of effects of insecticide spraying on the antioxidant 

activity (FRAP) of broccoli (Brassica oleracea L.) leaf grown in Ontario, 2008-2009.  

Values are representative of a randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 9.2385 8.8345 1.05 0.1478 

Residual 18.8527 4.6412 4.06 <.0001 

Effect Num DF Den DF F value Pr > F 

Treatment 1 33 5.36 0.027 

Stage 2 33 37.53 <.0001 

Year 1 33 1.57 0.2184 

Treatment* Year 1 33 0.31 0.5793 

Treatment * Stage 2 33 1.24 0.3182 

Stage * Year 2 33 1.5 0.2389 

Treatment* Year* 

Stage 
2 33 0.12 0.8889 

 

Appendix 9-4 Variance analysis of effects of insecticide spraying on the antioxidant 

activity (FRAP) of broccoli head (Brassica oleracea L.) grown in Ontario, 2008-

2009. Values are representative of a randomised complete block design, n=4. 

Cov Parm Estimate Standard 

error 

Z value Pr Z 

Replicate 0.9372 2.9663 0.32 0.376 

Residual 9.6679 4.5575 2.12 0.0169 

Effect Num DF Den DF F value Pr > F 

Treatment 1 9 0.33 0.5789 

Year 1 9 35.49 0.0002 

Treatment*Year 1 9 1.39 0.2679 
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Appendix 9-5 Variance analysis of effects of insecticide spraying on the antioxidant 

activity (ORAC) of broccoli (Brassica oleracea L.) leaf grown in Ontario, 2008-2009.  

Values are representative of a randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate. 0 . . . 

Residual 419.72 101.8 4.12 <.0001 

Effect Num DF Den DF F value Pr > F 

Treatment 1 33 10.86 0.0024 

Stage 2 33 0.30 0.7427 

Year 1 33 17.66 0.0002 

Treatment* Year 1 33 3.53 0.0693 

Treatment * Stage 2 33 3.68 0.0359 

Stage * Year 2 33 2.84 0.0731 

Treatment* Year* Stage 2 33 5.36 0.0097 

 

Appendix 9-6 Variance analysis of effects of insecticide spraying on the antioxidant 

activity (ORAC) of broccoli head (Brassica oleracea L.) grown in Ontario, 2008-

2009. Values are representative of a randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 0 . . . 

Residual 210.88 86.0898 2.45 0.0072 

Effect Num DF Den DF F value Pr > F 

Treatment 1 9 1.35 0.2745 

Year 1 9 216.29 <.0001 

Treatment* Year 1 9 3.98 0.077 



 

182 

9.2. Cabbage 

Appendix 9-7 Variance analysis of effects of N, location and cultivar on the total 

phenolic content (TPC) of cabbage (Brassica oleracea L. var. capitata cv. Huron and 

Loughton) grown in Simcoe and Ridgetown, 2008. Values are representative of a 

randomised complete block design, n=4. 

Cov Parm Estimate 

Standard 

error Z value Pr Z 

Replicate(loc) 0.012 0.011 1.14 0.1276 

Residual 0.037 0.009 3.87 <.0001 

Effect Num DF Den DF F value Pr > F 

N(loc) 4 30 10.76 <.0001 

Cultivar 1 30 1.47 0.2346 

Location 1 6 4.80 0.0711 

Cultivar *Location 1 30 0.07 0.7990 

N* Cultivar(loc) 4 30 8.93 <.0001 

 

Appendix 9-8 Variance analysis of effects of N, year and cultivar on the total 

phenolic content (TPC) of cabbage (Brassica oleracea L. var. capitata cv. Huron and 

Loughton) grown in Simcoe, 2008-2009.  Values are representative of a randomised 

complete block design, n=4. 

Cov Parm Estimate 

Standard 

error Z value Pr Z 

Replicate 0 . . . 

Residual 0.04458 0.01051 4.24 <.0001 

Effect Num DF Den DF F value Pr > F 

Cultivar 1 33 7.47 0.01 

N 2 33 22.84 <.0001 

Year 1 33 12.98 0.001 

Cultivar*N 2 33 13 <.0001 

N*Year 2 33 3.1 0.0586 

Cultivar*Year 1 33 0.06 0.807 

Cultivar*N *Year 2 33 8 0.0015 
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Appendix 9-9 Variance analysis of effects of N, location and cultivar on the 

antioxidant activity (FRAP) of cabbage (Brassica oleracea L. var. capitata cv. 

Huron and Loughton) grown in Simcoe and Ridgetown, 2008. Values are 

representative of a randomised complete block design, n=4. 

Cov Parm Estimate 

Standard 

error Z value Pr Z 

Replicate(loc) 0.2966 0.9940 0.30 0.3827 

Residual 7.9232 2.0457 3.87 <.0001 

Effect Num DF Den DF F value Pr > F 

Cultivar 1 30 0.00 0.9750 

Location 1 6 0.31 0.5960 

N (loc) 4 30 2.78 0.0446 

Cultivar* location 1 30 0.03 0.8603 

N* Cultivar(loc) 4 30 0.99 0.4267 

 

Appendix 9-10 Variance analysis of effects of N, year and cultivar on the antioxidant 

activity (FRAP) of cabbage (Brassica oleracea L. var. capitata cv. Huron and 

Loughton) grown in Simcoe, 2008-2009. Values are representative of a randomised 

complete block design, n=4. 

Cov Parm Estimate 

Standard 

error Z value Pr Z 

Replicate 0 . . . 

Residual 6.9764 1.6444 4.24 <.0001 

Effect Num DF Den DF F value Pr > F 

N 2 33 8.28 0.0012 

Cultivar 1 33 1.38 0.2493 

Year 1 33 109.31 <.0001 

Cultivar* Year 1 33 1.95 0.1722 

Cultivar *N 2 33 3.79 0.0329 

N* Year 2 33 0.41 0.6651 

N* Cultivar*Year 2 33 1.18 0.3209 
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Appendix 9-11 Variance analysis of effects of N, location and cultivar on the 

antioxidant activity (ORAC) of cabbage (Brassica oleracea L. var. capitata cv. 

Huron and Loughton) grown in Simcoe and Ridgetown, 2008. Values are 

representative of a randomised complete block design, n=4. 

Cov Parm Estimate 

Standard 

error Z value Pr Z 

Replicate(loc) 0 . . . 

Residual 400.3 94.28 4.24 <.0001 

Effect Num DF Den DF F value Pr > F 

Cultivar 1 30 5.96 0.0207 

Location 1 6 6.31 0.0458 

N (loc) 4 30 0.77 0.5513 

Cultivar* location 1 30 0.05 0.8304 

N* Cultivar(loc) 4 30 1.29 0.2950 

 

Appendix 9-12 Variance analysis of effects of N, year and cultivar on the antioxidant 

activity (ORAC) of cabbage (Brassica oleracea L. var. capitata cv. Huron and 

Loughton) grown in Simcoe, 2008-2009.  Values are representative of a randomised 

complete block design, n=4. 

Cov Parm Estimate 

Standard 

error Z value Pr Z 

Replicate 0 . . . 

Residual 253.1 59.6556 4.24 <.0001 

Effect Num DF Den DF F value Pr > F 

N 2 33 1.36 0.2699 

Cultivar 1 33 1.43 0.2397 

Year 1 33 61.58 <.0001 

Cultivar* Year 1 33 2.56 0.119 

Cultivar *N 2 33 0.09 0.9147 

N* Year 2 33 0.58 0.565 

N* Cultivar*Year 2 33 1.67 0.2033 
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9.3. Carrot 

9.3.1 Coloured carrot trial 

Appendix 9-13 Analysis of Variance of effect of coloured cultivar on the total 

phenolic content (TPC) of carrot (Daucus carota L. Ssp. sativus) grown near the 

Muck Crops Research Station, Holland Marsh, Ontario, 2008-2009. Values are 

representative of a randomised complete block design, n=3. 

 

Cov Parm Estimate 
Standard 

error 
Z value Pr Z 

  2008 2009 2008 2009 2008 2009 2008 2009 

Replicate 0 0 . . . . . . 

Residual 0.1093 0.003 0.035 
5E-

04 
3.08 4.9 0.001 <.0001 

Effect Num DF Den DF F value Pr > F 

Cultivar 9 15 16 45 7.26 567.59 0.0003 <.0001 

 

Appendix 9-14 Variance analysis of effect of coloured cultivar on the antioxidant 

activity of (FRAP) of carrot (Daucus carota L. Ssp. sativus) grown near the Muck 

Crops Research Station, Holland Marsh, Ontario, 2008. Values are representative of 

a randomised complete block design, n=3. 

Cov 

Parm 
Estimate Standard error Z value Pr Z 

  2008 2009 2008 2009 2008 2009 2008 2009 

Replicate 0 0.003 . 0.01 . 0.26 . 0.396 

Residual 0.307 0.1562 0.0995 0.0329 3.08 4.74 0.001 <.0001 

Effect Num DF Den DF F value Pr > F 

Cultivar 9 15 17 45 4.15 620.4 0.0057 <.0001 
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Appendix 9-15 Variance analysis of effect of coloured carrot cultivar on the 

antioxidant activity (DPPH) of hydrophilic fraction of carrot (Daucus carota L. Ssp. 

sativus) grown near the Muck Crops Research Station, Holland Marsh, Ontario, 

2008. Values are representative of a randomised complete block design, n=3. 

Cov 

Parm 
Estimate Standard error Z value Pr Z 

Hydrophilic 

  2008 2009 2008 2009 2008 2009 2008 2009 

Replicate 0 0 . . . . . . 

Residual 0.3067 0.002 0.0995 0.0005 3.08 4.36 0.001 <.0001 

Effect Num DF Den DF F value Pr > F 

Cultivar 9 13 17 35 4.15 25.69 0.0057 <.0001 

Lipophilic 

  2008 2009 2008 2009 2008 2009 2008 2009 

Replicate 0.002 0 0.005 . 0.46 . 0.3243 . 

Residual 0.025 0.022 0.009 0.005 2.82 4.85 0.0024 <.0001 

Effect Num DF Den DF F value Pr > F 

Cultivar 9 15 16 44 4.25 7.89 0.0058 <.0001 

 

 

9.3.2 N trial 

Appendix 9-16 Variance analysis of effect of different N  rates and number of 

fungicide applications on the total phenolic content (TPC) of carrot (Daucus carota 

L. Ssp. sativus) grown near the Muck Crops Research Station, Holland Marsh, 

Ontario, 2008. Values are representative of a randomised complete block design, 

n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 0.0024 0.0083 0.29 0.3851 

Residual 0.0404 0.1529 2.64 0.0041 

Effect Num DF Den DF F value Pr > F 

N 2 14 2.17 0.1514 

Fungicide 1 14 3.04 0.1032 

N *Fungicide 2 14 0.16 0.8561 
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Appendix 9-17 Variance analysis of effect of different N  rates and number of 

fungicide applications on the antioxidant activity (FRAP) of carrot (Daucus carota 

L. Ssp. sativus) grown near the Muck Crops Research Station, Holland Marsh, 

Ontario, 2008. Values are representative of a randomised complete block design, 

n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 0.0251 0.1709 0.15 0.4416 

Residual 0.8974 0.3428 2.62 0.0044 

Effect Num DF Den DF F value Pr > F 

N 2 14 0.43 0.6582 

Fungicide 1 14 1.93 0.1863 

N*Fungicide 2 14 0.22 0.8049 

 

Appendix 9-18 Variance analysis of effect of different N  rates and number of 

fungicide applications on the antioxidant activity (DPPH) of carrot (Daucus carota 

L. Ssp. sativus) grown near the Muck Crops Research Station, Holland Marsh, 

Ontario, 2008. Values are representative of a randomised complete block design, 

n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Hydrophilic 

Replicate 0 . . . 

Residual 0.01561 0.005356 2.62 0.0018 

Effect Num DF Den DF F value Pr > F 

N 2 14 5.96 0.0134 

Fungicide 1 14 3.62 0.078 

N*Fungicide 2 14 1.25 0.3159 

Lipophilic 

Replicate 0 . . . 

Residual 0.049 0.017 2.83 0.0023 

Effect Num DF Den DF F value Pr > F 

N 2 13 10.58 0.0019 

Fungicide 1 13 0.76 0.3986 

N*Fungicide 2 13 2.99 0.0855 
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9.3.3 Fungicide trial 

Appendix 9-19 Variance analysis of effect of fungicide on the total phenolic content 

(TPC) of carrot (Daucus carota L. Ssp. sativus) grown near the Muck Crops 

Research Station, Holland Marsh, Ontario, 2008. Values are representative of a 

randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 0.007 0.0076 0.92 0.1783 

Residual 0.0064 0.0037 1.73 0.0416 

Effect Num DF Den DF F value Pr > F 

Treatment 2 6 8.78 0.0165 

 

Appendix 9-20 Variance analysis of effect of fungicide on the antioxidant activity 

(FRAP) of carrot (Daucus carota L. Ssp. sativus) grown near the Muck Crops 

Research Station, Holland Marsh, Ontario, 2008. Values are representative of a 

randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 0.2231 0.2106 1.06 0.1448 

Residual 0.1014 0.0585 1.73 0.0416 

Effect Num DF Den DF F value Pr > F 

Treatment 2 6 2 0.2161 

 

Appendix 9-21 Variance analysis of effect of fungicide on the antioxidant activity 

(DPPH) of carrot (Daucus carota L. Ssp. sativus) grown near the Muck Crops 

Research Station, Holland Marsh, Ontario, 2008. Values are representative of a 

randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

  Hydrophilic 

Replicate 0.2231 0.2106 1.06 0.1448 

Residual 0.1014 0.0585 1.73 0.0416 

Effect Num DF Den DF F value Pr > F 

Treatment 2 6 2 0.2161 

Lipophilic 

Replicate 0 . . . 

Residual 0.026 0.012 2.12 0.0169 

Effect Num DF Den DF F value Pr > F 

Treatment 2 6 2.04 0.2109 
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9.3.4 Biofungicide trial 

Appendix 9-22 Variance analysis of effect of biofungicide on the total phenolic 

content (TPC) of carrot (Daucus carota L. Ssp. sativus) grown near the Muck Crops 

Research Station, Holland Marsh, Ontario, 2008. Values are representative of a 

randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 0 . . . 

Residual 0.0659 0.03297 2 0.0228 

Effect Num DF Den DF F value Pr > F 

Treatment 2 5 0.27 0.7767 

 

Appendix 9-23 Variance analysis of effect of biofungicide on the antioxidant activity 

(FRAP) of carrot (Daucus carota L. Ssp. sativus) grown near the Muck Crops 

Research Station, Holland Marsh, Ontario, 2008. Values are representative of a 

randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 0.048 0.4834 0.1 0.4601 

Residual 0.9176 0.6373 1.44 0.0749 

Effect Num DF Den DF F value Pr > F 

Treatment 2 5 0.39 0.697 

 

Appendix 9-24 Variance analysis of effect of biofungicide on the antioxidant activity 

(DPPH) of carrot (Daucus carota L. Ssp. sativus) grown near the Muck Crops 

Research Station, Holland Marsh, Ontario, 2008. Values are representative of a 

randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Hydrophilic 

Replicate 0.048 0.4834 0.1 0.4601 

Residual 0.9176 0.6373 1.44 0.0749 

Effect Num DF Den DF F value Pr > F 

Treatment 2 5 0.39 0.697 

Lipophilic 

Replicate 0 . . . 

Residual 0.048 0.024 2 0.0228 

Effect Num DF Den DF F value Pr > F 

Treatment 2 5 1.39 0.3317 
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9.3.5 Weed trial 

Appendix 9-25 Variance analysis of effect of weed-free period on the total phenolic 

content (TPC) of carrot (Daucus carota L. Ssp. sativus) grown near the Muck Crops 

Research Station, Holland Marsh, Ontario, 2008. Values are representative of a 

randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 0.0103 0.0277 0.37 0.3553 

Residual 0.0845 0.0414 2.04 0.0208 

Effect Num DF Den DF F value Pr > F 

Treatment 3 8 1.32 0.3351 

 

Appendix 9-26 Variance analysis of effect of weed-free period on the antioxidant 

activity (FRAP) of carrot (Daucus carota L. Ssp. sativus) grown near the Muck 

Crops Research Station, Holland Marsh, Ontario, 2008. Values are representative of 

a randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 0.09062 0.179 0.51 0.3064 

Residual 0.4452 0.2208 2.02 0.0219 

Effect Num DF Den DF F value Pr > F 

Treatment 3 8 0.95 0.4632 

 

Appendix 9-27 Variance analysis of effect of weed-free period on the antioxidant 

activity (DPPH) of carrot (Daucus carota L. Ssp. sativus) grown near the Muck 

Crops Research Station, Holland Marsh, Ontario, 2008. Values are representative of 

a randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Hydrophilic  

Replicate 0.09062 0.179 0.51 0.3064 

Residual 0.4452 0.2208 2.02 0.0219 

Effect Num DF Den DF F value Pr > F 

Treatment 3 8 0.95 0.4632 

Lipophilic 

Replicate 0 . . . 

Residual 0.016 0.007 2.24 0.0127 

Effect Num DF Den DF F value Pr > F 

Treatment 3 7 6.82 0.0174 
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9.4. Onion 

Appendix 9-28 Variance analysis of effects of fertilizer on the total phenolic content 

(TPC) of onion (Allium cepa L.) grown in Ontario, 2008. Values are representative 

of a randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 0.072 0.074 0.97 0.165 

Residual 0.0459 0.031 1.60 0.0553 

Effect Num DF Den DF F value Pr > F 

treatment 2 5 12.11 0.0121 

 

Appendix 9-29 Variance analysis of effects of fertilizer on the antioxidant activity 

(FRAP) of onion (Allium cepa L.) grown in Ontario, 2008.  Values are representative 

of a randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 0.5085 0.9871 0.52 0.3032 

Residual 1.5560 1.0556 1.47 0.0702 

Effect Num DF Den DF F value Pr > F 

treatment 2 5 3.22 0.1469 

 

Appendix 9-30 Variance analysis of effects of fertilizer on the antioxidant activity 

(ORAC) of onion (Allium cepa L.) grown in Ontario, 2008.  Values are 

representative of a randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 0.2423 0.2433 1.00 0.1597 

Residual 0.1209 0.0773 1.56 0.0591 

Effect Num DF Den DF F value Pr > F 

treatment 2 5 1.09 0.4057 

 

Appendix 9-31 Variance analysis of effects of MAP fertilizer on the total phenolic 

content (TPC) of onion (Allium cepa L.) grown in Ontario, 2009.  Values are 

representative of a randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 0.0037 0.0045 0.82 0.2051 

Residual 0.0129 0.004 3.15 0.0008 

Effect Num DF Den DF F value Pr > F 

treatment 7 20 1.73 0.1595 

 



 

192 

Appendix 9-32 Variance analysis of effects of MAP fertilizer on the antioxidant 

activity (FRAP) of onion (Allium cepa L.) grown in Ontario, 2009.  Values are 

representative of a randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 0.001 0.0179 0.06 0.4771 

Residual 0.1573 0.0485 3.24 0.0006 

Effect Num DF Den DF F value Pr > F 

treatment 7 21 3.95 0.0067 

 

Appendix 9-33 Variance analysis of effects of fertilizer on the antioxidant activity 

(ORAC) of onion (Allium cepa L.) grown in Ontario, 2009.  Values are 

representative of a randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 60.882 99.64 0.61 0.2706 

Residual 472.72 145.89 3.24 0.0006 

Effect Num DF Den DF F value Pr > F 

treatment 7 21 0.81 0.5862 
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9.5. Potato 

Appendix 9-34 Variance analysis of effects of cultivar on the total phenolic content 

(TPC) of potato (Solanum tuberosum L.) grown in Ontario, 2008-2009. Values are 

representative of a randomised complete block design, n=4. 

Cov Parm Estimate Standard error Z value Pr Z 

Replicate 0 . . . 

Residual 0.066 0.011 5.74 <.0001 

Effect Num DF Den DF F value Pr > F 

Cultivar 10 63 80.75 <.001 

Year 1 63 29.07 <.0001 

Cultivar* Year 10 63 6.73 <.0001 

Means comparison Difference Standard error P-value 

2008 vs. 2009 0.29 0.05 <.0001 

Colour flesh vs. White flesh 1.55 0.06 <.0001 

 

Appendix 9-35 Variance analysis of effects of cultivar on the total anthocyanins 

content (TAC) of potato (Solanum tuberosum L.) grown in Ontario, 2008-2009.  

Values are representative of a randomised complete block design, n=4. 

Cov Parm Estimate Standard 

error 

Z value Pr Z 

Replicate 0.001 0.0007 0.14 0.44 

Residual 0.012 0.002 4.74 <.0001 

Effect Num DF Den DF F value Pr > F 

Cultivar 7 45 319.65 <.0001 

Year 1 45 0.84 0.3631 

Cultivar* Year 7 45 17.83 <.0001 
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Appendix 9-36 Variance analysis of effects of cultivar on the antioxidant activity 

(FRAP) of potato (Solanum tuberosum L.) grown in Ontario, 2008-2009.  Values are 

representative of a randomised complete block design, n=4. 

Cov Parm Estimate Standard 

error 

Z value Pr Z 

Replicate 0.5664 1.4628 0.39 0.3493 

Residual 26.5269 4.7264 5.61 <.0001 

Effect Num DF Den DF F value Pr > F 

Cultivar 10 63 50.34 <.0001 

Year 1 63 383.03 <.0001 

Cultivar* Year 10 63 14.30 <.0001 

Means comparison  Difference Standard error P-value 

2008 vs. 2009 21.49 1.10 <.0001 

Colour flesh vs. White flesh 23.98 1.14 <.0001 

 

Appendix 9-37 Variance analysis of effects of cultivar on the antioxidant activity 

(ORAC) of potato (Solanum tuberosum L.) grown in Ontario, 2008-2009.  Values are 

representative of a randomised complete block design, n=4. 

Cov Parm Estimate Standard 

error 

Z value Pr Z 

Replicate 0 . . . 

Residual 288.94 51.4818 5.61 <.0001 

Effect Num DF Den DF F value Pr > F 

Cultivar 10 60 49.06 <.0001 

Year 1 60 7.18 0.0095 

Cultivar* Year 10 60 5.55 <.0001 

Means comparison  Difference Standard error P-value 

2008 vs. 2009 9.93 3.71 0.0095 

Colour flesh vs. White flesh 80.93 3.88 <.0001 

 


