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ABSTRACT 
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(ASPARAGUS OFFICINALIS): GENETIC VARIATION AND EFFECTS OF COOKING 

 
 
 

Jenna M. Drinkwater Advisor: 
University of Guelph, 2013 Professor David J. Wolyn 

 
 
 

Asparagus contains high concentrations of human health-beneficial compounds, notably 

rutin, protodioscin, and glutathione. To maximize positive effects, the potential for breeding 

high-phytochemical asparagus and the influence of different cooking methods on retention and 

antioxidant activity were assessed. Within a diverse set of clones, genetic variability was 

observed for rutin and analysis of progeny from a partial diallel cross suggested moderate 

heritability (h2 = 0.49), but glutathione and protodioscin were strongly influenced by 

environmental or other factors. For the cooking experiment, spears were baked, boiled, pan-fried, 

grilled, microwaved, and steamed, each for three different durations. Up to 22% of rutin was 

leached during boiling and up to 37% of glutathione was lost during pan-frying, grilling, and 

baking; short durations were optimal for retention. Antioxidant activities remained unchanged or 

increased for all methods. Overall, steaming and microwaving are best for phytochemical 

retention and future breeding for enhanced rutin should improve health benefits. 
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1 GENERAL INTRODUCTION 

Increased fruit and vegetable intake is associated with reduced incidence of 

cardiovascular disease, cancer, and neurodegenerative disorders, among other chronic conditions 

(Verlangieri et al., 1985; Block et al., 1992; Joshipura et al., 1999; Kaur and Kapoor, 2001; 

Bosetti et al., 2005; Freedman et al., 2008). These protective or health-promoting effects are 

typically attributed to the array of primary and secondary metabolites produced by plants, which 

includes ascorbic acid, anthocyanins and other polyphenolic compounds, oligo- and 

polysaccharides, saponins, thiols, and amino acids (Mills et al., 1997; Chin et al., 2002; Sparg et 

al., 2004; Chun et al., 2005; El Gharras, 2009; Shao et al., 2009; Aberoumand and Deokule, 

2010; Araújo et al., 2011). A specific phytochemical profile is dictated by the plant species; 

accordingly, the health-promoting potential of any crop is unique.  

Plant metabolites can enhance health through different mechanisms; however, many are 

considered valuable due to their antioxidative, or reductive, capacity. Antioxidants are defined as 

“any substance that, when present at low concentrations compared to those of an oxidizable 

substrate, significantly delays or inhibits oxidation of that substrate” (Halliwell and Gutteridge, 

1989). Antioxidants are critical to the healthy functioning of biological systems as they are able 

to neutralize reactive oxygen species (ROS), including hydrogen peroxide, superoxide and 

hydroxide free radicals, nitric oxide, and lipid peroxides (de Groot and Rauen, 1998). These ROS 

can oxidize and damage proteins, lipids, and deoxyribonucleic acid (DNA), leading to cancer, 

cardiovascular disease, and even the physical signs of aging, among other detrimental effects 

(Harman, 1981; Ames, 1989; Ames and Shigenaga, 1992; Ames et al., 1993; Ungvari et al., 

2008).  
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ROS are ubiquitous and can be ingested or inhaled, but they primarily originate within 

organisms as natural metabolic byproducts (Furst, 2002; Adam-Vizi and Chinopoulos, 2006). 

Stresses such as vigourous exercise or exposure to solar irradiation or pollution can also 

stimulate production of ROS (Jackson, 2000; Biesalski and Obermueller-Jevic, 2001; Furst, 

2002; Kalt, 2005). The role of endogenous antioxidants, such as reduced glutathione (GSH), is to 

control these ROS, yet oxidatively damaged macromolecules are found in cells even under 

normal stress-free physiological conditions, suggesting that endogenous antioxidative capacity is 

insufficient (Harman, 1981; Pacifici and Davies, 1991; Sohal and Orr, 1992). Therefore, it would 

be advantageous to supply additional antioxidants to compensate for this deficiency and 

minimize oxidative damage. 

Antioxidants and other health-promoting compounds can be obtained from extracts or 

supplements; however, their intake as naturally-occurring components in the diet, constituents of 

what are termed functional foods, is generally preferred (Nicoli et al., 1999; Chin et al., 2002; 

Liu, 2003a; Gullett et al., 2010). Evidence exists to support the benefits of a diet rich in a variety 

of health-promoting compounds, through the consumption of whole foods, which may incur 

additional benefits due to little-understood synergism between phytochemicals (Nicoli et al., 

1999; Liu, 2003a; b; D'Archivio et al., 2010). As a result, there has been heightened interest in 

recent years in characterizing and subsequently improving the phytochemical profiles of various 

vegetables and fruits, by breeding and genotypic selection, to cater to consumers desiring 

increased health benefits in their foods (Maeda et al., 2005; Rodríguez et al., 2005; Crosby et al., 

2007; Ashrafi et al., 2011). 

Thermal treatments such as boiling and frying have the potential to significantly 

influence concentrations of bioactive compounds (Jiménez-Monreal et al., 2009) and therefore 
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must also be considered when assessing the benefits of consuming certain foods (Nicoli et al., 

1999). Accordingly, a number of studies in recent years have been directed towards the analysis 

of cooked rather than raw vegetables. However, information is limited due to observations that 

different cooking methods vary in their effect on a specific vegetable (Jiratanan and Liu, 2004; 

Miglio et al., 2008; Jiménez-Monreal et al., 2009) so an optimal cooking method may exist for 

each vegetable in terms of retention of both nutritional and physicochemical properties (Miglio 

et al., 2008).  

Asparagus (Asparagus officinalis L.) is a commonly consumed vegetable known to 

contain significant concentrations of health-beneficial phytochemicals, notably a flavonoid, rutin, 

a saponin, protodioscin, and GSH, a biothiol (Chin et al., 2002; Demirkol et al., 2004; Chin and 

Garrison, 2008). Genetic variation exists in asparagus germplasm for spear concentrations of 

these phytochemicals, indicating potential to increase the nutritional value of this vegetable 

through breeding (Chin and Garrison, 2008; Fuentes-Alventosa et al., 2008; Maeda et al., 2008). 

Although asparagus is most frequently consumed after cooking, limited studies have examined 

the impact of thermal treatments on the retention of phytochemicals and the subsequent effects 

on antioxidative activity.  

The objectives of this study were to assess genetic variation for rutin, protodioscin, and 

GSH concentrations in asparagus germplasm, and determine the optimal cooking practices to 

retain these health-beneficial compounds. In the long-term, asparagus could be bred for 

improved human health compounds while information on cooking will provide immediate 

benefit to consumers.  
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2 LITERATURE REVIEW 

2.1 Taxonomy & Genetics 

Asparagus, a member of the family Asparagaceae, is a commonly consumed vegetable 

grown worldwide for its tender young spears that typically begin to emerge from the ground in 

early spring. Three types of asparagus are cultivated, identified by their green, white, or purple 

spear colour. Green and purple asparagus are differentiated by genetic background and a 

predisposition of purple cultivars to produce a greater content of anthocyanins than green 

cultivars (Sakaguchi et al., 2008b). White asparagus is produced by hilling soil over the crowns 

and preventing light exposure, etiolating the spears. While white asparagus is favoured and 

considered a delicacy in Europe, North American consumers prefer green spears, and a market is 

currently emerging for purple spears (Sakaguchi et al., 2008b).  

The genus Asparagus is divided into three subgenera: Asparagus, which includes A. 

officinalis; Protoasparagus; and Myrsiphyllum. While species of the latter two subgenera are 

hermaphroditic, species of the subgenus Asparagus are dioecious, producing male and female 

flowers on separate plants (Anido and Cointry, 2008). As with other members of its subgenus, A. 

officinalis is typically a diploid species (2n = 2x = 20), although some tetraploid landraces and 

derived cultivars do exist. In A. officinalis, sex is determined by the assortment of two alleles at a 

single locus. The presence of the dominant allele confers a male phenotype, with heterozygous 

(Mm) plants classified as males and homozygotes (MM) referred to as supermales. Female plants 

are homozygous recessive (mm) at the sex locus. Although plants are classified as female or 

male, both often display rudimentary reproductive organs of the opposite sex, which on occasion 

become fertile and result in a hermaphroditic flower with the capacity to self-fertilize and 

produce seed (Flory, 1932). The occurrence of these hermaphroditic flowers, as well as advances 
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in doubled haploidy production techniques for asparagus, allow for the production of plants with 

the supermale genotype (Sneep, 1953a; b; Peng and Wolyn, 1999). 

Supermales are highly desirable for use in asparagus breeding programs and for 

commercial seed production. Seed from both open-pollinated populations and female x male 

hybrids produces an approximate 1:1 ratio of male to female plants, which has some significant 

disadvantages (Flory, 1932; Yeager and Scott, 1938). Due to the energy allocated to fruit 

production, female plants tend to be lower-yielding than their male counterparts of the same 

genetic background; therefore, a population of exclusively male plants is preferable to achieve 

maximum yields (Currence and Richardson, 1937; Franken, 1970; Moon, 1976). Supermales 

allow for the production of all-male hybrids; when a female plant is crossed with a supermale, 

the progeny will be uniformly heterozygous at the sex locus, resulting in a population of 

completely male plants. In addition to preventing yield reduction due to seed production, all-

male hybrids also eliminate or reduce the problem of volunteer asparagus plants sprouting from 

seed shed by female plants (Nikoloff and Falloon, 1990). Not only will these volunteers become 

weeds, competing for nutrients and again causing yield losses, there is an additional financial 

impact upon the grower for employing weed control methods to eliminate them from the field. 

The apparent greater longevity of male versus female plants, perhaps a function of improved 

resistance to disease in male genotypes, is also advantageous in prolonging the viability of an 

asparagus field (Yeager and Scott, 1938; Nikoloff and Falloon, 1990). 

Asparagus is considered to be a rich source of various bioactive compounds, containing 

significant concentrations of both flavonoids and saponins while also producing a variety of 

other health-beneficial compounds, including hydroxycinnamic acids, carotenoids, tocopherol, 

ascorbic acid, and biothiols (Chin et al., 2002; Demirkol et al., 2004; Fanasca et al., 2009; Lee et 



 6 

al., 2010). Consequently, this crop has one of the highest antioxidant activities among 

frequently-consumed vegetables (Vinson et al., 1998; Chun et al., 2005). Although A. officinalis 

is the only member of the genus to be cultivated and routinely consumed as food (Bailey, 1950), 

some Asparagus species, including A. officinalis, are traditionally used for medicinal purposes 

because of their health-promoting properties, which relate to their phytochemical content (Zhang 

et al., 2004; Bopana and Saxena, 2007; Madan et al., 2008). A. racemosus Willd., native to India, 

may promote overall well-being and is used in some traditional systems of medicine to treat 

diarrhea and dysentery (Bopana and Saxena, 2007). Various studies have further indicated that A. 

racemosus has a wide range of pharmacological applications, including hepatoprotective, 

phytoestrogenic, antibacterial, and antidyspepsic properties (Dalvi et al., 1990; Mandal et al., 

2000; Pandey et al., 2005; Acharya et al., 2012). Dried roots of A. cochinchinensis (Lourerio) 

Merrill have been used to treat chronic fever and various other ailments in China, and scientific 

research on this species has led to the discovery of multiple cytotoxic compounds in the plant 

that demonstrate potential as antitumour agents (Zhang et al., 2004). 

 

2.2 Health-Beneficial Properties 

2.2.1 Phytochemicals 

2.2.1.1 Rutin 

2.2.1.1.1 Structure & Content 

Polyphenolic compounds known as flavonoids are exclusively produced in the 

photosynthetic cells of plants and are one of the key contributors to the value of asparagus for 

human health (Havsteen, 1983; Tsushida et al., 1994; Chin et al., 2002; El Gharras, 2009). The 

basic structure of the flavonoid aglycone is the 2-phenyl-benzo[α]pyrane nucleus (Figure 2.1a),  
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Figure 2.1 Structural diagrams of a) the flavonoid backbone, with benzene rings denoted as A 
and B and the heterocyclic pyrane ring as C; b) a basic flavonol; c) quercetin, the flavonol 
aglycone of rutin; and d) rutin (quercetin-3-rhamnosyl glucoside). (Modified from de Groot and 
Rauen, 1998).  

a b 

c d 
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which consists of a heterocyclic pyrane ring linking two benzene rings (Brown, 1980). 

Modifications to this nucleus, such as isomerization of the 2-phenyl side chain to the 3-position 

or the addition of hydroxyl groups, divide the flavonoids into different subclasses, including 

flavones, flavanones, flavanols, flavonols, isoflavones, and isoflavonols (Havsteen, 1983). In 

plants, flavonoids are found most often as glycosides, where one or more sugar residues are 

conjugated to the aromatic nucleus (Brown, 1980; El Gharras, 2009). 

Although composition varies among genotypes, the most abundant flavonoid in green 

asparagus has been identified as a glycoside of quercetin, known as quercetin-3-rhamnosyl 

glucoside, or rutin (Tsushida et al., 1994; Fuentes-Alventosa et al., 2008). In a study involving 

32 green asparagus genotypes, rutin consistently accounted for greater than 70% of the total 

flavonoid content (Fuentes-Alventosa et al., 2008) and numerous other studies confirm a high 

content of rutin in contrast to other flavonoids or polyphenolic compounds (Maeda et al., 2005; 

Fanasca et al., 2009). Rutin is a member of the flavonol subclass, which is considered to be the 

most common type of flavonoid found in the human diet (Manach et al., 2004; El Gharras, 

2009). The structure of a flavonol differs from the basic flavonoid nucleus by the presence of a 

hydroxyl group at the 3-position of the pyrane ring (Figure 2.1b). With rutin, which is a 

derivative of the flavonol aglycone quercetin, this particular hydroxyl group is replaced by the 

disaccharide rutinose, which consists of a glucose linked to a rhamnose sugar residue (Figure 

2.1c, d). In addition to its high concentration in asparagus, rutin is also found in buckwheat and 

citrus fruits, among other plant species (Christa and Soral-Smietana, 2008; Medina-Remón et al., 

2011). 
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2.2.1.1.2 Function in Plants 

In plants, flavonoids perform a diverse range of functions, many of which are protective. 

Some defend against fungal infection and herbivory by mammals and insects, while others 

colourfully pigment flowers to attract pollinators (Grayer et al., 1994; Harborne and Williams, 

2000). A major function of members of the flavonol subclass is providing protection against 

ultraviolet B (UV-B) radiation (Dixon and Paiva, 1995; Suzuki et al., 2005). Synthesized in 

response to light, flavonols, including rutin, accumulate primarily in the epidermal layer of plant 

tissues such as leaves, stems, and fruits (Manach et al., 2004; Suzuki et al., 2004; 2005). This 

localized accumulation renders them highly effective for minimizing the amount of penetrating 

UV-B rays reaching and potentially damaging photosynthetic cells (Kootstra, 1994; Dixon and 

Paiva, 1995), and fosters an inverse relationship between flavonol concentration and organ size 

due to decreases in the ratio of surface area to volume as organs enlarge (Manach et al., 2004).  

In tartary buckwheat (Fagopyrum tataricum Gaertn.) leaves, the majority of rutin is 

found in epidermal cells, with more than half of total leaf rutin contained within the upper 

epidermis (Suzuki et al., 2005). Significant increases in rutin concentration after exposure to UV-

B radiation and drought stress suggest that the production of this flavonol, like that of other 

flavonoids, is a protective physiological stress response. Attempts to increase flavonoid content 

in onion and strawberry using low, targeted doses of UV-B radiation applied postharvest 

appeared to be successful (Higashio et al., 2005); this methodology could enrich vegetables such 

as asparagus for health-promoting flavonoids (Eichholz et al., 2012). 
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2.2.1.1.3 Potential Health Benefits 

The health-beneficial properties of flavonoids can be attributed to their biological 

activities, which include antimicrobial (Orhan et al., 2010), anti-inflammatory (Guardia et al., 

2001), antioxidant (La Casa et al., 2000), hepatoprotective (Iwu, 1985; Wu et al., 2011), 

estrogenic (Kitaoka et al., 1998), cytotoxic (Kaneda et al., 1991), and anticancer (Kim et al., 

2005b; Santos et al., 2011). Much of rutin’s functionality is derived from its potent antioxidant 

capabilities; compared to known commercial antioxidants vitamin C (ascorbic acid) and 

butylated hydroxytoluene (BHT), rutin has a powerful ability to scavenge free radicals in 

multiple in vitro assays simulating various antioxidant systems (Yang et al., 2008). Not 

surprisingly, the antioxidant activity of asparagus is primarily attributed to rutin; the two 

parameters are highly correlated (r = 0.87, p < 0.01) (Tsushida et al., 1994; Sun et al., 2007).  

Rutin can strengthen capillary walls, thereby reducing hemorrhaging associated with 

hypertension, and can protect against gastric lesions (Griffith et al., 1944; Hellerstein et al., 

1951; La Casa et al., 2000). Studies on normal and diabetic rats suggested that rutin, as well as 

its aglycone, have cardioprotective abilities against myocardial ischemia reperfusion, a serious 

condition involving tissue inflammation following the return of blood flow to the heart after a 

period of restriction (Challa et al., 2011). Damage caused by experimentally-invoked cerebral 

ischemia-reperfusion, or stroke, was also attenuated with a rutin pretreatment (Khan et al., 2009). 

Oral administration of rutin improved memory in both aged rats and those with spatial memory 

impairment resulting from the administration of a neurotoxin (Koda et al., 2008; Pyrzanowska et 

al., 2012), while dietary rutin appears to be effective for preventing and treating inflammatory 

bowel disease, as well attenuating GSH depletion, a marker of oxidative stress, under conditions 

of colonic inflammation (Cruz et al., 1998).  
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2.2.1.1.4 Human Bioavailability 

Although rutin and other flavonoids have high antioxidative potential, the relevance of 

these free-radical-scavenging abilities in the human body is uncertain. Relative bioavailability 

differs between individual flavonoids, with glycosylation implicated as a major determining 

factor (Hollman et al., 1999; Graefe et al., 2001). Glycosylation typically increases 

hydrophilicity; therefore, enzymatic cleavage of the sugar moiety may be necessary to facilitate 

absorption by passive movement of the compound across hydrophobic intestinal cell membranes 

(Scalbert and Williamson, 2000). Unmodified rutin is not absorbed – it must first be hydrolyzed 

by colonic microbial glycosidases, freeing the aglycone, quercetin, which can then enter the 

bloodstream (Manach et al., 1997; Kim et al., 2005a). By contrast, free quercetin can be 

absorbed earlier in the digestive process than rutin – directly from the stomach and small 

intestine (Manach et al., 1997). Unfortunately, the colonic microflora that hydrolyze rutin also 

tend to degrade quercetin into free phenolic acids, preventing uptake and therefore also reducing 

rutin’s nutritional potential (Baba et al., 1983). Due to these and other enzymatic processes in the 

stomach or intestines that may alter the flavonoids prior to absorption, in vitro studies may have 

limited relevance to in vivo effects. The aglycone may actually be responsible for the majority of 

beneficial therapeutic effects; rutin may simply function as a quercetin transport system, as was 

observed for inflammatory bowel disease (Kim et al., 2005a). 

Many of the beneficial effects of dietary rutin have only been demonstrated in animal 

models, most often rodents, due to the difficulties associated with conducting human clinical 

trials. In a comprehensive review of polyphenol dietary intake and bioavailability, Scalbert & 

Williamson (2000) highlighted that studies examining flavonoid bioavailability in rodents may 

have limited applicability to the human digestive processes. For example, Ioku et al. (1998) 
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observed in vitro hydrolysis of three quercetin glycosides and a limited amount of rutin in each 

of the three sections of the rat small intestine. However, no evidence of rhamnoside hydrolysis 

was detected by Day et al. (1998) following the incubation of rutin with cell-free extracts from 

either the human small intestine or liver, although hydrolysis of some flavonoid glucosides was 

observed.  

Limited evidence from human trials indicates that dietary rutin is absorbed as quercetin 

glucuronides and other metabolites, which have been found in the plasma after ingestion (Graefe 

et al., 2001). Hollman et al. (1997) observed that the maximum concentration of quercetin in the 

plasma was reached 9 hr after the ingestion of rutin. When bread enriched with 30% buckwheat 

flour, which has a high flavonoid content mainly from rutin, was consumed daily for four weeks, 

increases were observed in total antioxidant status in the plasma of human volunteers, although it 

could not be confirmed that rutin was responsible for this increase (Bojnanská et al., 2009).  

Another proposed mechanism of action does not require absorption; flavonoids can have 

greater reduction potentials than highly bioavailable antioxidants such as vitamins C and E 

(Buettner, 1993), and may function primarily in the digestive tract itself, scavenging free radicals 

and reducing the formation of ROS, leaving bioavailable antioxidants free for absorption and 

translocation throughout the body (Simonetti et al., 1997). Regardless of mechanism, rutin 

appears to positively affect health; however, additional research is required in order to fully 

understand the scope of such benefits as they relate to in vivo treatment of humans. 
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2.2.1.2 Protodioscin 

2.2.1.2.1 Structure & Content 

Although not known for antioxidant abilities, a second type of highly health-beneficial 

compounds found in asparagus are saponins, glycosylated compounds grouped into two distinct 

classes, steroids and triterpenoids. A third class, known as steroidal amines or steroidal alkaloids, 

can also be identified, although such compounds are more similar to alkaloids than saponins and 

are often excluded from discussions of the latter (Bruneton, 1999; Sparg et al., 2004). The basic 

structure of a saponin consists of a polycyclic carbon skeleton, termed a sapogenin. Steroidal 

saponins typically contain a 6-ringed C27 skeleton, while the main feature of triterpenoids is a 5-

ringed C30 skeleton (Figure 2.2) (Sparg et al., 2004). Spirostanes (Figure 2.2a) are differentiated 

from furostanes (Figure 2.2b) by the absence of a glycosidic linkage at the 26-position. Saponins 

are primarily produced as secondary metabolites in a broad range of higher plants, with steroidal 

saponins and tripterpenoids typical of monocotyledonous angiosperms and dicotyledonous 

species, respectively, although some marine invertebrates and other animal species also produce 

various saponins (Kerr and Chen, 1995; Sparg et al., 2004). 

Asparagus, a monocotyledonous species, produces various steroidal saponins, the most 

abundant of which is protodioscin (26-O-β-D-glycopyranosyl-22-hydroxyfurost-5-ene-3β,26-

diol-3-O-β-diglucorhamnoside) (Schwarzbach et al., 2006). This compound is a furostanol 

steroidal saponin, with a pentacyclic sapogenin linked to two glucosyl and two rhamnosyl units 

(Figure 2.3) (Shao et al., 1997). Shao et al. (1997) initially reported that two saponins, 

protodioscin and methyl protodioscin, accounted for the majority of the saponin content in 

asparagus; the presence of the latter compound has since been attributed to solvent-based  
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Figure 2.2 Structural diagrams of the sapogenins: a) spirostanol steroids; b) furostanol steroids; 
c) triterpenoids. (From Sparg et al., 2004).  

a 

b 
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Figure 2.3 Structural diagram of the furostanol steroidal saponin, protodioscin. (From Hu and 
Yao, 2002).  
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methylation of protodioscin during the extraction process (Wang et al., 2003). In white asparagus 

spears, protodioscin accounts for 49 to 85% of the total saponin concentration; although green 

spears are known to contain lower saponin concentrations than white spears, the ratio is likely 

similar (Fuentes-Alventosa et al., 2009; Lee et al., 2010). Although protodioscin is also found in 

Indian nightshade (Solanum indicum L.), wild yam (Dioscorea spp.), and puncturevine (Tribulus 

terrestris L.), asparagus is the only commonly consumed vegetable that contains protodioscin in 

a significant amount (Chiang et al., 1991; Hu et al., 1997; Gauthaman et al., 2002; Chin and 

Garrison, 2008). 

 

2.2.1.2.2 Function in Plants 

Saponins primarily function within the plant system as a defense against biological 

attacks. They have been classified as phytoanticipins, phytoprotective substances produced and 

accumulated in the plant prior to injury or attack, although they may require cleavage by 

endogenous enzymes to become active (VanEtten et al., 1994). To defend against fungal 

infection, saponins can form irreversible complexes with sterols in cell membranes, 

compromising membrane integrity and eventually causing cell death (Segal and Schlösser, 

1975). When consumed by phytophagous insects, saponins interfere with digestion, delaying 

molting and reducing egg viability (Adel et al., 2000). Saponins may also be involved in other 

plant activities, however little is known beyond their defensive roles. 

 

2.2.1.2.3 Potential Health Benefits 

Saponins possess a wide range of pharmacological properties including anti-

inflammatory (Just et al., 1998), hypoglycemic (McAnuff et al., 2005), antifungal (Shimoyamada 



 17 

et al., 1990), hepatoprotective (Yoshikawa et al., 2003), cytotoxic (Zhang and Li, 2007), and 

antiparasitic (Delmas et al., 2000) activities, and are thought to be responsible for the therapeutic 

properties of many Chinese herbal medicines (Yu et al., 2012). Their immunomodulatory 

potential, or ability to stimulate immune responses, makes some saponins useful as adjuvants 

that improve the effectiveness of vaccines (Estrada et al., 2000). However, saponins in food and 

feed are also traditionally considered to be antinutritional factors, a consequence of their 

potential hemolytic activity and toxicity (George, 1965). Livestock consuming saponins in crops 

such as alfalfa may show growth retardation and symptoms such as ruminant pasture bloat 

(Peterson, 1950; Cheeke et al., 1978; Cheeke, 1996). Their presence is often regarded as 

undesirable in crops destined for human consumption, such as quinoa and legumes, primarily 

due to an unpleasant bitter flavour (Khokhar and Chauhan, 1986; Kozioł, 1991; Ward, 2000). 

However, saponins are produced by a wide range of other plant species consumed as food, 

including spinach, beetroot, and asparagus, in which their presence is not objectionable (George, 

1965); recently described health benefits have led to research targeted at quantifying the saponin 

concentration in some vegetables with future intentions of breeding for enhanced concentrations 

(Chin and Garrison, 2008). 

Protodioscin, the primary saponin in asparagus, inhibits ribonucleic acid (RNA) and 

DNA synthesis in human leukemia (HL-60) cell lines (Shao et al., 1996; 1999), and even at low 

concentrations, displays anti-tumour activity against colon cancer and melanoma cell lines, 

amongst others (Chin et al., 2002). Antineoplastic, or cancer-inhibiting, activities have also been 

reported by Hu et al. (1997; 2002). Protodioscin has been associated with aphrodisiac properties 

in studies on castrated rats (Gauthaman et al., 2002; 2003). There is also evidence that 

protodioscin, as well as diosgenin, a compound which can be obtained by partial deglycosylation 
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of protodioscin, have the ability to lower cholesterol levels upon ingestion by complexing with 

cholesterol and preventing absorption in a dose-dependent manner, simultaneously reducing low-

density lipoprotein (LDL) and increasing high-density lipoprotein (HDL) serum levels (Cayen 

and Dvornik, 1979; Wang et al., 2010).  

 

2.2.1.2.4 Human Bioavailability 

The exact mechanism and factors that aid or hinder saponin bioavailability and 

absorption are unknown. Intestinal absorption of intact dietary saponins may not occur, perhaps 

due to factors affecting membrane permeability such as high molecular mass and a high capacity 

for hydrogen-bonding; however, the products of saponin catabolism, from the action of intestinal 

microflora, may be transported into the blood system (Yoshikoshi et al., 1995; Hasegawa et al., 

1996; Yu et al., 2012). As with flavonoids, the microflora typically deglycosylate saponins to 

their aglycone, which can then be absorbed and further metabolized (Yu et al., 2012). Supporting 

this theory, intact diosgenin appears to be poorly absorbed by rodent and human intestines as 

evidenced by low serum levels following repeated ingestion, yet some extensively 

biotransformed metabolites are found in the bile following ingestion (Cayen et al., 1979). 

Saponins have also been detected in both the liver and kidneys after ingestion (Yu et al., 2012). 

At present, clinical trials have not been conducted to assess the beneficial effects of saponin 

ingestion on humans. 
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2.2.1.3 GSH 

2.2.1.3.1 Structure & Content 

Asparagus is a significant source of biothiols, or biologically-derived thiols, the basic 

structure of which is an organosulfur compound containing a sulfhydryl functional group 

(Demirkol et al., 2004). Reduced GSH (L-glutamyl-L-cysteinylglycine) (Figure 2.4) is the most 

abundant biothiol found in asparagus and a ubiquitous metabolite critical to the functioning of 

aerobic cells (Sen and Packer, 2000; Demirkol, 2009). Asparagus contained the highest 

concentration of GSH by fresh weight (FW) among 22 fruits and vegetables evaluated by 

Demirkol et al. (2004), which corresponds to a previous study by Mills et al. (1997) that ranked 

asparagus in the top five of 29 vegetables for GSH concentration. A comprehensive study of a 

wide variety of vegetables, fruits, and other food products also ranked asparagus highly for both 

FW GSH concentration and total content ingested based on the standard portion size consumed 

for each food (Jones et al., 1992). 

 

2.2.1.3.2 Function in Plants 

Physiologically, GSH and its oxidized disulfide (GSH disulfide, GSSG) are responsible 

for many cellular activities, providing reducing capacity to protect against free radicals, heavy 

metals, and electrophiles, and acting as a transport and storage system for cysteine (Meister and 

Anderson, 1983; Singhal et al., 1987; Meister, 1994). GSH also functions as a coenzyme or 

cosubstrate for many cellular processes, and its reductive capacity is critical to both DNA and 

protein synthesis (Douglas, 1989; Meister, 1994). Due to these capabilities, GSH has a role as a 

protective compound in plants. It is associated with stress adaptation, accumulating in spinach 

leaves following exposure to cold stress, and protects enzymatic thiol groups from oxidation
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Figure 2.4 Structural diagram of GSH. (From Cole and Deeley, 2006).  
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during drought stress in cotton, evidenced by increased levels of GSH reductase, the enzyme 

responsible for reducing GSSG to GSH (de Kok and Oosterhuis, 1983; Burke et al., 1985). 

 

2.2.1.3.3 Potential Health Benefits 

Biothiols, including compounds such as GSH, homocysteine, N-acetylcysteine, and 

captopril, are used for a variety of medical applications (Demirkol et al., 2004). Some have been 

administered to treat chronic bronchitis (Stey et al., 2000), and others are used as antidotes for 

acetaminophen and paracetamol poisoning (Prescott and Critchley, 1983). A potent antioxidant, 

GSH protects cells from oxidative damage that can be a factor in the development of chronic 

illness and neurodegenerative disorders such as Alzheimer’s disease (Dringen, 2000; Wlodek, 

2002; Dringen and Hirrlinger, 2003). GSH deficiency leads to symptoms of oxidative stress 

(Meister, 1991), and low blood plasma levels are associated with numerous health conditions, 

including cystic fibrosis (Visca et al., 2008) and the development of cardiovascular disease 

(Shimizu et al., 2004). The enduring presence of GSH in the body and various tissues is also 

associated with increased longevity; decreasing levels are thought to be a sign of aging (Hazelton 

and Lang, 1980). In addition to directly scavenging ROS (Fang et al., 2002), GSH also acts as a 

substrate for GSH peroxidase, an enzyme that prevents the toxic accumulation of dangerous 

hydroperoxides in various tissues, including those of the brain (Bopana and Saxena, 2007).  

The TEAC value of GSH has been estimated at 0.90 ± 0.03 Trolox equivalents, which is 

less than half of the activity of rutin (Rice-Evans et al., 1995); however, GSH is much more 

widely distributed in consumed foods than most flavonoids, and may therefore have the potential 

for a greater health-beneficial effect than other dietary antioxidants (Jones et al., 1992). 

Presently, research linking dietary GSH to specific health benefits is minimal; oral 
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administration of GSH to diabetic rats had positive effects on both nephropathy and neuropathy 

(Ueno et al., 2002), while the hepatoxicity of paracetamol was significantly reduced when GSH 

was administered to mice (Malnoë et al., 1975). 

 

2.2.1.3.4 Human Bioavailability 

GSH is naturally produced in the cytoplasm of living organisms and functions primarily 

as an intracellular antioxidant. It was previously thought that intact extracellular GSH could not 

be transported into cells, thereby limiting any potential benefits of ingestion; however, Na+-

coupled transport systems that can allow the uptake of exogenously applied GSH into some types 

of epithelial cells have been identified and may function with other cell types as well (Hagen et 

al., 1986; Lash et al., 1986). Studies on rodents have shown that absorption of intact dietary GSH 

can occur in the small intestine, primarily in the jejunum, leading to an increase in blood serum 

GSH levels (Hagen et al., 1990). A limited in vivo study indicated that absorption of intact GSH 

in humans can occur via the mucous membranes of the mouth (Hunjan and Evered, 1985); 

elevations in blood plasma GSH concentration have also been observed in humans after oral 

administration of GSH (Jones et al., 1989). 

Cellular export of GSH is common; the γ-glutamyl moiety is cleaved by γ-glutamyl 

transpeptidase, an enzyme bound to the external cell membrane, and the remaining compound is 

then transported to the kidney for degradation and cysteine recovery (McIntyre and Curthoys, 

1980; Meister, 1994). Ingested GSH may be degraded and integrated into the pool of endogenous 

GSH, providing amino acids to be transported into cells and used for intracellular GSH synthesis 

(McIntyre and Curthoys, 1980). Hagen et al. (1990) have also hypothesized that dietary GSH 

may play a role in the detoxification of ingested carcinogens and procarcinogens, such as lipid 
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peroxides; however, further studies would be required to prove this theory. A large case-control 

study assessing the association between the dietary GSH intake and the risk of oral or pharyngeal 

cancer concluded that GSH from fruits and vegetables consumed raw is linked to a reduced risk 

of the two cancers, though the mechanism responsible for this association was not clarified 

(Flagg et al., 1994).  

In the few human clinical trials previously conducted with GSH, outcomes have been 

variable; two independent studies revealed no measurable benefit to oral supplementation in 

terms of changes to various physiological parameters in healthy adults (Witschi et al., 1992; 

Allen and Bradley, 2011). Improvement of the symptoms of cystic fibrosis following a combined 

regimen of inhaled and oral GSH have also been observed, though it is unclear if the effects 

would be observed exclusively from ingested GSH (Visca et al., 2008). Elevated concentrations 

of the biothiol have also been observed in tissues following GSH administration, particularly 

under conditions of GSH deficiency, although the exact mechanism of this increase is unknown 

(Aw et al., 1991). Consequently, one can speculate that the positive effects of GSH may be 

observed most effectively in individuals experiencing oxidative stress due to a reduced GSH 

status; this could be confirmed in future studies (Allen and Bradley, 2011). 

 

2.2.2 Antioxidant Activity 

The dietary value of phytochemicals such as polyphenolic compounds and GSH is often 

directly linked to their antioxidative ability, or capacity to neutralize ROS. The concentrations of 

specific compounds or families of compounds are therefore relevant to investigate to estimate the 

therapeutic value of food products; however, potential antioxidative activity and synergism 

between various antioxidants due to complementary mechanisms of action must also be 
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considered (Halliwell and Gutteridge, 1990; Ghiselli et al., 1995). Measurements of antioxidant 

concentration may also include a proportion of biologically inactive compounds (Rice-Evans et 

al., 1995). Consequently, both activity and concentration are often measured in food products. 

Antioxidant activity assays generally involve one of two different mechanisms of action. 

Single electron transfer occurs during FRAP (ferric reducing/antioxidant power) and TEAC 

assays, while ORAC (oxygen radical antioxidant capacity) and TRAP (total radical absorption 

potential) involve the generation of peroxyl radicals and the transfer of hydrogen atoms (Ou et 

al., 2002). A standard quantitation method is currently not available to assess antioxidant activity 

(Young, 2001; Ou et al., 2002). Although sometimes misrepresented as such, none of these 

assays is truly a measure of “total” antioxidant capacity, as each quantifies the activity of a 

compound or mixture relative to a specific substrate; some compounds may have greater 

reactivity towards certain substrates than others due to differing reaction mechanisms (Ou et al., 

2002). Therefore, estimates obtained are dependent upon the oxidant used in the assay and/or the 

means of free radical generation; results from different techniques are not necessarily correlated 

(Cao and Prior, 1998). Since it is currently impossible to fully mimic conditions within the body 

with in vitro assays, estimates of antioxidant activity can be difficult to relate to their biological 

effect; measurement of antioxidant activity using more than one assay is beneficial to 

characterize complex mixtures and increase accuracy of estimates (Halliwell and Gutteridge, 

1990; Jiménez-Monreal et al., 2009).  

FRAP is one of the simplest assays, measuring the reduction of 2,4,6-tripyridyl-s-

triazine-complexed iron from the ferric to ferrous form in the presence of antioxidants; it does 

not use free radical generation to measure antioxidant activity (Cao and Prior, 1998). Although 
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used commonly, FRAP fails to measure antioxidants relying on a sulfhydryl group for 

functionality, which includes GSH (Cao and Prior, 1998).  

The ORAC assay directly measures the ability of antioxidants to scavenge free radicals, 

and relies upon the thermally-dependent spontaneous decomposition of AAPH (2,2’-azobis(2-

methylpropionamidine) dihydrochloride) to generate peroxyl radicals, which then oxidize a 

fluorescent protein to cause the loss of fluorescence. The lag phase, before fluorescence is 

diminished at a linear rate, is increased in the presence of antioxidants, which scavenge the 

peroxyl radicals and protect the protein. By measuring the area under the fluorescence-time 

curve, both the degree and time of inhibition are combined into a single value, making ORAC 

superior to other assays which rely on either a fixed inhibition time or percentage (Cao et al., 

1995). As well, ORAC is responsive to a broad range of antioxidants with different functional 

groups, resulting in an estimation of antioxidant activity with increased accuracy (Cao and Prior, 

1998). ORAC was initially considered to be more biologically relevant than some other methods 

due to its free radical source and the reaction mechanism involved (Cao and Prior, 1998; Ou et 

al., 2002). In 2010, the United States Department of Agriculture (USDA) withdrew its support 

for the method as an assessment of the health value of different foods, citing evidence that 

antioxidant activity appears to be of little relevance to the therapeutic effects of various bioactive 

compounds and that data were being misused to substantiate health claims (United States 

Department of Agriculture, 2010). 

 

2.3 Phytochemical Concentration & Antioxidant Activity 

Many researchers have quantified rutin, protodioscin, and GSH in asparagus spears. 

Rutin concentrations may vary considerably, from approximately 200 to 1550 mg/kg FW 
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(Fuentes-Alventosa et al., 2008; Maeda et al., 2008); the concentration of protodioscin in green 

spears ranges from 0 to 250 mg/kg FW (Wang et al., 2003; Motoki et al., 2012b), while studies 

on GSH report concentrations between 349 and 1464 µmol/kg FW (Saito et al., 2000; Demirkol 

et al., 2004; Qiang et al., 2005).  

The antioxidant activity of raw asparagus has also been assessed frequently, although 

estimates are difficult to compare both across different assays, and between individual studies. In 

experiments comparing the antioxidant activities of different vegetables, asparagus is typically 

ranked highly (Vinson et al., 1998; Chun et al., 2005). Chun et al. (2005) measured the 

antioxidant activity of asparagus using an 80% methanol extraction of freeze-dried tissue, and 

found 82.78 ± 0.75 mg Vitamin C (ascorbic acid) equivalents per 100 g FW. Values were 

significantly higher than those of the other 19 vegetables analyzed. Using the FRAP assay, 

Fanasca et al. (Fanasca et al., 2009) recorded antioxidant activities between 4.28 and 4.94 mM 

Fe2+/kg FW, depending on cultivar, though the activities of the four cultivars under investigation 

did not differ significantly. Raw asparagus subjected to the DPPH (1,1-diphenyl-2-

picrylhydrazyl) assay was found to have a radical scavenging activity of 55.6% ± 0.60 

(Gębczyński, 2007). 

 

2.3.1 Influential Factors 

The concentrations of both rutin and protodioscin in raw asparagus spears are 

significantly affected by a number of factors, including genetic background and environmental 

conditions during growth and/or storage. Spear concentrations of GSH are likely affected 

similarly, although published research is currently lacking. Since antioxidant activity is directly 
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linked to phytochemical profiles, it is typically altered by any factors influencing the 

concentrations of active compounds (Ou et al., 2002). 

 

2.3.1.1 Genetics 

Variation in asparagus phytochemical content as a function of genetic background have 

been observed. Maeda et al. (2008) reported that in a selection of 20 cultivars, rutin 

concentrations differed significantly in the top 8 cm spear portion, ranging from 763 to 1550 

mg/kg FW. This finding was supported by a study conducted by Fuentes-Alventosa et al. (2008) 

of 32 commercial asparagus hybrids, which indicated significant differences for flavonoid 

composition and rutin concentration, the latter of which ranged from 206 to 706 mg/kg FW. 

Other research groups have also published similar findings (Table 2.1). 

Schwarzbach et al. (2006) investigated cultivar-based differences in the protodioscin 

concentration of white asparagus spears, concluding that significant differences existed between 

the six European cultivars studied, with levels ranging from 0.071 to 0.447 g/kg FW. A 

subsequent study conducted by the same research group verified these results (Brueckner et al., 

2010). Although no values were presented, Chin & Garrison (2008) observed significant 

fluctuations in protodioscin concentration of green spears, particularly in the lower portions, 

depending on genetic background. 

Analyses of genetically-based differences in GSH concentration in asparagus have not 

been reported. However, there are published data for a series of apple (Malus domestica Borkh.) 

cultivars which varied for GSH concentration, measured as GSH + GSSG (Łata et al., 2005). 

Although apples are not closely related to asparagus, this study indicates that genetics may 

influence plant GSH levels.   
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Table 2.1 Variability for asparagus (Asparagus officinalis L.) spear rutin concentration (mg/kg 
FW) reported in the literature. 

Rutin 
Concentration 
(mg/kg FW) 

# of 
Cultivars/ 
Genotypes 

Spear Characteristics 
Reference Portion Length Diameter 

763-1550 20 tip 8 cm - Maeda et al., 2008 
50-80 12 butt 8 cm - Chin and Garrison, 2008 

210-280 12 middle 8 cm - Chin and Garrison, 2008 
340-610 12 tip 8 cm - Chin and Garrison, 2008 
882-1550 18 tip 8 cm - Motoki et al., 2008 
37-123† 10 whole spear 20 cm 5-1.2 mm Yingyan et al., 2008 

163-293 4 whole spear 18-23 cm 10-16 mm Fanasca et al., 2009 
206-706 32 whole spear - - Fuentes-Alventosa et al., 2008 

†Originally presented on a DW basis; FW equivalent calculated assuming 90% water content.
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2.3.1.2 Environmental Conditions 

2.3.1.2.1 Light 

A series of experiments by Maeda et al. (2010) involving shade netting and UV radiation-

filtering film provide strong evidence correlating light exposure and intensity with rutin 

concentration in green asparagus spears. Reductions in average light intensity to 21.1% and 5.1% 

of levels in the control field reduced rutin concentrations to 38.2% and 26.2% of those in control 

spears, respectively. While UV-filtering film only reduced light intensity to 88.6%, rutin 

production declined to 64% of control spear levels. This decrease was too great to be explained 

by the reduction in light intensity alone, therefore it was proposed to be a consequence of the 

blocked UV spectrum. Increases in light intensity in mother-fern cultures, achieved using net 

screens which hold fern growth upright above each row instead of allowing it to spread 

horizontally, significantly increased rutin accumulation. In another study, decreases in spear 

polyphenol and rutin concentrations were observed when layers of netting were used to shade 

field-grown green asparagus (Kohmura et al., 2008). As further evidence to the role of light in 

rutin production, white asparagus spears, which are produced without light exposure, have very 

low (0.5 mg/g) to undetectable rutin levels, based on dry weight (DW) (Maeda et al., 2005; Lee 

et al., 2010).  

There is no indication, based on either their physiological functions or patterns of 

accumulation, that either protodioscin or GSH is produced in response to light exposure. The 

greatest concentration of protodioscin is found in the basal portion of green spears, which would 

be least exposed to sunlight (Wang et al., 2003). White asparagus spears contain a much higher 

protodioscin concentration, 2.59 to 5.19 mg/g DW depending on spear portion, than green 
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spears, with 0 to less than 2 mg/g DW (Lee et al., 2010). Nonetheless, there is currently no 

evidence that a lack of light exposure is the direct cause of this difference.  

 

2.3.1.2.2 Temperature 

A recent study by Stoffyn et al. (2012) indicated that rutin concentration is negatively 

correlated with mean daily air temperatures up to five days prior to harvest, with the strongest 

correlation (-0.499) observed between the cultivar ‘Guelph Millennium’ (GM) and temperature 

one day prior to harvest. Elevated temperatures increase the growth rate of asparagus spears 

(Culpepper and Moon, 1939; Kim et al., 1989; Poll, 1996), reducing the time required for them 

to achieve a harvestable height and resulting in concurrent decreases in cumulative light 

exposure, a critical determinant in rutin accumulation. In isolated tartary buckwheat leaves, cold 

stress applied as a 5 min exposure to -5°C did not significantly increase rutin production (Suzuki 

et al., 2005), suggesting the correlation between rutin concentration and temperature is a product 

of temperature-regulated growth causing differential light exposure. The effect of pre-harvest air 

temperatures on protodioscin concentration have not been published in the literature, however an 

ongoing experiment involving samples collected by Stoffyn et al. (2012) is expected to provide 

an indication of its influence in the near future. Soil temperature has previously been negatively 

correlated with saponin concentration (Schwarzbach et al., 2004) and no data have been reported 

as to a correlation between GSH concentration and growth temperature. 

 

2.3.1.3 Other Factors 

Spear diameter has been identified as a key factor affecting rutin concentration of green 

spears. Stoffyn et al. (2012) harvested spears of two cultivars, GM and ‘Jersey Giant’ (JG), and 
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graded them into five size categories. For both cultivars, a significant inverse relationship was 

observed between spear diameter and rutin concentration. Dame et al. (1957) previously reported 

the same finding for 10 cm (4-inch) tips of differing diameters from a single cultivar. The cause 

of this phenomenon is likely mathematical as rutin synthesis is stimulated by UV-B radiation, 

accumulating in the epidermal tissues rather than the pith and there is a higher surface 

area:volume ratio for thin as compared to thick spears. Consequently, large- and small-diameter 

spears with identical rutin concentrations in epidermal cells will have low and high overall 

concentrations, respectively. Diameter has not been studied in relation to either protodioscin or 

GSH concentration. 

Spear portion also affects rutin concentration; a phytochemical gradient exists from the 

actively growing tip (highest) of the spear to the tissue at its base (lowest) (Stevenson, 1950; 

Dame et al., 1957; Chin et al., 2002; Wang et al., 2003; Chin and Garrison, 2008; Lee et al., 

2010; Stoffyn et al., 2012). As rutin is water-soluble, unlike some other antioxidants, it may be 

continually translocated to the actively-growing meristematic tissues as a protectant (Eichholz et 

al., 2012). Dame et al. (1957) noted that when examining spears of different lengths divided into 

5 cm (2-inch) portions, the maximum difference in rutin concentration between consecutive 

portions was consistently observed between the tip and penultimate segments. Stoffyn et al. 

(2012) further observed a consistent relationship between spear portions for spears of differing 

diameters, with top portions containing three times the concentration of rutin as compared to 

bottom portions. Rutin concentrations in spear tips also increase both as the spear height, 

measured from the soil surface, increases and as the spears mature and the tips begin to open into 

ferns, observations that support the previous studies suggesting that increased light exposure 
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(e.g. longer spears) and increased surface area (e.g. open tips) promote increased rutin 

accumulation (Motoki et al., 2012a).  

The distribution pattern of protodioscin in spears is the opposite of that for rutin; it 

increases towards the bottom of the spear (Wang et al., 2003; Lee et al., 2010). The butt, the 

bottom portion of the spear that is trimmed and normally discarded, contains up to 25 mg 

protodioscin/100 g FW, up to 100 times greater than the concentration in the tip portion (Wang 

et al., 2003; Chin and Garrison, 2008). The crown, or the below-ground structure from which 

spears originate, is particularly rich in protodioscin, containing between 7.8 and 10.4 mg/g DW 

(Lee et al., 2010). Due to the high concentration of saponins, specifically protodioscin, in white 

asparagus spears cultivated using a soil mound rather than a film cover method, it has been 

hypothesized that soil-borne stresses may influence protodioscin accumulation, providing a 

potential explanation for the reduced concentrations in tips of green spears as compared to basal 

spear portions, which experience considerable contact with soil (Maeda et al., 2012). 

While the distribution of rutin and protodioscin has been characterized and confirmed in 

multiple studies, the only experiment assessing GSH distribution was inconclusive. On a FW 

basis, GSH was present in higher concentrations in the top (49 ± 6.1 µmol/100g) compared to the 

bottom portion (32 ± 5.7 µmol/100g) of an asparagus spear (Mills et al., 1997). However, 

concentrations did not differ significantly between portions when reported on a DW basis.  

 

2.4 Effects of Cooking 

Although the concentration of health-beneficial compounds measured in raw vegetables 

may indicate their value to human health, many vegetables are frequently consumed after being 

cooked. While cooking typically increases palatability through softening and flavour alteration, it 
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can also alter nutritional profiles as water-soluble nutrients can be leached from tissue and 

exposure to high temperatures can degrade thermally-sensitive compounds. The bioactivity 

and/or bioavailability of beneficial phytochemicals may also be affected, positively or 

negatively, by high temperatures or other aspects of certain cooking methods such as moist or 

dry heat, or the use of oils (Ferracane et al., 2008). 

Health-minded consumers want to avoid cooking methods that may reduce the nutritional 

quality of a vegetable, so they can gain the greatest health benefits (Jiménez-Monreal et al., 

2009). Accordingly, a number of studies examining the effects of different cooking methods 

upon the nutritional constituents and/or antioxidant activities of different vegetables have 

recently been conducted (Miglio et al., 2008; Jiménez-Monreal et al., 2009; Pellegrini et al., 

2009; Yuan et al., 2009; Navarre et al., 2010). While it would be optimal to identify a specific 

cooking method as superior for most or all vegetables, varying methods are advantageous due to 

differences in vegetable morphology and initial phytochemical profiles (Miglio et al., 2008). 

Jiménez-Monreal et al. (2009) examined the effects of six different cooking methods (boiling, 

microwaving, pressure-cooking, frying, griddling, and baking) on the antioxidant capacity of 20 

commonly consumed vegetables. Although the researchers did conclude that in general, 

griddling and microwave cooking allowed the greatest retention of antioxidant capacity while 

water-based methods such as pressure-cooking and boiling caused the greatest losses, there was a 

clear interaction effect between cooking method and vegetable; to minimize losses of OH radical 

scavenging capacity, baking was the best method to cook asparagus, frying was optimal for 

peppers, and microwaving was preferable for zucchini. Cooking method, vegetable, and their 

interaction were also significant in a study of five Indonesian vegetables measuring ascorbic acid 
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and iron retention after boiling, microwave-steaming, and stir-frying with either water or oil 

(Masrizal et al., 1997). 

 

2.4.1 Phenolics 

Data are conflicting as to the effect of cooking on the phenolic content of vegetables. 

Losses have been observed in spinach, asparagus, and onions following boiling (Makris and 

Rossiter, 2001; Ismail et al., 2004), broccoli that has been boiled or microwaved (Zhang and 

Hamauzu, 2004) and tomatoes that have been fried, boiled, or baked (Sahlin et al., 2004). 

Steaming, boiling, and frying of carrots, courgettes, and broccoli also caused phenolic losses 

(Miglio et al., 2008). Conversely, Navarre et al. (2010) observed increases in phenolic 

compounds after microwaving, steaming, boiling, and baking baby potatoes, coupled with 

significant increases in rutin content following baking. Steaming did not affect phenolic content 

for broccoli, cabbage, and the Chinese cabbage choy-sum, although significant increases were 

demonstrated in cauliflower; phenolics decreased in all vegetables studied when cooked by either 

boiling or microwaving (Wachtel-Galor et al., 2008). Cooking-mediated increases in phenolic 

content were also observed in artichoke after steaming, boiling, and frying (Ferracane et al., 

2008; Lutz et al., 2011), although a simultaneous decrease in flavonoid content following the 

latter three cooking methods was also observed (Ferracane et al., 2008). It is generally 

hypothesized that increases in phenolic compounds following thermal treatments are the result of 

tissue softening, allowing the release of some bound compounds and improved accessibility to 

others, while losses are the result of degradation or, for treatments such as boiling or steaming, 

the leaching of constituents into water (Ferracane et al., 2008; Pellegrini et al., 2009; Navarre et 

al., 2010; Lutz et al., 2011). Miglio et al. (2008) postulated that the interconversion of 
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polyphenolics caused by cooking may also result in apparent increases in concentration of 

certain compounds and decreases in others; concentrations of both total phenolics and 

chlorogenic acid in carrots decreased with cooking, but the concentration of caffeic acid, a 

product of chlorogenic acid hydrolysis, increased after both steaming and frying. 

Limited studies on the effect of cooking on concentrations of polyphenols in asparagus 

are also conflicting. After 15 min of boiling at 90°C, the concentrations of total phenolic 

compounds and rutin, averaged for four cultivars, increased by 23% and 32%, respectively, when 

previously frozen spears were cooked (Fanasca et al., 2009). Makris & Rossiter (2001) observed 

contradictory results, noting a 43.9% decrease in the rutin concentration of green asparagus 

spears following 60 min of boiling. Lu et al. (2010) similarly observed increasing losses of both 

total phenols and total flavonoids in asparagus as either boiling time or temperature increased, 

noting losses of 4 to 39% of total phenols and 11 to 38% of total flavonoids from the top 5 cm of 

the spear, depending on the specific cooking parameters. 

 

2.4.2 Biothiols 

Little is known about the specific effects of different cooking methods on the GSH 

concentration of various vegetables, including asparagus; however, the general consensus is that 

cooking and other forms of processing reduce concentrations (Jones et al., 1992). GSH is water-

soluble, suggesting that it may be susceptible to water-mediated losses during cooking (Łata et 

al., 2005). When potatoes were boiled at 100°C for 15 min, 25% of GSH was lost (Wierzbicka et 

al., 1989); GSH concentrations also declined considerably in canned, cooked spinach and carrots, 

although losses could not be attributed directly to either the cooking or canning processes (Jones 

et al., 1992). Cactus pears, which contain up to 263.59 nmol GSH per g FW, lost all GSH when 
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processed into juice, thought to be a consequence of thermal degradation during pasteurization 

and concentration steps (Tesoriere et al., 2005). 

 

2.4.3 Antioxidant Activity 

Antioxidant activity is related to the content of certain phytochemicals; therefore, it will 

be affected by cooking when concentrations of active compounds are altered. Although 

comparing estimates based on different assays can be difficult, cooking generally increases 

antioxidant activities; enhancements can even be observed in conjunction with phytochemical 

loss. As with phytochemicals, it is hypothesized that matrix softening and the release of bound 

compounds can cause increases in antioxidant activity after cooking (Ferracane et al., 2008; 

Miglio et al., 2008; Pellegrini et al., 2009). However, in some cases, the increases are too great to 

be explained by this mechanism alone (van Boekel et al., 2010). Nicoli et al. (1999) suggested 

that cooking may promote the oxidation of certain polyphenolic compounds to an intermediate 

state that possesses increased radical scavenging abilities. The Maillard reaction, a condensation 

reaction between amines and sugars that can be initiated by exposure to intense heat, creates 

reaction products that exhibit strong antioxidant properties (Nicoli et al., 1999). Evidence of this 

reaction can be visually apparent as it causes browning; this phenomenon is most likely to occur 

when food is cooked by high-heat methods such as frying, baking, or grilling (Hodge, 1953). 

Decreases in antioxidant activity due to cooking can also occur, and are typically 

attributed to physical losses of phytochemicals by leaching, which is facilitated by tissue 

softening and the disruption of cellular components. Water-soluble phytochemicals such as 

vitamin C and polyphenolics are the most susceptible to leaching; such compounds may be 
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retained with oil-based methods such as frying but lipid-soluble compounds, including 

carotenoids and vitamin E, may be leached (Masrizal et al., 1997; Fillion and Henry, 1998). 

In a study of 17 commonly consumed vegetables, Pellegrini et al. (2009) observed that, 

based on DW, total antioxidant activity, as measured by TEAC, FRAP, and TRAP assays, 

increased after boiling and decreased with pan-frying. Deep-frying produced conflicting results 

depending on the vegetable. While 5 min of steaming was found to increase FRAP antioxidant 

activity in broccoli, cauliflower, cabbage, and choy-sum, the effects of boiling and microwaving 

were variable for the same duration, although in all cases, boiling was superior to microwaving 

(Wachtel-Galor et al., 2008). With each of the four vegetables studied, however, a doubling of 

the cooking time reduced antioxidant activities. Cooking-mediated increases in antioxidant 

activity were also observed in boiled, steamed, and fried artichoke, carrot, courgette, and 

broccoli (Ferracane et al., 2008; Miglio et al., 2008), while boiling and microwaving either 

increased or did not change the antioxidant activity of numerous other vegetables, including 

green beans, peas, green pepper, and squash (Turkmen et al., 2005). 

Studies on asparagus are inconclusive; in one study, both FRAP and TRAP assays 

indicated that boiling caused a decrease in antioxidant activity (21% and 12%, respectively), 

while pan-frying increased total antioxidant capacity regardless of method (TEAC – 75% 

increase, FRAP – 34% increase, TRAP – 60% increase) (Pellegrini et al., 2009). Others reported 

that FRAP antioxidant activity increased 16% when asparagus spears were boiled at 90°C for 15 

min (Fanasca et al., 2009). Antioxidant activity in boiled, pressure-cooked, baked, microwaved, 

griddled, and fried spears was inconsistent when measured using multiple assays (Jiménez-

Monreal et al., 2009). All methods except baking, which did not affect antioxidant activity, 

caused losses of 7 to 10% of OH radical scavenging capacity; lipoperoxyl radical scavenging 
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ability increased by 7% when spears were boiled or griddled but decreased by the same 

percentage after frying. The TEAC assay indicated that only frying provoked a significant 

change in antioxidant activity, decreasing it by 38%. A lack of consistency in the specifics of 

cooking methods, such as cooking temperatures and durations, in addition to the different 

methods of antioxidant activity measurement, likely contributed to these discrepancies. 

Generally, cooking is beneficial for increasing antioxidant capacity, however, certain 

methods may result in phytochemical loss. Choice of cooking method therefore must balance the 

positive and negative effects on both phytochemical concentration and antioxidant activity.  

 

2.4.4 Phytochemical Bioavailability 

The effects of heat processing on bioavailability of potentially health-beneficial 

compounds have not been well-studied as this typically requires clinical trials, which are subject 

to considerably greater regulation than studies on phytochemical concentration or antioxidant 

activity (van Boekel et al., 2010). Some evidence indicates the potential for increased 

bioavailability due to matrix softening. In one study, both cooked and raw cherry tomatoes were 

fed to participants; plasma concentrations of the bioactive compounds naringenin and 

chlorogenic acid only increased after the consumption of cooked product (Bugianesi et al., 

2004).  

 

2.4.5 Colour & Texture 

Colour and texture are sensory characteristics of food that influence both palatability and 

consumer acceptance (Van Buren, 1979; Rennie and Wise, 2010). As with the nutritional profiles 

of vegetables, both of these attributes are altered to different degrees by varying methods of 
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cooking. Although colour and texture do not necessarily indicate the phytochemical content of 

vegetables, correlations between changes in parameters during cooking have not been thoroughly 

investigated.  

Colour is commonly estimated by instruments that measure surface reflectance, which 

quantify L* (lightness; 0 = black and 100 = white), a* (red > 0 to green < 0), and b* (blue > 0 to 

yellow < 0) values. Although a* and b* values offer limited information separately, they can be 

mathematically combined to calculate the hue angle on a 360° spectrum with 0° = red, 90° = 

yellow, 180° = green, and 270° = blue (Little, 1975) [equation 1]. 

[1] ℎ𝑢𝑒  𝑎𝑛𝑔𝑙𝑒 = arctan  (𝑏*  ÷ 𝑎*) 

When green vegetables are exposed to heat, an initial brightening of their green hue is 

commonly observed; extended exposure causes a shift towards the yellow portion of the 

spectrum and a concurrent change in colour to an olive brown shade, viewed by consumers as 

undesirable and indicative of spoilage and off-flavours (Heaton and Marangoni, 1996). While 

this rapid shift to vibrant green is caused by mechanical changes at the vegetable surface that 

alter reflectance, subsequent yellowing is the product of pheophytinization, the heat-mediated 

conversion of the green pigment chlorophyll into pheophytin, which involves the removal of the 

magnesium atom (Mackinney and Weast, 1940; Heaton and Marangoni, 1996). 

Researchers have previously documented changes in the colour of asparagus due to 

cooking. After 4 min of either boiling, steaming, or microwaving, neither asparagus stems nor 

tips significantly changed in lightness; all treatments caused asparagus tips to increase in 

greenness (decrease in a* value), while only boiling had the same effect for asparagus butts 

(Begum and Brewer, 1997). Yellowness significantly increased with all treatments (increasing 

b* values), though only for spear butts. Duration and temperature of boiling treatments also 
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affect the external hue of spears; while both are positively correlated with the development of a 

yellow hue, changes occur slowly and the effect of duration is lessened with reduced water 

temperatures (Lau et al., 2000). 

As with colour, a general relationship between cooking and the texture of vegetables 

exists; the application of heat typically causes softening, or a decrease in the amount of force 

required to shear through the vegetable. Softening occurs as a consequence of the loss of 

mechanical strength due to decreases in turgor pressure, as well as chemical changes to cell wall 

components (Van Buren, 1979). While some degree of softening is desirable in cooked 

vegetables, as it increases palatability and digestibility, excessive softening is viewed as 

unpleasant (van Boekel et al., 2010).  

Some cooking methods are capable of provoking large increases in softening. Those that 

are water- or steam-based may cause a greater degree of softening than those relying on dry heat, 

because cell wall polysaccharides become hydrated, rigid cell walls soften, and adhesion 

between adjacent cells decreases (Van Buren, 1979). Increased softening occurs when carrots are 

subjected to boiling as compared to steaming and frying, even when the boiling duration is less 

than either of the other methods (Miglio et al., 2008). 

With asparagus, a texture gradient exists in raw spears from the tip to the butt; butts of 

fresh spears are more fibrous than spear tops, requiring increased force for cutting (Brovelli et 

al., 1998; Rodríguez-Arcos et al., 2004). During storage, lignification occurs in the butts, 

increasing toughness (Rodríguez-Arcos et al., 2004). Boiling induces softening along the full 

length of the spear, however, texture differences remain between the top and butt spear portions 

(Lau et al., 2000; Rodríguez-Arcos et al., 2004). Although research is limited as to textural 

changes in asparagus following cooking, both heating time and temperature have been negatively 
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correlated with the force required to shear through boiled asparagus spears (Rodrigo et al., 1998; 

Lau et al., 2000). 

 

2.5 Heritability 

To initiate a breeding program, trait heritability is commonly estimated to provide an 

indication of the most effective selection method. Defined as the proportion of total variance in a 

population attributed to genetic background, heritability can be presented as either of two 

different estimates. Broad-sense (H2) heritability estimates the proportion of variance in the 

population due to all genetic effects, including additive, dominance, and epistatic components, 

while narrow-sense (h2) estimates only consider the additive portion of the genetic variance. 

Consequently, H2 estimates are usually greater than h2 heritabilities (Fernandez and Miller, 

1985). In general, h2 estimates are most valuable as genetic variation caused by dominance or 

epistasis is not considered to be heritable, at least for diploid populations, although the effects of 

both conditions may persist for several breeding cycles (Plaisted et al., 1962). 

The heritability of a trait is an indicator of the gains from selection that may be achieved 

when breeding. The greatest gains from selection would be expected under conditions of high 

rather than low heritability, when phenotype is highly correlated with genotype. Phenotypic, or 

mass, selection can be effective for traits of high heritability; however, this type of selection is 

ineffective with low heritability because individual plant phenotypes do not reflect genotype. In 

these cases, selection based on population (family)-mean basis can be effective because 

environmental effects, positive and negative, are averaged across replicates (Warner, 1952). 

Heritability estimation is valid only for a given population or set of genotypes, and for the 

environment or defined set of environments in which the population has been tested (Dudley and 
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Moll, 1969; Falconer, 1981). Different populations of the same species can vary for levels of 

genetic variation due to selection, genetic drift, and mutation; thus, the proportion of phenotypic 

variation caused by genotype, and hence heritability, is rarely comparable across genetically 

dissimilar populations (Holland et al., 2003). In addition, genotype x environment interactions 

can occur, for example, where stress-tolerant and stress-intolerant genotypes perform best in 

different environments, leading to different, environment-specific, estimates of heritability for 

the same population (Holland et al., 2003).  

Heritability estimation is also restricted by the requirement for populations to be random-

mating and in Hardy-Weinberg equilibrium. However, for self-pollinated plants, valid estimates 

can also be obtained from populations comprised of completely inbred plants that have been 

derived from an original population that met such conditions (Holland et al., 2003). The selection 

of plants measured to derive heritability estimates must also be random to avoid a biased result. 

 

2.5.1 Combining Ability Analysis 

Combining ability analysis, developed by Griffing (1956) based on the concepts of 

general and specific combining abilities as introduced by Sprague & Tatum (1942), can be used 

to derive heritability estimates and concurrently identify superior parents for breeding purposes. 

The combining ability of parents, or their ability to hybridize for one or multiple traits of interest, 

is determined through analysis of the progeny obtained from a series of crosses made within a 

defined parental group. The average ability of a parent to combine with all other parents to which 

it is crossed is termed general combining ability (GCA), while specific combining ability (SCA) 

measures the deviation of a specific cross from the average value expected based on the parental 

GCAs (Sprague and Tatum, 1942). As the measurements are comparison-based, they are 
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inextricably linked to the tested genotypes within the selected environment, and only have 

meaning in relationship to other tested individuals (Henderson, 1952). Populations of genotypes 

with narrow genetic bases tend to exhibit higher variation in SCA as compared to GCA, while 

the reverse is often true when the genetic backgrounds of the population tested are most diverse 

(Plaisted et al., 1962). 

Combining ability analysis can also be used to generate estimates of heritability since 

both additive and non-additive variance components can be estimated. SCA measures the 

combined dominance and epistatic components of variation, while GCA theoretically considers 

only additive variation. In small-scale studies where the population sample is limited, GCA may 

also include some non-additive variation (Plaisted et al., 1962). For parents selected randomly 

from an outcrossing population, heritability derived from variance components may be valid for 

the entire population; if parents are selected specifically for a trait, e.g. only tall plants are 

selected, the estimates are only valid for the sample under study (Shattuck et al., 1993).  

The diallel cross, where a set of parents is crossed in all possible combinations including 

self-crosses and reciprocals, is a popular mating scheme that can be used in the analysis of 

combining ability (Sprague and Tatum, 1942; Hayman, 1954a). Reciprocal crosses and self-

crosses may be excluded from the analysis, resulting in a partial diallel design; maternal effects, 

which can be estimated from reciprocal crosses, are often negligible or ignored (Shattuck et al., 

1993), and some population structures do not permit reciprocal or self-crossing (Gilbert, 1958).  

Variations of the diallel design have been introduced that can overcome problems with 

population structure limitations and simplify subsequent analyses. A variation known as North 

Carolina Design II (NCII) (Comstock and Robinson, 1952) has been used for dioecious crops, 

which can neither be selfed nor have a single genotype represented as both male and female. 
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Using this design, a heterogeneous set of female parents is crossed in all combinations to a 

separate heterogeneous set of male parents. The NCII is also valuable in the use of test crosses, a 

variation sometimes referred to as the line x tester design, where a small, specific set of female 

or male genotypes is crossed to diverse germplasm of the opposite sex, with the goal of 

identifying parents with good GCA (Plaisted et al., 1962; Dabholkar, 1992; Zeng et al., 2011). 

Combining ability analysis using the diallel or NCII design requires the same 

assumptions as those for heritability estimation – random-mating populations and multi-

environment testing – in order to extrapolate estimated parameters to the general population 

(Shattuck et al., 1993). A prerequisite to analysis is the presence of significant variation amongst 

the genotypes studied, which can be determined using an analysis of variance (ANOVA) 

(Shattuck et al., 1993). Additional assumptions should also be met before interpreting variance 

components derived from the analysis, although in some cases there are alternate means of 

analysis to overcome certain deviations. To ensure valid inferences, populations must have 

regular diploid segregation, lack epistasis, possess only two alleles for any given locus, and 

parents must be inbred homozygotes among which genes are independently distributed (Hayman, 

1954b; Dabholkar, 1992). The first condition is not often a concern, and is typically satisfied by 

most diploid organisms, as well as many polyploids (Dudley and Moll, 1969). To overcome the 

requirement of inbred parents, Becker (1992) proposed an adjustment to variance interpretations 

using the inbreeding coefficient (F) of parents for those crops not amenable to selfing. However, 

independent distribution of genes, also referred to as an absence of linkage, and a lack of 

epistasis are unrealistic assumptions that are unlikely to be true for most populations under 

consideration (Gilbert, 1958; Baker, 1978). As linkage or epistasis would likely bias the 

estimation of parameters such as the specific genetic components of variation, Baker (1978) 
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suggests that for most experiments, genetic interpretations should not be made from combining 

ability analysis but instead should be limited to estimating GCA and SCA.  

 

2.5.2 Parent-Offspring Regression 

Narrow-sense heritability can be estimated from the regression of offspring on parents, 

which does not require the use of a diallel cross or complex hybridization schemes. The 

regression coefficient generated measures the proportion of parent-offspring covariance to 

parental variance, and h2 is estimated as the slope of the least-square regression line (Falconer, 

1981; Fernandez and Miller, 1985). For dioecious crops, half-sibs can be regressed on a single 

parent, or full-sibs can be regressed on the mid-parent value (Falconer, 1981). When offspring 

are regressed on only a single parent, h2 is equivalent to twice the slope. Estimation of 

heritability by this method can be used when parents are randomly selected or specifically 

chosen; both produce valid estimates (Vogel et al., 1980). 

The assumptions for parent-offspring regression are the same as those for combining 

ability (Cockerham, 1963; Dudley and Moll, 1969; Vogel et al., 1980). An environmental 

correlation between parents and progeny must also be controlled, especially for traits of low 

heritability, by growing them in separate environments (Vogel et al., 1980; Casler and Hovin, 

1980). When both are in the same environment, a genotype x environment interaction covariance 

will occur and bias estimates (Fernandez and Miller, 1985). Upward bias of heritability estimates 

can also occur from epistasis and/or dominance variance or previous inbreeding, though the latter 

is primarily a concern for self-fertilizing crops (Luciano et al., 1965; Smith and Kinman, 1965; 

Fernandez and Miller, 1985).  
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2.5.3 Asparagus Breeding 

Diallel crosses and analyses of combining ability have previously been used to identify 

superior parental clones and assess the heritability of yield and disease resistance in asparagus 

(Price and Baughan, 1990; Jermyn et al., 1999; Falloon et al., 2002). Phytochemical inheritance 

has not been studied beyond qualitative investigations into the genetic control of anthocyanin 

production (Sakaguchi et al., 2008a). Rutin heritability in buckwheat has been studied 

previously; estimates for seed concentrations were relatively high (h2 = 0.59 to 0.76) while those 

for leaf concentrations were low (h2 = 0.10 to 0.25) (Kitabayashi et al., 1995a; b). Although these 

values have no direct predictive value for asparagus, they indicate genetic variation can be 

observed for rutin in plants and potentially improved by breeding. 
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3 EXPERIMENT 1: GENETIC VARIATION & HERITABILITY OF RUTIN, 

PROTODIOSCIN, & GSH IN ASPARAGUS SPEARS 

3.1 Abstract 

Asparagus (Asparagus officinalis L.) spears contain numerous phytochemicals, including 

rutin (a flavonoid), GSH (a biothiol), and protodioscin (a saponin), that are beneficial to human 

health due to antioxidant or other activities. Breeding to increase spear concentrations of these 

compounds could improve human health. To assess breeding potential, genetically diverse 

germplasm was surveyed for phytochemical variability. Selected female and supermale 

genotypes were also hybridized in a partial diallel to estimate heritability and identify parents 

with good combining ability. Genetic variation for rutin (3.30 to 8.14 mg/g DW) and 

protodioscin concentration (0.04 to 1.04 mg/g DW) was observed, while GSH concentrations 

(5.37 to 7.86 µmol/g DW) did not significantly differ among tested genotypes. Analysis of 

combining ability identified one supermale as superior for breeding to improve rutin, but there 

was no difference between females tested; estimates of h2 were low to moderate for rutin. One 

supermale produced progeny with the highest spear GSH concentrations, but no parents with 

superior combining abilities were identified and h2 was near zero. While environmental or other 

factors appear to influence spear concentrations of GSH and protodioscin more than genetic 

background, increasing rutin concentrations by breeding should be achievable. 

 

3.2 Introduction 

Fruit and vegetable consumption is linked to decreases in the incidence of numerous 

chronic conditions, including cancer and cardiovascular disease (Verlangieri et al., 1985; Block 

et al., 1992; Bosetti et al., 2005). Antioxidants in these foods can neutralize ROS, which are 
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formed as normal metabolic byproducts (Adam-Vizi and Chinopoulos, 2006) but have the ability 

to damage cellular components, leading to the development of various degenerative diseases as 

well as the physical signs of aging (Ames, 1989; Ames and Shigenaga, 1992; Ames et al., 1993).  

Asparagus has greater antioxidant activity than many other vegetables (Vinson et al., 

1998; Chun et al., 2005), attributed mostly to high spear concentration of the flavonol, rutin 

(quercetin-3-rhamnosyl glucoside) (Tsushida et al., 1994; Sun et al., 2007). Among other health 

benefits, rutin may help prevent and treat inflammatory bowel disease (Cruz et al., 1998), 

strengthen capillary walls therefore reducing hemorrhaging associated with hypertension 

(Griffith et al., 1944; Hellerstein et al., 1951), and can improve memory after impairment (Koda 

et al., 2008; Pyrzanowska et al., 2012). Asparagus spears also contain higher concentrations of 

the biothiol antioxidant, GSH, than many other plant foods (Mills et al., 1997; Demirkol et al., 

2004). Dietary GSH may reduce the risk of certain cancers (Flagg et al., 1994) and the severity 

of cystic fibrosis symptoms (Visca et al., 2008), and is the substrate for GSH peroxidase, a 

detoxifying enzyme that helps prevent the development of neurodegenerative conditions (Bopana 

and Saxena, 2007). Although not known for antioxidant properties, protodioscin, a saponin, is 

also present in significant quantities in asparagus spears (Wang et al., 2003) and may help to 

decrease cholesterol levels (Wang et al., 2010), and possesses both anti-cancer (Hu et al., 1997; 

Chin et al., 2002; Hu and Yao, 2002) and aphrodisiac properties (Gauthaman et al., 2002; 2003). 

Recently, there has been interest in breeding to increase the concentrations of valuable 

phytochemicals in various fruits and vegetables, including asparagus. However, the feasibility of 

genetic improvement must first be established, including an investigation into the presence of 

heritable variability in available populations. Various non-genetic factors are well-known to 

influence the concentrations of these phytochemicals in asparagus spears (Wang et al., 2003; 
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Suzuki et al., 2004; Stoffyn et al., 2012). Despite these factors, previous research indicates that 

genetic variation exists in asparagus germplasm for spear concentrations of both rutin and 

protodioscin. For standard-length green spears (20 to 24 cm), concentrations from 163 to 706 mg 

rutin/kg FW and from 50 to 160 mg protodioscin/kg FW have been reported for different hybrid 

lines (Chin and Garrison, 2008; Fuentes-Alventosa et al., 2008; Fanasca et al., 2009). Variation 

in rutin concentration among cultivars has also been described for 8 cm spear tips (Maeda et al., 

2008; Motoki et al., 2008), and differences in protodioscin concentration among cultivars grown 

for white spears have also been noted (Schwarzbach et al., 2006; Brueckner et al., 2010). While 

GSH concentrations appear to be determined to some extent by genetic background in other 

species such as apple, concentrations in different genotypes have not yet been studied in 

asparagus (Łata et al., 2005), nor has phytochemical inheritance been explored.  

Genetic variability is critical to facilitate successful breeding, and the ability of parents to 

transmit such traits to their offspring is also required for genetic gain. Heritability estimation, 

which measures the relative contributions of genetics and environmental factors to the 

phenotype, can provide an indication of both the best breeding method to implement and the 

magnitude of success that could be expected. In asparagus, where female (mm) and supermale 

(MM) parents are hybridized to produce all-male (Mm) hybrid cultivars, the identification of 

parents capable of producing superior hybrids is also required.  

The objectives of this study were to determine whether genetic variation for spear 

concentrations of rutin, GSH, and protodioscin occurs in an asparagus breeding population, 

estimate the heritability of the first two phytochemicals to assess the potential to enhance 

concentrations through breeding, and identify superior parents. A population of clonally-

propagated female and supermale genotypes and a series of hybrids were evaluated for 
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phytochemical concentrations and data were then assessed using parent-offspring regression and 

combining ability analysis 

 

3.3 Materials & Methods 

3.3.1 Plant Material & Experimental Design 

Thirty-three asparagus genotypes from the University of Guelph breeding program, 

representing material with European, North American, Asian, and mixed origins, were chosen to 

survey for genetic variability (Table 3.1). From this germplasm, six female and six supermale 

asparagus genotypes with diverse genetic backgrounds were selected for use as parents to 

produce a series of hybrids for heritability studies. A partial diallel cross, following the NCII 

(Comstock and Robinson, 1952), was performed, and seed was obtained for 31 of the 36 possible 

hybrids, including the cultivar GM (hybrid 1x1) (Table 3.2). Pedigrees and code numbers for 

clones and hybrids are presented in Appendix A. 

The experiment was conducted as a randomized complete block design (RCBD) with 

four replicates, independently repeated over two years. On March 15, 2010 (March 21, 2011), 

seeds from the diallel cross, along with hybrid cultivar JG, were planted in #288 plug trays filled 

with Sunshine Mix #5 (Sun Gro Horticulture Canada Ltd., Vancouver, BC). Up to 40 seedlings 

of each hybrid were transplanted on April 12/13, 2010 (May 3, 2011) into #50 plug trays filled 

with Sunshine Mix #5. The 33 selected genotypes were clonally propagated in vitro and 

transplanted into #50 plug trays on May 7, 2010 (April 7/8, 2011).  

On June 17/18, 2010 (June 16/17, 2011), the hybrids and clonally propagated genotypes 

and hybrids were planted at Simcoe Research Station, Ontario (N42°51.2245’, W80°16.196’), on 

Oakland and Scotland Sand soils, and a Tavistock Loam, respectively (Hohner and Presant,  



 51 

Table 3.1 Geographical origins of clonal asparagus (Asparagus officinalis L.) genotypes† 
surveyed for spear concentrations of rutin, GSH, and/or protodioscin‡. 

  Phytochemical(s) Evaluated 
Genotype Origin§ Rutin GSH Protodioscin 

F1 North America X X X 
F2 North America X X - 
F3 unknown X X X 
F4 mixed X X X 
F5 mixed X X - 
F6 mixed X X - 
F7 Europe X - X 
F8 mixed X - X 
F9 mixed X - X 
F10 North America X - X 
F11 mixed X - X 
F12 Europe X - X 
F13 Europe X - X 
F14 North America X - X 
F15 unknown X - X 
F16 mixed X - X 
F17 North America X - - 
F18 North America X - - 
SM1 Europe X X X 
SM2 mixed X X X 
SM3 Europe X X X 
SM4 mixed - - - 
SM5 mixed X X X 
SM6 Europe X X X 
SM7 Europe X - X 
SM8 mixed X - - 
SM9 Asia X - - 
SM10 mixed X - - 
SM11 North America X - - 
SM12 Europe X - X 
SM13 mixed X - X 
M1 North America X - X 
M2 Europe X - - 

†Sex of genotypes is identified as F (female), SM (supermale), and M (male). 
‡Phytochemicals evaluated for a specific genotype or hybrid are denoted by ‘X’. 
§Mixed origin refers to the genotype as being of both North American and European descent.  



 52 

Table 3.2 Diagram of the NCII partial diallel cross† between selected clonal asparagus 
(Asparagus officinalis L.) genotypes. 

Supermale 
Parent 

Female Parent 
F1 F2 F3 F4 F5 F6 

SM1 X X11 X11 X X X11 

SM2 X X X11 X X X11 

SM3 X   X X  
SM4 X X11 X X X11 X11 

SM5 X X10 X10 X10 X X10 

SM6 X X10  X X  
†Successful crosses are denoted by ‘X’; ‘X10’ indicates progeny were only grown in 2010 and 
‘X11’ indicates progeny were only grown in 2011. All progeny were analyzed for rutin 
concentration; only progeny from F1, F4, and F5 (excluding 5x4) were assessed for GSH 
concentration. Protodioscin concentrations were not tested.   
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1989). Due to mortality and unsuccessful crosses, only 23 and 26 hybrids were planted in 2010 

and 2011, respectively (Table 3.2). For each hybrid, a plot consisted of nine plants spaced 30 cm 

apart. Clones were spaced 30 cm apart in 6-plant plots except for an additional 30 cm between 

the third and fourth plants. Rows were spaced 1.25 m apart, and guard rows of check cultivars 

were included. Plots were maintained following standard industry practices (OMAFRA, 2008). 

 

3.3.2 Sample Collection 

The 2010 trial was harvested in May 2011, and the 2011 trial was harvested in May 2012. 

Due to the possible influence of the previous days’ temperature on phytochemical content 

(Stoffyn et al., 2012), all spears of marketable height (23 cm or greater) from an entire block 

were collected on the same day. In 2011, a single harvest was conducted for each block; in 2012, 

each block was harvested three times (Table 3.3). Due to poor field conditions after planting in 

2010, plants were weak and some failed to survive, leading to fewer plants than expected 

available for harvest in 2011, and therefore numerous missing values. Since plants were young, 

spear emergence was also neither uniform nor predictable, therefore some plots also had no 

spears available for harvest on the selected day(s). Missing plants were not a significant concern 

in 2012 and additional harvests were performed for each block to compensate for uneven spear 

emergence and increase sample sizes. Within each harvest, spears collected from clonal plots 

were bulked, while spears collected from hybrid plots were kept separated by plant. 

After harvest, spears were wrapped in plastic and placed immediately on ice for transport 

to the lab. Spears that would be unmarketable due to open tips (i.e. lateral branches from the 

spearhead > 2 mm), disease, or injury were discarded. The remaining spears were trimmed to  
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Table 3.3 Harvest dates for asparagus (Asparagus officinalis L.) spears from each block in 2011 
and 2012.  

  Harvest Dates 
Year Block 1st 2nd 3rd 

2011 

1 May 18 - - 
2 May 20 - - 
3 May 17 - - 
4 May 23 - - 

2012 

1 May 10 May 18 May 20 
2 May 7 May 18 May 20 
3 May 12 May 18 May 20 
4 May 12 May 18 May 20 
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23 cm in length from the tip, weighed, and spear diameter was measured 2.5 cm from the butt. 

Spears were then flash-frozen in liquid nitrogen and stored at -80°C. 

 

3.3.3 Sample Preparation 

Frozen spears were freeze-dried for approximately 4 days. Spears from each hybrid plant 

or clonal plot, kept separate by harvest date, were weighed to calculate DW, placed in a 37 mL 

stainless steel blender cup, and ground to a fine powder with a Waring blender (Conair 

Corporation, Stamford, CT). Spears were ground for 1 min in increments of 20 sec, with samples 

shaken in the blender cup between each grinding episode. The resulting powder was stored in 

sealed plastic bags at -80°C. 

 

3.3.4 Biochemical Analyses 

3.3.4.1 Reagents & Chemicals 

High performance liquid chromatography (HPLC)-grade methanol and acetonitrile were 

purchased from EMD (Billerica, MA) and/or Caledon (Georgetown, ON). L-serine (≥99%), N-

(1-pyrenyl)maleimide (NPM), and rutin hydrate (≥94%) were obtained from Sigma (St. Louis, 

MO). Diethylenetriaminepentaacetic acid (DETAPAC) (≥99%) and formic acid were purchased 

from Sigma-Aldrich (St. Louis, MO), and acetic and phosphoric acids were purchased from 

Caledon (Georgetown, ON). Boric acid and tris base were obtained from Fisher Scientific 

(Pittsburgh, PA). Reduced GSH (92%) and protodioscin were obtained from ChromaDex (Irvine, 

CA). Hydrochloric acid was purchased from BDH (Toronto, ON). Nanopure water (NANOpure 

DIamond UV, Barnstead/Thermolyne, Dubuque, IA) was used to prepare all solutions. 
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3.3.4.2 Rutin Extraction 

Four mL of 80% methanol was added to 0.1 g of freeze-dried asparagus powder. The 

samples were briefly vortexed to ensure all powder was resuspended prior to being mixed for 30 

min using a Roto-Shake Genie rotating shaker (Scientific Industries, Bohemia, NY). Samples 

were then sonicated in a Bransonic 220 ultrasonic cleaner (Branson Cleaning Equipment 

Company, Shelton, CT) for 20 min, mixed for an additional hour, and stored in a -80°C freezer. 

The next day, samples were briefly agitated, particles were allowed to settle, and the supernatant 

was filtered through a 0.2 µm polyvinylidene fluoride (PVDF) filter into 2 mL glass vials. 

Filtered samples were stored at -80°C. 

 

3.3.4.3 GSH Extraction & Derivatization 

GSH was extracted from samples and derivatized for HPLC detection following the 

procedure outlined by Qiang et al. (2005), with modifications. Ten mL of cold serine borate 

buffer (SBB: 100 mM Tris base, 10 mM borate, 5 mM serine, and 1 mM DETAPAC, brought to 

pH 7.0 with concentrated HCl) was added to 0.1 g of freeze-dried asparagus powder. The 

buffer/powder mixture was vigourously shaken to fully resuspend the powder, then mixed on a 

Roto-Shake Genie rocking shaker at maximum speed for 15 min. Samples were sonicated for 15 

min in ice water, mixed for an additional 30 min, then centrifuged at 3200 × g for 15 min at 4°C. 

The supernatant was derivatized with 1 mM NPM in acetonitrile according to the published 

method. Samples were filtered as described for rutin and kept at 4°C prior to same-day HPLC 

analysis. Due to time constraints, only parental clones and hybrids were analyzed for GSH 

concentration. 
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Since freeze-dried instead of fresh tissue was used, GSH recovery was verified prior to 

analysis of all samples; recovery rates after one extraction from freeze-dried tissue spiked with 

the compound were approximately 92 to 100% (Appendix B). Second and third elutions 

appeared to recover the remainder of the added GSH; however, one extraction was performed for 

all samples. 

 

3.3.4.4 HPLC Analysis of Rutin & GSH 

An Agilent Technology 1100 Series HPLC system (Agilent Technology, Palo Alto, CA) 

equipped with a quaternary pump, an inline degasser, a thermostatic autosampler, a diode-array 

detector (DAD; detects signals from 190 nm to 600 nm), and a fluorescence detector was used 

for the analysis of rutin and GSH concentrations in samples. A Phenomenex Phenosphere 5 µm 

octadecylsilyl (ODS) (2) 80 A column (150 x 4.60 mm) was used for the separation. 

For rutin, the binary mobile phase consisted of 0.2% acetic acid (A) and methanol (B). 

The column was equilibrated with 30% B, and a gradient program was used as follows: 30 to 

70% B in 10 min, 70 to 100% B in 2.5 min, then 30% B for 4 min. The flow rate was 1.0 

mL/min and 10 µL was injected for all standards (3.125, 6.25, 12.5, 25, 50, 100, 200, and 300 

µg/mL rutin) and samples. The detector was set at 360 nm for the chromatogram output, and the 

absorption spectrum of each peak was estimated. Retention times and absorbance spectra of 

standards were compared to samples to identify rutin (Appendix B), which was quantified by 

integrating the peak area at 360 nm.  

For GSH, an isocratic mobile phase containing 70% acetonitrile, 0.1% phosphoric acid, 

and 0.1% acetic acid was used, with a flow rate of 1.0 mL/min and a run time of 10 min for each 

sample. Five µL was injected for all standards (1.875, 3.75, 7.5, 15, 30, 40, 50, 60, 80, and 100 
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µM GSH) and samples. The excitation and emission wavelengths of the fluorescence detector 

were set at 330 nm and 376 nm, respectively, and the photomultiplier tube (PMT) setting was 14. 

Retention times and fluorescence spectra of standards were compared to samples to identify the 

fluorescent GSH derivative (Appendix B), which was quantified by integrating the peak area.  

For both rutin and GSH, response was linear within the tested range of standard 

concentrations, and the linear regression coefficients (R2) were greater than 0.999. 

Concentrations are expressed as mg rutin or µmol GSH/g DW. 

 

3.3.4.5 Protodioscin Extraction 

Ten mL of 70% acetonitrile was added to 0.1 g of freeze-dried asparagus powder. After 

vigourous shaking to resuspend the powder, samples were sonicated for 15 min then mixed on a 

Roto-Shake Genie rotating shaker at room temperature for approximately 20 hr. Samples were 

then stored at -20°C. Prior to analysis, samples were thawed to room temperature, shaken for 10 

sec, and centrifuged for 10 min at 3200 × g before filtration as described for rutin. 

 

3.3.4.6 Protodioscin Analysis 

A liquid chromatography tandem mass spectrometry (LC-MS/MS) system consisting of a 

Shimadzu HPLC system (Kyoto, Japan) connected with a triple quadrupole IONICS 3Q 

Molecular Analyzer 220 (IONICS, Bolton, Canada) was used to quantify protodioscin in 

samples. The HPLC system consisted of two dual-plunger parallel-flow pumps, a membrane 

degasser, a column oven, an autosampler, an ultraviolet/visible (UV/VIS) photodiode array 

detector, and a system controller. A Phenomenex Luna 3 µm C18 (2) (75 x 4.60 mm) column 

was used for separation. The binary mobile phase consisted of 0.1% formic acid (C) and 0.1% 
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formic acid in methanol (D) which were used for elution with a gradient program as follows: 

65% to 100% D in 7.5 min, 100% D for 3 min, 100% to 65% D in 1 min, and 65% D for 6 min. 

The flow rate was set at 0.4 mL/min and 25 µL was injected for all samples and standards (0.01, 

0.1, 0.5, 1, 2.5, 5, 10, 15, 20 µg/mL protodioscin). Electrospray ionization (ESI) in positive mode 

was used for the multiple reaction monitoring (MRM) data collection in the mass spectrometer, 

with a dwell time of 100 ms. The drying, heating, and nebulizer gases were set at 100°C, 350°C 

and 420°C, respectively, and the column oven was controlled at 40°C. Both the hot source 

induced desolvation (HSID) and ESI probe temperatures were controlled at 300°C, and the ion 

spray voltage was set at 5850 V. Before sample analysis, instrument parameters were optimized 

using the protodioscin standard. Protodioscin was quantified by integrating the peak areas; 

response was linear within the tested range of standard concentrations, and the R2 was 0.996. 

Concentrations are expressed as mg protodioscin per g DW. 

 

3.3.5 Statistical Analyses 

3.3.5.1 Spear Diameter Adjustment 

Since rutin is produced in response to light exposure and accumulates in epidermal 

tissues, there is an inverse relationship between spear diameter and rutin concentration due to a 

decreasing surface area to volume ratio as diameter increases (Suzuki et al., 2004; Stoffyn et al., 

2012). Spear diameter varied among samples and regression analysis of rutin concentration on 

spear diameter indicated a significant association; therefore, a pre-analysis adjustment of rutin 

concentrations was used to reduce the effect of diameter [equation 2]. For each measurement, an  

[2] 𝑟𝑢𝑡𝑖𝑛!"# =   𝑟𝑢𝑡𝑖𝑛!"# −   𝑏 𝑥 − 𝑥  
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adjusted value was derived where 𝑏 was the slope of the best-fit regression line when the rutin 

concentrations of all spears are regressed on their diameters, 𝑥 was the spear diameter 2.5 cm 

from the butt, and 𝑥 was the mean diameter of all spears.  

 

3.3.5.2 Variability Analysis 

ANOVAs for clonal genotypes and hybrids were conducted separately using the Proc 

Mixed procedure in SAS 9.2 (SAS Inc., Cary, NC). For simplification, the term “entry” is used 

in the following discussion to represent either clonal genotypes or hybrids. Variance of each 

phytochemical was partitioned into the fixed effect of entry and the random effects of year, block 

nested within year (block(year)), entry*year, and entry*block(year). When the year*entry 

interaction was not significant, data from both years were pooled and variance was partitioned 

into the fixed effect of entry and the random effects of block and entry*block. Residuals were 

tested using Proc Univariate to ensure the assumptions of variance analysis were met and 

transformations of the data were made as required (Table 3.4). To meet the assumption of 

normality, outlying data points, identified with the Lund’s Test of Outliers (Lund, 1975), were 

removed from each analysis. Due to heterogeneity of error between blocks in hybrid populations, 

repeated measures analysis was used to generate unstructured covariances and model 

heterogeneous variability. 

Although in 2012, spears were collected three times from each replicate, repeated 

measures analysis was not used as the individual plant(s) and/or plot(s) from which spears were 

collected on a harvest day were rarely harvested a second or third time, therefore there would be 

little expectation of correlation. All collections were instead treated as individual subsamples 

from each experimental unit. F-tests and Z-tests were used to determine the significance of fixed  
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Table 3.4 Data transformations required for asparagus (Asparagus officinalis L.) spear 
concentrations of rutin and GSH from clones and hybrids to meet the assumptions of variance 
analysis. 

ANOVA Transformation Heterogeneity† 
Rutin   
   Clones natural logarithm no 
   Hybrids none yes 
GSH   
   Clones none no 
   Hybrids none yes 

†When heterogeneity of error was observed between blocks during analysis of variance, a 
repeated measures correction was used to meet the assumptions of a linear additive model.
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and random sources of variation, respectively, and the Kenward-Roger correction was used to 

prevent a possible upward bias of test statistics. Least square means and their associated standard 

errors were generated for each genotype or hybrid.  

The Type I error rate, α = 0.05, was used for statistical decisions. All means were 

compared using a Tukey’s test. In tables and figures, means of all data transformed for analysis 

have been backtransformed to the original scale; significant means comparisons as indicated by a 

Tukey’s test pertain to transformed data where appropriate.  

 

3.3.5.3 Combining Ability Analysis 

To identify parents with the best combining ability, ANOVAs were conducted on hybrid 

progeny as described above, with the following modifications. To reduce the number of missing 

crosses in the analysis, progeny from three female parents (F2, F3, and F6) were excluded, 

reducing the partial diallel to 3 females x 6 supermales. Variance was partitioned into the fixed 

effects of female parent, supermale parent, and their interaction, as well as the random effects of 

year, block (year), female*supermale*year, and female*supermale*block(year). When the 

female*supermale*year interaction was not significant, data from both years were pooled and 

variance was partitioned into the fixed effects of female parent, supermale parent, and their 

interaction, and the random effects of block and female*supermale*block. Least square means 

and their associated standard errors were generated for the progeny from each female parent, the 

progeny from each supermale parent, and each hybrid (female x supermale). GCAs of parents 

and SCAs of crosses were obtained from best linear unbiased predictions (BLUPs) from an 

ANOVA with all effects (female, supermale, female*supermale, and block) considered to be 

random.  
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3.3.5.4 Parent-Offspring Regression 

Mean phytochemical concentrations were calculated for hybrids and parents harvested in 

each year by averaging subsamples within a block, then blocks within a year. Means were used 

to prevent bias due to missing values and uneven numbers of progeny from each female x 

supermale combination. To minimize bias due to environmental covariance (Vogel et al., 1980; 

Casler and Hovin, 1980), the means of progeny grown in 2012 were paired with mid-parent 

means from 2011 and vice versa. Progeny means were regressed on mid-parent means using 

Proc Reg in SAS, and h2 for each phytochemical was estimated as the slope of the best-fit 

regression line (Falconer, 1981). 

 

3.3.5.5 Non-Parametric Statistics & Correlations 

Due to non-normal distribution of data that could not be corrected by transformation, 

protodioscin concentrations were analyzed with the Kruskal-Wallis chi-square test using Proc 

NPAR1WAY in SAS. Mean protodioscin concentrations for each genotype were calculated by 

averaging all measurements available for each genotype, regardless of block or year. When  

n < 5, the genotype was excluded from the analysis. Correlations were performed using Proc 

Corr; outliers that were removed in the ANOVAs for clones and hybrids were excluded from the 

analysis.  

 

3.4 Results & Discussion 

ANOVAs indicated no significant year effect nor year*entry interaction (p > 0.05) for all 

variables, therefore, data collected in both years were pooled (Appendix C). For analyses of rutin 

concentration in hybrids and clones, the effect of entry was significant (p < 0.0001 for clones, p 
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= 0.0003 for hybrids); for GSH, entry was only significant for hybrids (p < 0.05). In the fixed 

effects combining ability analyses, only the effect of supermale was significant (p < 0.0001) for 

rutin. 

 

3.4.1 Rutin 

Mean spear rutin concentrations for clonally-propagated genotypes were highly variable, 

ranging from 3.30 to 8.14 mg/g DW or 330 to 814 mg/kg FW, based on average 90% spear 

moisture (data not shown), which is consistent with previous reports for 20 to 24 cm spears 

(Wang et al., 2003; Fuentes-Alventosa et al., 2008; Motoki et al., 2012a; Stoffyn et al., 2012) 

(Figure 3.1). Variation was continuous, with genotype SM6 producing spears with the lowest 

rutin concentrations and F13 producing the highest. A previous study reported variation to a 

similar extent among 32 commercial hybrids (Fuentes-Alventosa et al., 2008). Continuous 

variability in spear rutin concentrations was also observed between hybrids in this study (Figure 

3.2), with a range from 4.36 to 7.61 mg/g DW. Hybrids 4x3 and 6x5 produced the highest rutin 

concentrations, while spears from 4x6, 2x4, and 1x6 contained the least rutin. 

Analysis of the combining abilities of the six supermale and three female parents 

indicated that SM1, SM2, and SM3 produced progeny with greater rutin concentrations than 

SM6 (Table 3.5); the GCA of SM3 was positive (0.6359) while SM6 had a negative GCA  

(-0.6211) (Table 3.6). No differences were observed between the progeny of the three female 

parents; all GCA estimates were 0. Estimates of SCA for all hybrids were not significantly 

different from 0 despite differences between their means. While GCA estimates of 0 may be 

undesirable in breeding, as they suggest a lack of trait heritability among the selected genotypes, 

the low or negligible SCA estimates are favourable, because they indicate a lack of variation due 
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Figure 3.1 Variability for rutin concentration (mg/g DW) in asparagus (Asparagus officinalis L.) 
spears from different clonal genotypes. Data are pooled over two years. ANOVA was conducted 
on transformed data; means (n = 2 to 8) have been backtransformed for clarity. Means for 
genotypes with the same letter are not significantly different according to a Tukey’s test on 
transformed data (α = 0.05).   
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Figure 3.2 Variability for rutin concentration (mg/g DW) in asparagus (Asparagus officinalis L.) 
spears from different hybrids (female x supermale). Data are pooled over two years. All values 
presented are means (n = 2 to 8) ± SE. Means for hybrids with the same letter are not 
significantly different according to a Tukey’s test (α = 0.05).   
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Table 3.5 Mean spear rutin concentrations (mg/g DW) of nine parental asparagus (Asparagus 
officinalis L.) genotypes, the progeny from each female and each supermale parent, and the 
progeny from each female x supermale hybridization.  

Supermale 
Parent 

Female Parent 
 

Progeny Mean 
(Supermale) 

Parent Mean 
(Supermale) F1 F4 F5 

 spear rutin concentration (mg/g DW) 
SM1 5.99abc† 5.59abc 5.82abc  5.80a (2) 5.56abcd (3) 
SM2 5.49abc 6.25abc 5.55abc  5.77a (3) 5.75abc (2) 
SM3 6.05abc 6.88a 6.44ab  6.46a (1) 7.04abc (1) 
SM4 5.74abc 5.44abc 6.02abc  5.73ab (4) -  
SM5 5.59abc 5.51abc 5.57abc  5.56ab (5) 4.50cd (4) 
SM6 4.91bc 4.36c 5.48abc  4.92b (6) 3.30d (5) 

       
Progeny Mean 

(Female) 5.63a (3) 5.67a (2) 5.81a (1)    

Parent Mean 
(Female) 5.54abc (1) 5.12abcd (2) 4.99abcd (3)    

†Data are pooled over two years. Means (n = 2 to 8) with the same letter are not significantly 
different according to a Tukey’s test (α = 0.05). Letters are only comparable within each group 
(parents, progeny means from each female or supermale, and female x supermale combination). 
The ranks of progeny and parental means within each row (females) or column (supermales) are 
given in parentheses.   
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Table 3.6 GCA and SCA effects for spear rutin concentration (mg/g DW) of nine parental 
asparagus (Asparagus officinalis L.) genotypes.  

 Female Parent   
Supermale Parent F1 F4 F5   

 SCA Effects  GCA Effects 
SM1 0.0756† -0.0546 -0.0019  0.1377 
SM2 -0.0600 0.1029 -0.0388  0.0301 
SM3 -0.0797 0.1319 0.0359  0.6359* 
SM4 0.0192 -0.0666 0.0383  -0.0657 
SM5 0.0011 -0.0037 -0.0136  -0.1169 
SM6 -0.0415 -0.1218 0.0772  -0.6211* 

      
GCA Effects 0 0 0   

*significant at p < 0.05. 
†Data are pooled over two years.  
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to dominance or epistasis. For heritable traits, this therefore implies that the best phenotype is 

likely to be produced by combining the two best parents. 

The lack of variability for rutin concentration among the selected female parents 

undoubtedly contributed to the absence of differences between their progeny for average 

concentration and GCA; increasing the range of parental concentrations could result in 

significant means separation between progeny. F13, identified as producing spears with the 

highest rutin concentrations of all clonal genotypes surveyed, could be valuable in future 

hybridizations to expand this variability. The supermale parents encompassed a greater range of 

variability than the females and SM3 and SM2 produced greater rutin concentrations than SM6, 

mirroring the significant GCA rankings, which were derived strictly from progeny means. A 

correlation between the means of progeny from each male parent with parental means was very 

high (r = 0.98), also suggesting heritability of rutin concentration.  

To confirm the presence of heritable variation, parent-offspring regression was used to 

derive two separate estimates of h2 for spear rutin concentration (Figure 3.3). The regression of 

2011 progeny means on 2012 mid-parent means was not significant (R2 = 0.01, p = 0.7021); h2 

was estimated to be 0.09 ± 0.224. By contrast, the regression of 2012 progeny means on 2011 

mid-parent means was significant (R2 = 0.23, p = 0.0436); h2 was estimated to be 0.49 ± 0.224. 

Given the differences between these two estimates, it is difficult to conclude if breeding for 

increased rutin concentrations would be possible. Sampling error is a likely contributor to the 

differing estimates; two additional harvests from each block in 2012, as well as reduced 

mortality of seedlings, significantly increased the number of plants contributing spears to 

genotype and hybrid means. In 2011, small sample sizes for the clonally-propagated parents 

would not likely have affected the accuracy of estimates significantly, since all variation between 
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Figure 3.3 Scatterplot of paired mid-parent and progeny means for asparagus (Asparagus 
officinalis L.) spear rutin concentration (mg/g DW). Means of progeny grown in 2011 were 
paired with means of parents grown in 2012 and vice versa. The slope of the best-fit regression 
line is equivalent to h2 (2011 progeny – 0.09 ± 0.224; 2012 progeny – 0.49 ± 0.224).  
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clones should theoretically be environmental. However, it is possible that in 2011, insufficient 

spears were collected to derive accurate estimates of the progeny means. Consequently, the 

heritability estimate derived from 2012 progeny on 2011 parents is more robust. Supporting this 

theory, for both years of progeny data, the regression of progeny on parents from the same year 

led to similar estimates as those from parents from the opposite year, suggesting that parental 

data are consistent and the discrepancy originates from the 2011 progeny data. 

Despite these inconsistencies in the data, genetic factors appear to affect rutin production, 

based on both combining ability analysis and the 2012 heritability estimate; however, h2 is 

moderate, suggesting that concentrations can be affected by environmental factors. Since rutin is 

produced as an environmental response to light exposure (Suzuki et al., 2005; Kohmura et al., 

2008), and previous studies have suggested an environmental component to variation (Maeda et 

al., 2008; Stoffyn et al., 2012), the magnitude of the estimate is not surprising.  

Although efforts were made to control variables affecting rutin concentration, such as 

spear length and diameter, improved sample uniformity could increase heritability estimates and 

enhance breeding for increased rutin concentration. Increased spear lengths at harvest typically 

result in increased rutin concentrations in equivalent spear portions (e.g. the top 23 cm), due to 

an increase in cumulative light exposure (Motoki et al., 2012a); this factor could have 

contributed to error in this experiment. Though spears collected in this experiment adhered to 

industry standards for the #1 grade, uniformity of spearhead tightness could also have been 

improved; loose spearheads provide additional surface area, consequently accumulating greater 

concentrations of rutin than the tightest spearheads (Motoki et al., 2012a). In the future, 

increased plot sizes and the sampling of mature plants would likely provide more uniform spears 
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than those collected in this experiment, decrease error variance, and improve separation of means 

and estimates of heritability. 

 

3.4.2 GSH 

Spear GSH concentrations in the parental clones ranged from 5.37 to 7.86 µmol/g DW, 

which agrees with previous reports (Saito et al., 2000; Demirkol et al., 2004; Qiang et al., 2005; 

Zacharis et al., 2011), although differences were not significant (Figure 3.4). With the hybrids, 

spear concentrations of GSH ranged from 6.00 to 7.44 µmol/g DW; the fixed effect of hybrid 

was significant in the ANOVA (p = 0.0487) but differences were not detected among means with 

a Tukey’s test (Figure 3.5).  

When combining ability was analyzed, SM2 (7.05 ± 0.366 µmol GSH/g DW) produced 

progeny with significantly greater spear GSH concentrations than SM3 (6.38 ± 0.364 µmol 

GSH/g DW) (Table 3.7), but no differences were detected among the progeny of the females, 

and parental means did not differ. All estimates of GCA and SCA were not significantly different 

from 0 (Table 3.8). As well, neither of the two h2 estimates was significant. For 2011 progeny-

2012 parent regression, h2 was 0.04 ± 0.266 (R2 = 0.00, p = 0.8957), and for 2012 progeny-2011 

parent regression, h2 was 0.11 ± 0.200 (R2 = 0.03, p = 0.5779) (Figure 3.6), both of which 

suggest that genetic background is a minor contributor to GSH variability in comparison to 

environmental factors.  

Stress adaptation is one of the physiological functions of GSH in plants; under conditions 

such as drought or chilling, GSH may accumulate as a protective mechanism (de Kok and 

Oosterhuis, 1983; Burke et al., 1985). As with any field experiment, despite careful blocking of 

the field to reduce variability between replicates, environmental conditions, including  
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Figure 3.4 Variability for GSH concentration (µmol/g DW) in asparagus (Asparagus officinalis 
L.) spears from different clonal genotypes. Data are pooled over two years. All values presented 
are means (n = 2 to 8) ± SE. Means for genotypes with the same letter are not significantly 
different according to a Tukey’s test (α = 0.05).  
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Figure 3.5 Variability for GSH concentration (µmol/g DW) in asparagus (Asparagus officinalis 
L.) spears from different hybrids. Data are pooled over two years. All values presented are means 
(n = 2 to 8) ± SE. Means for hybrids with the same letter are not significantly different according 
to a Tukey’s test (α = 0.05). Hybrids are presented as the cross female x supermale.  
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Table 3.7 Mean spear GSH concentrations (µmol/g DW) of nine parental asparagus (Asparagus 
officinalis L.) genotypes, the progeny from each female and each supermale parent, and the 
progeny from each female x supermale hybridization.  

Supermale 
Parent 

Female Parent 
 

Progeny Mean 
(Supermale) 

Parent Mean 
(Supermale) F1 F4 F5 

 spear GSH concentration (µmol/g DW) 
SM1 7.08a† 6.09a 7.08a  6.75ab (3) 6.10a (3) 
SM2 7.03a 6.93a 7.19a  7.05a (1) 7.86a (1) 
SM3 6.54a 6.33a 6.26a  6.38b (5) 5.82a (4) 
SM4 6.59a 7.42a -  -  -  
SM5 6.77a 7.52a 6.73a  7.01ab (2) 6.53a (2) 
SM6 6.42a 6.95a 6.64a  6.67ab (4) 5.37a (5) 

       
Progeny Mean 

(Female) 6.74a (2) 6.87a (1) -     

Parent Mean 
(Female) 7.07a (2) 6.52a (3) 7.82a (1)    

†Data are pooled over two years. Means with the same letter are not significantly different 
according to a Tukey’s test (α = 0.05). Letters are only comparable within each group (parents, 
progeny means from each female or supermale, and female x supermale combination). The ranks 
of progeny and parental means within each row (females) or column (supermales) are given in 
parentheses.   
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Table 3.8 GCA and SCA effects for spear GSH concentration (µmol/g DW) of nine parental 
asparagus (Asparagus officinalis L.) genotypes.  

 Female Parent   
Supermale Parent F1 F4 F5   

 SCA Effects  GCA Effects 
SM1 0.1557† -0.2374 0.1112  0.0184 
SM2 0.0572 0.0135 0.1077  0.1110 
SM3 -0.0301 -0.1067 -0.1485  -0.1775 
SM4 -0.0984 0.2428 0  0.0899 
SM5 -0.0088 0.0556 -0.0229  0.0149 
SM6 -0.1213 0.0597 -0.0294  -0.0566 

      
GCA Effects 0 0 0   

*significant at p < 0.05. 
†Data are pooled over two years.  
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Figure 3.6 Scatterplot of paired mid-parent and progeny means for asparagus (Asparagus 
officinalis L.) spear GSH concentration (mg/g DW). Means of progeny grown in 2011 were 
paired with means of parents grown in 2012 and vice versa. The slope of the best-fit regression 
line is equivalent to h2 (2011 progeny – 0.04 ± 0.266; 2012 progeny – 0.11 ± 0.200).  
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temperature and soil moisture, are not necessarily uniform across an entire block; certain 

stressors may differentially affect individual plots within a block, which may have led to 

experimental error and a lack of separation between means. Plants were also likely subjected to 

different stressors across the two years of the study; the discrepancy in GSH concentrations 

between years, although neither year nor year*genotype effects were significant, was most likely 

a result of differing environmental conditions, and may have influenced heritability estimation 

by parent-offspring regression.  

Although environmental influences appear to affect GSH concentrations more than 

genetic background, other factors may have also influenced the outcome of this study. Due to 

time constraints, fewer clonal genotypes – only the parents involved in the half-diallel cross – 

were surveyed for GSH than for rutin, and it is unlikely that all the potential variability for GSH 

concentration was captured within those 11 genotypes; studying additional genotypes could 

potentially reveal differences. If variability is discovered, hybridizations between parents may 

reveal a genetic component to heritability. In addition, while significant research has been 

directed towards rutin and factors affecting spear concentrations, factors affecting GSH 

concentrations have not been established – genetic differences may have been masked by 

uncontrolled factors such as spear height at harvest or postharvest storage conditions.  

 

3.4.3 Protodioscin 

Of the individual spear samples analyzed, 58% contained 0 to 0.10 mg protodioscin/g 

DW; variation was continuous from 0.10 to 2.67 mg/g DW for the remaining 42%, resulting in a 

highly skewed distribution (Figure 3.7). Within each genotype, similarly skewed distributions 

were observed, precluding the identification of specific high- or low-protodioscin genotypes,  
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Figure 3.7 Cumulative frequency distribution for protodioscin concentration (mg/g DW) in 
individual asparagus (Asparagus officinalis L.) spears from different clonal genotypes.  
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although significant differences between the distributions of the asparagus genotypes were found 

using the Kruskal-Wallis chi square test (p = 0.0048). Averages for clonal genotypes ranged 

from 0.05 to 0.98 mg/g DW (5 to 98 mg/kg FW) (Table 3.9). Previously, protodioscin 

concentrations in green spears have been reported to be 0 (or non-detectable) to 160 mg/kg FW 

in 20 to 24 cm green spears and up to 2.5 mg/g DW in the protodioscin-rich bottom third of a 24 

cm spear (Wang et al., 2003; Chin and Garrison, 2008; Motoki et al., 2012b). The range of 

protodioscin concentrations detected in the current study is greater than in previous studies, as 

full-length spears contained similar concentrations to those previously found in only the bottom 

spear portion. 

Protodioscin concentrations are significantly greater in spear butts than upper portions 

(Wang et al., 2003; Chin and Garrison, 2008), and presumably continue to increase towards the 

crown, the underground structure where spears originate, which contains up to 10.4 mg 

protodioscin/g DW (Lee et al., 2010). Differences in spear height at harvest may have resulted in 

the introduction of considerable variability; the shortest spears at harvest would have the greatest 

protodioscin concentrations. Consequently, any potential genetically-based differences would 

have easily been masked. Commercially-harvested spears are also harvested at varying heights, 

with spear length in excess of 23 cm from the tip trimmed and discarded. Therefore, the value in 

breeding for increased protodioscin concentrations in the edible portions of spears may be 

minimal if the magnitude of the difference in concentration between spears harvested at different 

lengths is greater than the range of genetic variability. However, further research would be 

required to confirm such a hypothesis. 

Though Chin & Garrison (2008) reported significant differences between green asparagus 

cultivars for protodioscin concentration, study details such as replication and spear height at  
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Table 3.9 Mean spear concentrations of protodioscin (mg/g DW ± SE) in clonal asparagus 
(Asparagus officinalis L.) genotypes†.  

Genotype 
Protodioscin Concentration 

(mg/g DW ± SE) 
SM12 0.05 ± 0.019 
F13 0.05 ± 0.031 
F1 0.06 ± 0.033 
F3 0.06 ± 0.034 
F10 0.09 ± 0.039 
SM1 0.12 ± 0.053 
M1 0.13 ± 0.029 
F15 0.14 ± 0.051 
F4 0.16 ± 0.084 
SM13 0.24 ± 0.100 
SM3 0.25 ± 0.132 
F16 0.30 ± 0.138 
SM2 0.30 ± 0.185 
F14 0.34 ± 0.296 
F9 0.38 ± 0.124 
SM7 0.38 ± 0.190 
F11 0.40 ± 0.212 
SM5 0.52 ± 0.237 
SM6 0.62 ± 0.326 
F12 0.86 ± 0.508 
F7 0.95 ± 0.346 
F8 0.98 ± 0.331 

†Data are pooled over two years; n = 5 to 12.  



 82 

harvest were not provided, making it difficult to make comparisons with the current study. 

Additionally, Schwarzbach et al. (2006) observed differences in protodioscin concentration 

between white asparagus cultivars, which contain much higher concentrations than green spears.  

Although high-protodioscin genotypes were not identified, this study confirms a 

significant concentration of protodioscin in green spears, and suggests, as has been previously 

hypothesized (Motoki et al., 2012), that spear trimmings likely represent a good source of 

protodioscin. 

 

3.4.4 Correlations 

A significant and negative correlation was observed between spear diameter and rutin 

concentration (r = -0.42), which was expected due to the localization of rutin to spear epidermal 

tissues (Table 3.10). When measurements were adjusted for spear diameter, the correlation was 

reduced (r = 0.00). Only a small correlation between GSH concentration and diameter was noted, 

and the correlation of diameter with protodioscin was not significant. In general, phytochemical 

concentrations did not vary together; there was only a small negative correlation between 

protodioscin and rutin (r = -0.34), suggesting that simultaneous breeding for both traits may be 

difficult. 

 

3.4.5 Effects of Pedigree 

As the continental origins of the clonal genotypes were available (Table 3.1), 

phytochemical concentrations and origins were compared to determine any influence of genetic 

background (data not shown). No relationship was observed between either rutin or protodioscin 

concentration and geographical background; genotypes originating from both North American  
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Table 3.10 Pearson Correlation Coefficients (r) and statistical significance (p-values) calculated 
between different parameters measured on spears from a genetically diverse group of asparagus 
(Asparagus officinalis L.) clonal genotypes and hybrids. 

 Rutin   
Parameter Raw† Adjusted GSH Protodioscin 

Diameter -0.42 
(<0.0001) 

0.00 
(0.9993) 

0.16 
(0.0005) 

0.09 
(0.2133) 

Rutin     

     Raw  0.90 
(<0.0001) 

-0.08 
(0.0822) 

-0.34 
(<0.0001) 

     Adjusted   -0.01 
(0.7733) 

-0.35 
(<0.0001) 

GSH    -0.07 
(0.5281) 

†Spear diameter was measured 2.5 cm from the butt; raw rutin concentrations were adjusted 
according to spear diameter.  
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and European sources were present at both extremes. Additionally, no heterosis for rutin 

concentration was apparent between parents of differing continental origins. All three European 

genotypes were ranked the lowest for GSH concentration; however, no heterosis was present in 

the progeny from geographically diverse parents. Since asparagus is known to have a narrow 

genetic base, and many genotypes eventually trace back to the same origins, these findings 

suggest that selection criteria in different regions do not greatly influence the production of these 

phytochemicals, therefore origin may have little value as a primary selection criterion for 

parental germplasm for phytochemical breeding purposes. 

 

3.5 Summary 

Breeding asparagus to increase phytochemical concentrations and positively impact 

health first requires an understanding of both the extent of genetic variation for phytochemical 

concentration that is present and the portion of that variation which is heritable. The survey of 

asparagus germplasm indicates that variability for spear rutin concentrations exists; furthermore, 

a supermale parent (SM3) with good combining ability was identified, and a female genotype 

(F13) containing more rutin than other genotypes was discovered. Though heritability estimates 

indicate that environmental factors exert considerable influence on rutin concentrations, 

increasing plot sizes or evaluating more mature plants than those assessed here may improve 

spear uniformity and therefore, heritability and breeding success.  

With GSH and protodioscin, unanticipated factors hindered the ability to study 

heritability. Environmental factors appear to be highly influential for determining spear GSH 

concentrations, though the possibility that the genotypes sampled did not encompass the full 

range of variability cannot be discounted; for protodioscin, sampling techniques must be 
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modified to accurately assess concentrations. Prior to further hybridizations, a comprehensive 

study, using mature plants, of the influence that environmental and other factors have upon spear 

concentrations of both GSH and protodioscin would be beneficial to improve understanding and 

determine the feasibility of increasing concentrations through breeding. Although a supermale 

parent (SM2) producing superior GSH concentrations in progeny was identified, the magnitude 

of environmental influence observed during the study, particularly between years, suggests that 

breeding for improved GSH concentrations may be difficult. For protodioscin, there may be 

value in the utilization of spear trimmings as a source for phytochemical extraction; breeding for 

increased concentrations of protodioscin in spear bottoms may be a possible future goal. Though 

breeding for increased GSH and protodioscin concentrations will require additional 

experimentation, the groundwork has been provided to breed for improved spear rutin 

concentrations and potentially enhance the health-beneficial value of asparagus. 
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4 EXPERIMENT 2: EFFECTS OF COOKING ON THE PHYTOCHEMICAL CONTENT & 

ANTIOXIDANT ACTIVITY OF ASPARAGUS SPEARS 

4.1 Abstract 

Asparagus spears are a good source of phytochemical antioxidants such as rutin and 

GSH, which may positively affect human health. The objectives of this study were to identify the 

cooking method(s) and duration(s) that allow the greatest retention of health-beneficial 

compounds and antioxidant activity. Spears were baked, boiled, pan-fried, grilled, microwaved, 

and steamed, each for three different durations, and compared to raw spears. Rutin was found to 

be heat-stable, but boiling leached up to 22%. GSH concentrations decreased more the longer 

spears were cooked with dry heat. FRAP and ORAC antioxidant activity increased or remained 

unchanged after cooking regardless of method or duration. The results suggest that asparagus is 

moderately resistant to phytochemical losses during cooking, though minimizing cooking 

duration would be beneficial to achieve maximum benefit from eating asparagus. 

 

4.2 Introduction 

Eating fruits and vegetables positively affects human health, reducing the incidence of 

cancer, cardiovascular disease, and other chronic conditions (Verlangieri et al., 1985; Joshipura 

et al., 1999; Bosetti et al., 2005). Although constituents obtained from these foods, such as 

vitamins and dietary fibre, are valuable in the human diet, certain phytochemicals can act as 

antioxidants in the body, mediating damage from ROS that has been implicated in the 

development of numerous degenerative conditions (Ames, 1989; Ames et al., 1993; Halliwell, 

1996; Hollman and Katan, 1997; Hanhineva et al., 2010). Phytochemicals can be consumed in 

the form of supplements; however, eating whole, functional foods may be preferable, not only to 
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retain the benefits of as-yet uncharacterized nutrients, but also to allow for potential synergism to 

occur between different phytochemicals (Ghiselli et al., 1995; Liu, 2003a; b; Carlsen et al., 

2010). 

Fruits are often consumed raw, but many vegetables are eaten after some measure of 

cooking, which increases palatability by inducing favourable changes in flavour and texture. 

Cooking can not only influence sensory characteristics, but also affect nutritional value 

(Jiménez-Monreal et al., 2009). Although it was once assumed that cooking was a detrimental 

process for nutrient retention, potential benefits such as enhanced nutrient bioavailability and 

improved antioxidant activity are now recognized. However, the choice of cooking method 

influences the extent to which such potential health benefits may be retained, as each method 

affects vegetables in a different capacity (Miglio et al., 2008; Pellegrini et al., 2009). For 

example, boiling caused significantly greater losses of vitamin C than either microwave-

steaming or stir-frying in green beans, spinach, and Nappa cabbage (Masrizal et al., 1997); in 

carrots, courgettes, and broccoli, the carotenoid content was better preserved when vegetables 

were cooked by water-based methods than when they were fried (Miglio et al., 2008). Effects on 

specific vegetables also cannot necessarily be extrapolated to others, due to constitutive factors 

including morphology and initial concentrations of beneficial compounds (Jiratanan and Liu, 

2004; Miglio et al., 2008; Jiménez-Monreal et al., 2009). While steaming caused no change in 

the phenolic concentration of peppers or spinach, increases were noted for squash, peas, and 

leeks, and decreases were observed with green beans and broccoli; by contrast, boiling did not 

affect either broccoli or spinach, yet phenolic compounds were lost from peppers and green 

beans, and apparent increases were detected in squash, peas, and leeks (Turkmen et al., 2005). 

Similar discrepancies are reported for measurements of antioxidant activity; pan-frying increased 
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antioxidant activity in both eggplant and potato, but had a negative effect on mushrooms and 

beets (Pellegrini et al., 2009). 

Results are often inconsistent even when the same vegetable and cooking method(s) are 

studied. When broccoli was boiled, total phenolic compounds were reduced (Zhang and 

Hamauzu, 2004; Miglio et al., 2008), unchanged (Turkmen et al., 2005), or increased (Ng et al., 

2011), depending on which study is selected. Such discrepancies are most likely attributable to 

differences in cooking parameters including duration and temperature, or the use of intact or 

chopped vegetables, making comparisons across studies difficult.  

When multiple methods of cooking on are evaluated on a single vegetable, comparisons 

can be made as many variables are controlled; however, a single duration is often selected for 

each method, disregarding the possibility that cooking time may be one of the most influential 

factors determining nutrient retention or losses. Broccoli microwaved for 30 sec lost 30% of total 

phenolic compounds, which gradually increased to 72% after 5 min (Zhang and Hamauzu, 

2004). Cooking durations are typically selected for optimal sensory properties, such as adequate 

softening and flavour changes (Pellegrini et al., 2009), but consumer preferences for degree of 

cooking are variable and do not always match those presented by researchers. Thus, 

comprehensive studies of individual vegetables are desirable to identify optimal, or preferable, 

cooking processes, including the effects of easily-controllable variables such as duration, to 

maximize the potential health benefits from consumption.  

Asparagus (Asparagus officinalis L.), a healthy, low-calorie vegetable, is a rich source of 

various bioactive phytochemicals, particularly the antioxidants rutin and GSH, a flavonoid and a 

biothiol, respectively (Spanos and Wrolstad, 1990; Vinson et al., 1998; Singleton et al., 1999; 

Demirkol et al., 2004; Zhang et al., 2006; United States Department of Agriculture, 2013). In 
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clinical studies, dietary rutin may attenuate damage caused by both cerebral and myocardial 

ischemia reperfusion (Khan et al., 2009; Challa et al., 2011), help prevent and treat 

experimentally-induced colitis, or inflammatory bowel disease (Cruz et al., 1998), and reduce 

hemorrhaging associated with hypertension by strengthening fragile capillary walls (Griffith et 

al., 1944; Hellerstein et al., 1951). GSH is a principal endogenous intracellular antioxidant in 

living organisms, directly protecting cells against oxidative damage by ROS and acting as a 

substrate for detoxifying enzymes such as GSH peroxidase (Fang et al., 2002; Bopana and 

Saxena, 2007). Oral administration can help to correct GSH deficiency (Aw et al., 1991), a state 

associated with increased oxidative stress that often occurs in conjunction with disease 

development (Meister, 1991).  

Previously, the effects of cooking on these asparagus phytochemicals have not been well-

studied. After boiling, spear rutin concentrations have increased (Fanasca et al., 2009) and 

decreased (Makris and Rossiter, 2001); other cooking methods, as well as the effects of cooking 

on GSH concentrations, have not been investigated. Reports of antioxidant activity in cooked 

asparagus spears are also contradictory; increases and decreases have both been reported after 

either boiling or pan-frying (Gębczyński, 2007; Fanasca et al., 2009; Jiménez-Monreal et al., 

2009; Pellegrini et al., 2009). Resolving these contradictions and establishing ideal cooking 

guidelines could maximize health benefits for consumers.  

The objectives of this research were to determine the best cooking method for retaining 

phytochemical concentration and antioxidant activity in asparagus spears, among those tested in 

this study, and concurrently investigate whether duration affects retention. It was hypothesized 

that phytochemical losses would occur primarily through leaching and baking, frying, and 

grilling would maintain phytochemical concentrations better than water-based methods 
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(microwaving, steaming, and boiling). Of the dry heat-based methods, pan-frying is expected to 

have the greatest negative impact on phytochemical retention and antioxidant activity due to the 

direct contact of rutin-rich epidermal tissues with oil and high heat. Increasing cooking duration 

within each method was expected to correlate negatively with concentrations of the investigated 

compounds. It is also hypothesized that colour and textural changes will reflect phytochemical 

changes, which could be useful for consumers to identify and prevent significant nutrient losses. 

 

4.3 Materials & Methods 

4.3.1 Plant Material 

Commercially packed #1 grade spears of asparagus cultivar GM were purchased from a 

local grower the day before each cooking day, transferred to a household refrigerator at 4°C, and 

stored upright with the cut ends on damp paper towels. On those days, the spears were trimmed 

to 22 cm long and the diameter was measured 2.5 cm from the butt. In 2011, spears between 9 

and 13 mm in diameter were retained, while in 2012, spears 10 to 12.5 mm in diameter were 

used for five replicates and those up to 13 mm were used for an additional replicate. After 

trimming, spears were returned to 4°C overnight, and transported to a 7°C refrigerator in the 

cooking facility in the morning.  

 
4.3.2 Experimental Design 

Batches of asparagus spears were cooked by one of six commonly used methods: baking, 

boiling, pan-frying (referred to as frying), grilling, microwaving, or steaming, each for three 

different durations, or left uncooked as controls. A total of 19 treatments (method x duration 

combinations) were tested (Table 4.1). Preliminary trials, following recommendations from the 

Asparagus Farmers of Ontario (Ontario Asparagus Growers' Marketing Board, 2005), were 
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Table 4.1 Durations (min) of cooking methods tested for asparagus (Asparagus officinalis L.) 
spears. 

Cooking Method Duration 1 Duration 2 Duration 3 
Uncooked (control) - - - 
Baking 7.0 12.5 18.0 
Boiling 4.0 7.5 11.0 
Frying 4.0 9.0 14.0 
Grilling 3.0 5.0 7.0 
Microwaving 2.0 3.0 4.0 
Steaming 5.0 10.5 16.0 

  



 92 

conducted to select appropriate durations for each method using the selected equipment and 

diameter of spears. Durations were chosen to reflect the minimum time required to cook the 

asparagus, a maximum time at which the asparagus would be considered overcooked due to 

degraded sensory qualities, and the midpoint between them. The experiment was conducted as a 

RCBD, with four to six different days of cooking considered blocks. For each day, cooking 

treatments were randomized for the order in which they were conducted. Grilling treatments 

could not be fully randomized as the barbecue was off-site; these treatments were conducted in a 

random order at the beginning or end of each cooking day. Four replications of this experiment 

were conducted in 2011, and the experiment was independently repeated in 2012 with six 

replications, with modifications as described below. 

 

4.3.3 Cooking Methods 

Eleven to twelve spears were randomly selected from the refrigerator to make up a batch 

of spears, representing a single experimental unit. Each spear was cut transversely into two equal 

11 cm portions to facilitate cooking methods such as boiling and frying where long spears would 

be difficult to handle. In 2011, the batch consisted of eleven spears, while one additional spear 

was included with each treatment in 2012 to improve uniformity among batches. 

Cooked spears were immediately drained of liquid if necessary and cooled to room 

temperature on paper towels for approximately 20 min. Batches were weighed; from each, two 

groups of three top and three bottom segments were set aside, one for shear force and colour 

analyses, which was wrapped in tinfoil and stored overnight at 4°C., and the other weighed 

separately, placed into 50 mL tubes, and frozen at -20°C for moisture content analysis. The 

remaining spears (five tops/bottoms in 2011, six tops/bottoms in 2012) were weighed, packaged 
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in tinfoil, flash-frozen in liquid nitrogen, and stored at -80°C. After each treatment in 2011, any 

liquid or residue present in the cooking vessel (e.g. boiling water or frying oil) was retained and 

frozen at -20°C to evaluate phytochemical losses due to leaching.  

 
4.3.3.1 Controls 

Five batches of spears prepared as described for cooking treatments were used as controls 

on each day the experiment was conducted. One control was sampled at each of the beginning, 

middle, and end of each day, and one was sampled randomly during the day. An additional 

control was sampled from spears taken off-site for grilling, to observe any effect of the increased 

periods between removing spears from refrigeration, cooking, and flash-freezing that were 

required for grilling compared to the other cooking methods. 

 

4.3.3.2 Baking 

Spear segments were arranged in a single layer on parchment paper in a 23 cm x 23 cm 

Lagostina metal cake pan (Coranco Corporation Ltd., Pointe Claire, QC) and baked in a reel-type 

test baking oven (Model 8/16, National Manufacturing Company, Lincoln, Nebraska) at 450°F 

(~232°C), with the convection function activated. Upon removal from the oven, the spears and 

parchment were immediately removed from the pan to cool. In 2011, residue was collected from 

the parchment paper by rinsing with 50 mL of distilled water. 

 

4.3.3.3 Boiling 

For each treatment, 1.2 L of distilled water was heated to boiling (100°C) in a lidded 3.3 

L (3.5 qt) Thermalloy pot set on a Cimarec digital hot plate (Barnstead/Thermolyne, Dubuque, 

IA) at 400°F (~204°C). The treatment duration began when spears were placed into the water 
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and the lid replaced on the pot. When the treatment was complete, the spears were immediately 

drained in a colander and cooled on paper towels. In 2011, a portion of the boiling water was 

retained for phytochemical analysis. 

 

4.3.3.4 Frying 

A large non-stick frying pan was preheated for 5 min on a Fisher Thermix 210T hot plate 

(Fisher Scientific, Pittsburgh, PA) set to maximum (2011) or for 15 min on a Cimarec hot plate 

set to 540°F (~282°C) (2012). Ten mL of canola oil was added to the pan and heated for 5 min 

and 10 min in 2011 and 2012, respectively. For each frying duration, spears were placed in the 

pan, covered with a mesh splatter-guard (2012 only), and stirred every 1 to 2 min. At the 

completion of the treatment, cooked spears were immediately removed from the pan and cooled 

on paper towels. Excess oil was blotted from the spears prior to weight measurements and 

freezing. In 2011, the frying pan was rinsed with 25 mL water to collect residual oil and other 

cooking residue.  

 

4.3.3.5 Microwaving 

Spear segments were arranged in a single layer in a 22.9 cm x 33 cm (9 inch x 13 inch) 

Pyrex dish (World Kitchen, LLC, Rosemont, IL) and 30 mL of distilled water was added to the 

centre of the dish, which was then covered with the accompanying loose-fitting plastic lid. 

Spears were microwaved at high power in a Panasonic The Genius Prestige microwave (model 

NN – SN648S in 2011 and model NN – P794SFX in 2012, Panasonic Corporation of North 

America, Secaucus, NJ) for the specified durations. In 2011, the lid was removed approximately 

2 min after microwaving, and spears were placed immediately thereafter on paper towels to cool; 
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the residual liquid from the Pyrex dish was collected for analysis. In 2012, the lid was removed 

immediately following microwaving, and within 2 min, spears were placed on paper towels to 

cool.  

 

4.3.3.6 Grilling 

In 2011, a Ducane propane barbecue (Ducane, Palatine, IL) was preheated to 

approximately 350°F (~177°C); in 2012, a Thermos Quickset Traditional propane barbecue 

(Char-Broil, LLC, Columbus, GA) was preheated until it reached a temperature of approximately 

550°F (~288°C). Spears were evenly distributed in a single layer in a wire grill basket, the basket 

was placed on the grill (the upper rack in 2012), and the lid was closed for the duration of the 

treatment. When complete, the spears were immediately removed from the grill basket and 

allowed to cool. Spears were weighed and frozen after the completion of all grilling treatments 

for that particular day. 

 

4.3.3.7 Steaming 

For each steaming treatment, 1.5 L of distilled water was heated to boiling (100°C) in a 

Cool Kitchen Pro 7.5 L pasta cooker with a lid (Orly Global Trading Inc., Montreal, QC) set on a 

Cimarec hot plate at 400°F (~204°C). The water level remained below the spears during the 

treatment. Spears were evenly arranged in a single layer in the steaming basket, and the 

treatment began when they were placed into the pot and the lid replaced. When the treatment was 

complete, the steaming basket was removed and the spears were placed on paper towels to cool. 

In 2011, a portion of the steaming water was retained for phytochemical analysis. 
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4.3.4 Moisture Content & Hexane Extraction of Fried Samples 

Frozen spears reserved for moisture content analysis were thawed, placed into small, 

weighed tin pie plates, and dried for approximately 7 days at 80°C, until samples reached a 

constant weight. To extract the canola oil from fried samples, approximately 10 mL of hexane 

was added to 0.5 g of freeze-dried asparagus powder. Samples were shaken vigourously and 

incubated at room temperature for 30 min before filtration through 0.2 µm Whatman filter paper 

(Whatman International Ltd., Maidstone, Kent, UK). Samples were rinsed with approximately 50 

mL of hexane to remove all traces of oil, and air-dried overnight before being weighed to 

estimate oil content as the difference in sample mass before and after extraction.  

For the objective of this study, which was to examine actual changes in phytochemical 

concentrations and antioxidant properties, data are presented on an oil-free oven-dried DW basis, 

to prevent bias caused by oil uptake or differential changes in moisture content during cooking, 

particularly between water- and dry heat-based treatments. For all biochemical analyses, values 

presented for fried samples have been adjusted to account for oil content by calculating 

concentrations using the theoretical oil-free sample weight. 

 

4.3.5 Shear Force 

Shear tests were performed the next morning using the TA.HDPlus Texture Analyzer 

(Stable Micro Systems, Goldalming, Surrey, UK) equipped with a Warner-Bratzler V slot blade. 

Each 11 cm spear segment was individually placed on the holder such that the blade would slice 

transversely its midpoint and divide it into two 5.5 cm pieces. The crosshead speed was 1.5 

mm/sec and a button trigger was set to have the blade descend 16 mm to ensure that the sample 

was cut completely through. The maximum force (N) required to cut through each segment was 
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measured, and percent softening was calculated [equation 3]. In 2012, shear force was only 

analyzed for five of the six replications. 

[3] 𝑝𝑒𝑟𝑐𝑒𝑛𝑡  𝑠𝑜𝑓𝑡𝑒𝑛𝑖𝑛𝑔 = 1  − 𝑁!""#$%   ÷   𝑁!"#   ×  100 

 

4.3.6 Colour 

A HunterLab LabScan XE Spectrophotometer (Hunter Associates Laboratory Inc., 

Reston, VA) equipped with a standard illuminant D65 was used to measure spear colour. After 

shear force analysis, all 5.5 cm pieces from each treatment (12 in total) were mixed and 

randomly placed in a glass sample cup. Using the 10° position of the standard observer, L* 

(lightness; 0 = black and 100 = white), a* (red > 0 to green < 0), and b* (blue > 0 to yellow < 0) 

values were measured on the external spear surface. The contents of the sample cup were mixed 

and measured four additional times to obtain five total measurements per sample. Lightness 

scores and hue angle (in degrees) [equation 2] are reported. A hue angle of 0° = red, 90° = 

yellow, 180° = green, and 270° = blue. In 2012, colour analysis was only analyzed for five of the 

six replications. 

 

4.3.7 Biochemical Analyses 

4.3.7.1 Reagents & Chemicals 

HPLC-grade methanol and acetonitrile were purchased from EMD (Billerica, MA) and/or 

Caledon (Georgetown, ON). L-serine (≥99%), NPM, rutin hydrate (≥94%), 2,4,6-tris(2-pyridyl)-

s-triazine (TPTZ) (≥98%), fluorescein, and gallic acid (99.3%) were purchased from Sigma (St. 

Louis, MO). Trolox (97%) and AAPH (97%) were obtained from Aldrich (St. Louis, MO). 

Folin-Ciocalteu’s Phenol Reagent and DETAPAC (≥99%) were purchased from Sigma-Aldrich 
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(St. Louis, MO). Iron(III) chloride hexahydrate (98.0-102%) was purchased from Fluka 

Analytical (St. Louis, MO), and acetic acid, phosphoric acid, sodium acetate, and sodium 

carbonate were purchased from Caledon (Georgetown, ON). L-ascorbic acid (≥99%), boric acid, 

hexane, and tris base were obtained from Fisher Scientific (Pittsburgh, PA). Reduced GSH 

(92%) was obtained from ChromaDex (Irvine, CA). Sodium phosphate monobasic and sodium 

phosphate dibasic were purchased from Calbiochem (Billerica, MA) and hydrochloric acid was 

purchased from BDH (Toronto, ON). Nanopure water (NANOpure DIamond UV, 

Barnstead/Thermolyne, Dubuque, IA) was used to prepare all solutions. 

 

4.3.7.2 Sample Preparation 

4.3.7.2.1 Spears 

Frozen spears were freeze-dried for approximately 4 days. All spears from each 

treatment, kept separate by block, were placed in a 250 mL stainless steel blender cup and 

ground to a fine powder with a Waring blender. Spears were ground for 1 min in increments of 

20 sec, with samples shaken in the blender cup between each grinding episode. The resulting 

powder was stored in sealed plastic bags at -80°C. 

 

4.3.7.2.2 Cooking Liquid 

Aliquots of liquid from each treatment were freeze-dried separately. For boiling and 

steaming, 20 mL of liquid was freeze-dried into the same tube in two 10 mL batches; 10 mL was 

used for baking residue and 2 mL for microwaving and frying. 
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4.3.7.3 Rutin Extraction & HPLC Analysis 

Rutin was extracted and analyzed as described in Chapter 3, with modifications; small 

sample sizes were not a limitation, therefore 10 mL of 80% methanol was added to 0.25 g of 

freeze-dried powder. For the freeze-dried residual liquid, 5 mL of 80% methanol was added to 

the dry contents of each tube. All samples were stored at -80°C before analysis, and were 

returned to the freezer after HPLC analysis for use in additional assays. 

 

4.3.7.4 GSH Extraction, Derivatization & HPLC Analysis 

GSH was extracted and analyzed as described in Chapter 3. 

 

4.3.7.5 Total Phenolics 

Total phenolic concentration in samples was determined using the colourimetric Folin-

Ciocalteu reaction, modified from previously published methods (Spanos and Wrolstad, 1990; 

Singleton et al., 1999; Zhang et al., 2006). The methanolic extracts prepared for rutin analysis 

were used as samples, and gallic acid solutions (25, 50, 100, 200, 300, and 400 ppm) prepared 

fresh daily in 80% methanol were included on each plate as standards. In triplicate, 25 µL of 

samples, standards, or 80% methanol as a blank were added to separate wells of a 96-well 

microplate, followed by 125 µL of 0.2 N Folin-Ciocalteu’s Phenol Reagent. The plate was 

swirled to mix the samples, and after incubation for 8 to 10 min at room temperature, 125 µL of 

a 7.5% Na2CO3 solution was added to each well and the samples were again mixed. The plate 

was then covered and incubated at room temperature for at least 3 hr. As colour development is 

known to be stable for up to 1 day, absorbance of each sample was measured within 24 hr at 765 

nm using a BioTek PowerWave XS2 microplate reader (BioTek Instruments, Inc., Winooski, 
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VT). Response was linear within the tested range of standard concentrations, and the linear 

regression R2 was greater than 0.997. Concentration is reported as mg gallic acid equivalents 

(GAE)/g DW. 

 

4.3.7.6 FRAP 

The FRAP assay was performed according to the method described by Benzie & Strain 

(1996), with modifications. The methanolic extracts previously prepared for rutin analysis were 

used as samples. L-ascorbic acid solutions (250, 500, 1000, 1250, and 1500 µM) were prepared 

fresh daily in distilled water as standards and included on each plate. Ten µL of samples, 

standards, or 80% methanol as a blank were added in triplicate to separate wells of a 96-well 

plate, followed by 300 µL of FRAP reagent (acetate buffer (300 mM, pH 3.6), 10 mM TPTZ in 

40 mM HCl, and 20 mM FeCl3•6H2O, mixed daily in a ratio of 10:1:1). After adding FRAP 

reagent, plates were incubated for 1 hr at room temperature before absorbance of the samples 

was measured at 593 nm using a BioTek PowerWave XS2 microplate reader. Response was 

linear within the tested range of standard concentrations, and the linear regression R2 was greater 

than 0.995. Antioxidant activity is reported as µmol FRAP value/g DW. 

 

4.3.7.7 ORAC 

ORAC was measured according to the procedure outlined by Prior et al. (2003), using the 

methanolic extracts prepared for rutin analysis diluted 1/200 in 75 mM phosphate buffer (pH 

7.4). A 0.02 M stock solution of Trolox in methanol, prepared fresh daily, was diluted with 75 

mM phosphate buffer to prepare solutions of Trolox (6.25, 12.5, 25, and 50 µM) to be used as 

standards on each plate. Twenty-five µL of samples, standards, or phosphate buffer as a blank 
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were added in either triplicate or quadruplicate to separate wells of a black-walled 96-well 

microplate. One-hundred fifty µL of a 6.27x10-5 mM fluorescein solution, prepared in 75 mM 

phosphate buffer, was added to each well, and the plate was briefly swirled prior to incubation 

for a minimum of 30 min at 37°C. After incubation, 25 µL of 153 mM AAPH solution was 

quickly added to each well and the plate was immediately transferred to a BioTek FLx800 

Fluorescence microplate reader (BioTek Instruments, Inc., Winooski, VT), where it was mixed 

by shaking at maximum intensity for 10 sec. Fluorescence was measured every minute for 75 

min, with excitation and emission wavelengths of 528 and 485 nm, respectively. Concentration 

was equivalent to the area under the decay curve. Response was linear within the test range of 

standard concentrations, and the linear regression R2 was greater than 0.97. Antioxidant activity 

is reported as µmol Trolox equivalents/g DW. 

 

4.3.8 Statistical Analyses 

ANOVAs using the Proc Mixed procedure in SAS 9.2 (SAS Inc., Cary, NC) were 

conducted separately for each measured parameter (Appendix C). Variance of each parameter 

was partitioned into the fixed effects of method and the nested factor of cooking duration within 

each method (time(method)), and the random effects of year, block, and year*method. When the 

year*method interaction was not significant (p > 0.05), data were pooled across both years and 

variance was partitioned into the fixed effects of method and time(method) and the random effect 

of block. The 2012 grilling treatments were removed from the pooled dataset for all analyses due 

to significant charring of the spears caused by the higher grilling temperature as compared to 

2011. Residuals were tested using Proc Univariate to ensure the assumptions of variance analysis 

were met, and transformations of the data were made as required (Table 4.2). To meet the  
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Table 4.2 Data transformations required for each parameter measured on asparagus (Asparagus 
officinalis L.) spears to meet the assumptions of variance analysis. 

Parameter Transformation Heterogeneity† 
Moisture content square root No 
Oil content square root Yes 
Force   
   Top segment natural logarithm No 
   Bottom segment natural logarithm Yes 
Lightness none No 
Hue none No 
Total phenolics natural logarithm No 
Rutin (spears) natural logarithm No 
Rutin (liquid) square root Yes 
GSH none Yes 
FRAP natural logarithm No 
ORAC none Yes 

†When heterogeneity of error was identified between cooking methods during analysis of 
variance, a repeated measures correction was used to meet the assumptions of a linear additive 
model.  
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assumptions of normality, outlying data points, identified with the Lund’s Test of Outliers (Lund, 

1975), were removed from each analysis. Due to heterogeneity of error between cooking 

methods for some parameters, repeated measures analysis was used to generate unstructured 

covariances and model heterogeneous variability. F-tests and Z-tests were used to determine the 

significance of fixed and random sources of variation, respectively, and least square means and 

their associated standard errors were generated for each cooking duration within each treatment. 

The Type I error rate, α = 0.05, was used throughout this study for statistical decisions. 

All means were compared using a Tukey’s test. In tables and figures, means of all data 

transformed for analysis have been backtransformed to the original scale; significant means 

comparisons as indicated by a Tukey’s test pertain to transformed data where appropriate. 

Correlations and linear regressions were performed using Proc Corr and Proc Reg, respectively; 

outliers that were removed in the ANOVAs for each parameter were excluded from the analysis. 

 

4.4 Results 

For all parameters, data collected in both years were pooled as there was no significant 

year*method interaction in the ANOVA (Appendix C). All five controls in each replicate were 

grouped for analysis as significant differences due to sampling time were not detected. For all 12 

parameters tested, the effect of method was significant; time within method was also significant 

(p < 0.0001) for all parameters except rutin (spears), total phenolics, FRAP, and ORAC. The 

effect of duration within method for each parameter is summarized in Table 4.3. 
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4.4.1 Moisture Content 

Raw asparagus spears had a moisture content of 93%. Neither boiling nor steaming 

significantly changed this parameter when compared to raw spears; however, water losses 

increased with cooking duration for all other treatments (Figure 4.1). Microwaving had the least 

effect on moisture content, decreasing from 1 to 2%, depending on duration, while frying caused 

the most significant losses; spears fried for 14 min contained only 85% water, a 9% water loss 

relative to raw spears. Cooking time within method had the greatest effect on water content for 

all methods except boiling and steaming, based on linear regressions (Table 4.4). 

 

4.4.2 Oil Content 

Cooking oil comprised 20 to 26% of the DW of fried samples (Table 4.5). The weight of 

control samples did not change after hexane extraction, confirming that the extraction process 

only removed the absorbed canola oil. A linear regression between percentage of oil and duration 

was significant (R2 = 0.54, p < 0.0001). 

 

4.4.3 Texture 

Softening after cooking, measured as decreases in the maximum force required to shear 

spears, was observed for both top and bottom segments for most of the tested cooking methods 

(Figure 4.2). All treatments except 3 min of grilling softened top spear portions compared to raw 

spears; boiling and steaming had the greatest effect. Spears grilled for 3 min were the same 

texture as raw spears. Bottom spear portions cooked for the shortest durations by all methods 

were not different from the controls; however, for all methods except grilling, the second and 

third durations did cause significant softening. The bottom halves of grilled spears were not 
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Figure 4.1 Moisture content (%) of raw control (C) and cooked asparagus (Asparagus officinalis 
L.) spears. Data are pooled over two years. ANOVA was conducted on square root-transformed 
data; means (n = 4 to 10) have been backtransformed for clarity. Means for individual treatments 
with the same letter are not significantly different according to a Tukey’s test on transformed 
data (α = 0.05).   
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Table 4.4 Proportion of variation (R2) in moisture content of cooked asparagus (Asparagus 
officinalis L.) spears explained by cooking duration†.  

Cooking Method R2 

Bake 0.89*** 
Boil 0.15* 
Fry 0.93*** 
Grill 0.85*** 
Microwave 0.44*** 
Steam 0.00ns 

***, * significant at p < 0.0001 and p < 0.05, respectively; ns = not significant. 
†For each method, spears were cooked for three different durations. 
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Table 4.5 Oil content (% DW) of raw control (C) and asparagus (Asparagus officinalis L.) 
spears fried in canola oil for different durations†. 

 Frying Duration (min) 
 C (0) 4 9 14 
Oil Content (% DW) -0.4a‡ 20.4b 23.0b 25.8c 

†ANOVA was conducted on square root-transformed data; means (n = 10 for fried samples; n = 
5 for control samples) have been backtransformed for clarity.  
‡Means for treatments with the same letter are not significantly different according to a Tukey’s 
test on transformed data (α = 0.05).  
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Figure 4.2 Maximum force (N) required to shear transversely through top and bottom portions 
(first and second bar of each pair, respectively) of raw control (C) and cooked asparagus 
(Asparagus officinalis L.) spears. Data are pooled over two years. ANOVA was conducted on 
natural logarithm-transformed data; means (n = 3 to 9) have been backtransformed for clarity. 
Means for individual treatments with the same letter (tops – lowercase, bottoms – uppercase) are 
not significantly different according to a Tukey’s test on transformed data (α = 0.05). Percent 
softening ((1 – (Ncooked / Nraw)) x 100) is presented above each bar.  
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softer than control spears when subjected to any duration of cooking. Linear regressions, 

conducted for each treatment, were nearly all significant (Table 4.6), indicating an association 

between softness and cooking time.  

 

4.4.4 Colour 

Cooking caused significant darkening, or a decrease in lightness (L*) scores, for all 

treatments except boiling for 7.5 min, which did not differ from raw spears (Figure 4.3). Overall, 

lightness was least influenced by boiling, but grilling significantly darkened spear surfaces, 

likely due to epidermal charring. Within each cooking method, duration only influenced 

darkening for baked (R2 = 0.20, p = 0.0208), fried (R2 = 0.49, p < 0.0001), and microwaved (R2 

= 0.23, p = 0.0118) samples.  

The external hue of samples was also affected significantly by cooking; for all treatments, 

cooking reduced the hue angle, signifying a shift from green to yellow (Figure 4.4). Hue was 

least affected by microwaving, while frying caused the greatest yellowing of samples. Linear 

regressions conducted for duration within each cooking method were significant for all methods 

(Table 4.7), and R2 values indicate that for most methods, duration was the major factor 

decreasing hue angle.  

 

4.4.5 Total Phenolics 

Boiling for 11 min was the only treatment that caused losses of phenolic compounds 

(12%) compared to raw spears (Figure 4.5). Neither grilling nor microwaving affected total 

phenolic concentration of spears, and when spears were steamed, only a 10.5 min treatment 

caused a significant increase relative to raw spears, although concentrations did not differ among  
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Table 4.6 Proportion of variation (R2) in maximum force (N) required to shear cooked asparagus 
(Asparagus officinalis L.) spears explained by cooking duration†.  

 Spear Portion 
 Top Bottom 

Cooking Method R2 

Bake 0.79*** 0.38** 
Boil 0.76*** 0.12ns 

Fry 0.76*** 0.26* 
Grill 0.79** 0.28ns 

Microwave 0.73*** 0.49*** 
Steam 0.80*** 0.49*** 

***, **, * significant at p < 0.0001, p < 0.01, and p < 0.05, respectively; ns = not significant. 
†For each method, 22 cm-long spears divided into 11 cm top and bottom portions were cooked 
for three different durations.  
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Figure 4.3 Lightness (L* value) of raw control (C) and cooked asparagus (Asparagus officinalis 
L.) spears. Data are pooled over two years. All values presented are means ± SE (n = 4 to 9). 
Means for individual treatments with the same letter are not significantly different according to a 
Tukey’s test (α = 0.05).   
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Figure 4.4 Hue angle (degrees) of raw control (C) and cooked asparagus (Asparagus officinalis 
L.) spears. Data are pooled over two years. All values presented are means ± SE (n = 3 to 9). 
Means for individual treatments with the same letter are not significantly different according to a 
Tukey’s test (α = 0.05). 
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Table 4.7 Proportion of variation (R2) in hue angle of cooked asparagus (Asparagus officinalis 
L.) spears explained by cooking duration†.  

Cooking Method R2 

Bake 0.86*** 
Boil 0.69*** 
Fry 0.89*** 
Grill 0.44* 
Microwave 0.22* 
Steam 0.89*** 

***, * significant at p < 0.0001 and p < 0.05, respectively; ns = not significant. 
†For each method, spears were cooked for three different durations. 
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Figure 4.5 Total phenolic concentration (mg GAE/g DW) of raw control (C) and cooked 
asparagus (Asparagus officinalis L.) spears. Data are pooled over two years. ANOVA was 
conducted on natural logarithm-transformed data; means (n = 4 to 10) have been 
backtransformed for clarity. Means for individual treatments with the same letter are not 
significantly different according to a Tukey’s test on transformed data (α = 0.05). The 
concentration of phenolic compounds in cooked spears, as a percentage of that in raw spears, is 
presented above each bar.  



 116 

the three steaming durations. Baking for 7 min significantly increased total phenolic 

concentration compared to the control, but increasing cooking durations reduced concentrations 

back to control levels. All durations of frying increased phenolic concentrations beyond that of 

the control. 

 

4.4.6 Rutin 

4.4.6.1 Spears 

Rutin concentrations in raw spears (6.20 mg/g DW) were comparable to those previously 

reported in the literature (Motoki et al., 2012b; Stoffyn et al., 2012). Asparagus spears resisted 

cooking-mediated losses of rutin across all treatments and durations except for boiling, where 

significant losses occurred after 7.5 and 11 min when compared to control spears (Figure 4.6). 

Spears in those two treatments retained only 87 and 78% of initial rutin, respectively. Within 

each cooking method, duration only had a significant effect when spears were boiled (R2 = 0.18, 

p = 0.0191). 

 

4.4.6.2 Cooking Liquid 

Rutin was recovered from residual cooking liquid for all treatments except grilling, which 

could not be sampled. Greater than 1% of the total rutin present before cooking, calculated based 

on control measurements, was only recovered for water-based treatments (boiling, steaming, and 

microwaving) (Figure 4.7). The degree of water contact influenced the magnitude of rutin losses 

into the cooking liquid; boiled spears, which were fully immersed in water, lost the most rutin by 

leaching, up to 22.23 mg or 31% of the initial amount, while microwaved and steamed spears, 

both of which were bathed in steam, lost significantly less.  
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Figure 4.6 Rutin concentration (mg/g DW) of raw control (C) and cooked asparagus (Asparagus 
officinalis L.) spears. Data are pooled over two years. ANOVA was conducted on natural 
logarithm-transformed data; means (n = 4 to 10) have been backtransformed for clarity. Means 
for individual treatments with the same letter are not significantly different according to a 
Tukey’s test on transformed data (α = 0.05). The concentration of rutin in cooked spears, as a 
percentage of that in raw spears, is presented above each bar.  



 118 

0 

5 

10 

15 

20 

25 

7 12.5 18 4 7.5 11 4 9 14 2 3 4 5 10.5 16 

Am
ou
nt
	  o
f	  R
ut
in
	  R
ec
ov
er
ed
	  (m

g)
	  

Treatment	  Method	  and	  Duration	  (min)	  

	  
fg	  

	  
h	  

	  
b	  

	  
cde	  

	  
de	  

	  
e	  

	  
h	  

	  
a	  

	  
a	  

	  
i	  

	  
ghi	  

	  
fg	  

	  
cd	  

	  
c	  

	  
f	  

-‐-‐Bake-‐-‐	   -‐-‐Boil-‐-‐	   -‐-‐Fry-‐-‐	   -‐-‐Micro-‐-‐	  
wave	  

-‐-‐Steam-‐-‐	  

% of  
initial rutin 0.2 0.2 0.1 13.7 25.0 30.7 0.3 0.4 0.4 3.5 6.8 6.9 1.3 4.1 5.0 

 

 

 

 

 

 

 

 

 

 
Figure 4.7 Rutin (mg) recovered from the liquid or residue remaining after cooking asparagus 
(Asparagus officinalis L.) spears. ANOVA was conducted on square root-transformed data; 
means (n = 3 to 4) have been backtransformed for clarity. Means for individual treatments with 
the same letter are not significantly different according to a Tukey’s test on transformed data (α 
= 0.05). Rutin recovery as a percentage of the initial amount in spears is presented above each 
bar. 
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For water-based treatments, rutin recovery from the cooking liquid increased with 

cooking duration, although within each method, the apparent increase from the second to third 

duration was not significant. Linear regressions for each cooking method indicated that treatment 

duration was responsible for a considerable portion of variation in rutin content (Table 4.8). 

 

4.4.7 GSH 

Published values for GSH concentrations in raw asparagus spears are variable, ranging 

from 349 to 1464 nmol/g FW, with values observed during this study corresponding to the low 

end of the range (Saito et al., 2000; Demirkol et al., 2004; Qiang et al., 2005; Zacharis et al., 

2011). GSH concentrations increased significantly for spears baked for 7 min, microwaved for 2 

min, or steamed for 10.5 min and decreased for spears baked for 18 min, fried for 14 min, or 

grilled for 3, 5, or 7 min, compared to the control (Figure 4.8). For all other treatments and 

durations, GSH concentrations were not significantly different from those found in raw spears. 

Duration significantly influenced GSH concentrations for both baking and frying (R2 = 0.38, p = 

0.0003 and R2 = 0.23, p = 0.0075, respectively). 

 

4.4.8 FRAP & ORAC 

Cooking either increased the antioxidant activity of asparagus spears, or had no effect 

when compared to controls (Figure 4.9 and Figure 4.10). For all methods, duration did not 

significantly affect antioxidant activity. When measured by FRAP, antioxidant activities 

increased after steaming for 10.5 or 16 min, or frying for 9 or 14 min; ORAC measurements 

indicated that only spears baked for 7 min or fried for 14 min increased in antioxidant activity 

beyond that of raw spears. 
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Table 4.8 Proportion of variation (R2) in rutin (mg) recovered from the liquid or residue 
remaining after cooking asparagus (Asparagus officinalis L.) spears explained by cooking 
duration†.  

Cooking Method R2 

Bake 0.40* 
Boil 0.87*** 
Fry 0.26ns 

Microwave 0.73** 
Steam 0.68** 

***, **, * significant at p < 0.0001, p < 0.01, and p < 0.05, respectively; ns = not significant. 
†For each method, spears were cooked for three different durations. 
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Figure 4.8 GSH concentration (µmol/g DW) of raw control (C) and cooked asparagus 
(Asparagus officinalis L.) spears. Data are pooled over two years. All values presented are means 
of ± SE (n = 4 to 10). Means for individual treatments with the same letter are not significantly 
different according to a Tukey’s test (α = 0.05). The concentration of GSH in cooked spears, as a 
percentage of that in raw spears, is presented above each bar.  
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Figure 4.9 Antioxidant activity measured by the FRAP assay (µmol/g DW) for raw control (C) 
and cooked asparagus (Asparagus officinalis L.) spears. Data are pooled over two years. 
ANOVA was conducted on natural logarithm-transformed data; means (n = 4 to 10) have been 
backtransformed for clarity. Means for individual treatments with the same letter are not 
significantly different according to a Tukey’s test on transformed data (α = 0.05). Antioxidant 
activity in cooked spears, as a percentage of that in raw spears, is presented above each bar.  
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Figure 4.10 Antioxidant activity measured by the ORAC assay (µmol Trolox equivalents/g DW) 
for raw control (C) and cooked asparagus (Asparagus officinalis L.) spears. Data are pooled over 
two years. All values presented are means ± SE (n = 4 to 10). Means for individual treatments 
with the same letter are not significantly different according to a Tukey’s test (α = 0.05). 
Antioxidant activity in cooked spears, as a percentage of that in raw spears, is presented above 
each bar. 
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4.4.9 Correlations 

Significant correlations were observed between the measured parameters (Table 4.9). The 

highest correlations were observed within the groups of four sensory (texture, lightness, hue) and 

five phytochemical (total phenolics, rutin, GSH, FRAP, and ORAC) parameters. The softening 

of top and bottom spear segments was highly correlated (r = 0.69), although the texture of the top 

segment was more strongly correlated with both hue and lightness than that of the bottom. Hue 

and lightness were also correlated (r = 0.46). Spear rutin was highly correlated with total 

phenolics (r = 0.75), FRAP antioxidant activity (r = 0.60), and ORAC antioxidant activity (r = 

0.46), which were also all strongly correlated (r > 0.63); the correlation between the 

concentration of total phenolics and FRAP value was high (r = 0.90). Spear GSH was highly 

correlated with total phenolics (r = 0.56) and FRAP antioxidant activity (r = 0.55), but only 

weakly correlated to both rutin (r = 0.29) and ORAC antioxidant activity (r = 0.22). 

 

4.5 Discussion 

Previous research indicates that the retention of phytochemical and antioxidant properties 

after cooking varies considerably, both between different vegetables and as a consequence of 

different cooking methods (Ismail et al., 2004; Miglio et al., 2008; Jiménez-Monreal et al., 2009; 

Pellegrini et al., 2009). The results presented here suggest that different cooking methods do not 

equally affect the phytochemicals and therefore the potential health-beneficial value of 

asparagus, although the effects of cooking appear to be less pronounced with asparagus than 

other vegetables. Duration can also be an influential cooking parameter that should not be 

overlooked.   
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Table 4.9 Pearson Correlation Coefficients (r) and statistical significance (p-values) calculated 
between different parameters measured on raw control and cooked† asparagus (Asparagus 
officinalis L.) spears. 
 Texture‡        
Parameter Top Bottom Lightness Hue TP Rutin GSH FRAP ORAC 
Moisture  
  content 

0.35 
(<0.0001) 

0.29 
(<0.0001) 

0.54 
(<0.0001) 

0.53 
(<0.0001) 

0.34 
(<0.0001) 

0.33 
(<0.0001) 

0.58 
(<0.0001) 

0.25 
(0.0003) 

0.10 
(0.1509) 

Texture          

     Top  0.69 
(<0.0001) 

0.50 
(<0.0001) 

0.75 
(<0.0001) 

0.04 
(0.5690) 

0.17 
(0.0187) 

0.16 
(0.0398) 

-0.11 
(0.1173) 

0.02 
(0.8124) 

     Bottom   0.23 
(0.0021) 

0.44 
(<0.0001) 

0.24 
(0.0012) 

0.17 
(0.0184) 

0.36 
(<0.0001) 

0.13 
(0.0744) 

0.07 
(0.3383) 

Lightness    0.46 
(<0.0001) 

-0.20 
(0.0050) 

-0.14 
(0.0570) 

0.27 
(0.0003) 

-0.24 
(0.0008) 

-0.19 
(0.0097) 

Hue     0.02 
(0.8278) 

0.28 
(0.0001) 

0.23 
(0.0022) 

-0.12 
(0.1032) 

0.02 
(0.7554) 

Total  
  phenolics      0.75 

(<0.0001) 
0.56 

(<0.0001) 
0.90 

(<0.0001) 
0.63 

(<0.0001) 

Rutin        0.29 
(<0.0001) 

0.60 
(<0.0001) 

0.46 
(<0.0001) 

GSH        0.55 
(<0.0001) 

0.22 
(0.0019) 

FRAP         0.68 
(<0.0001) 

†Spears were cooked by three different durations of baking, boiling, frying, grilling, 
microwaving, or steaming. 
‡Spears were 22 cm in length, divided into two 11 cm portions (top and bottom). Texture 
(maximum shear force) was measured at the midpoint of each segment. 
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Overall, in asparagus spears, rutin and other phenolic compounds are resistant to heat but 

susceptible to leaching during water-based treatments, particularly boiling, while GSH may be 

degraded when exposed to high temperatures and/or dry heat, but is resistant to leaching losses. 

Antioxidant activities, if affected by cooking, are only increased, regardless of method or 

duration. Although the physicochemical properties of colour and texture are clearly influenced 

by cooking, there is little relationship between such properties and the investigated 

phytochemical/antioxidant parameters.  

One of the main findings is that rutin and other phenolic compounds in asparagus spears 

appear not to degrade when heated. In this study, spears were cooked at over 200°C for up to 18 

min, experiencing no measurable losses. Though phenolic heat-stability in asparagus has not 

been studied, previous research involving the incorporation of rutin-rich buckwheat flour 

(Fagopyrum spp.) into baked goods has produced mixed results; high concentrations of intact 

rutin present have been detected in finished products (Bojnanská et al., 2009) but significant 

degradation during the baking process has also been observed (Vogrinčič et al., 2010). Rutin 

degrading enzymes, naturally present in buckwheat and activated by water and yeast, may 

degrade rutin, rather than heat (Yasuda and Nakagawa, 1994; Suzuki et al., 2005). This appears 

likely given the high recovery of intact rutin from both baked and grilled spears. 

Further evidence to the heat stability of rutin is the finding that even though moderate 

losses were observed during boiling, increasing with duration, all lost rutin was recovered from 

the cooking water, suggesting that leaching was the sole cause of losses from spears rather than 

thermal degradation. Increasing phenolic losses corresponding with boiling duration have 

previously been described for asparagus; when boiling water was analyzed, the majority of lost 

rutin was recovered (Makris and Rossiter, 2001; Lu et al., 2010). One team of researchers has 
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reported moderate increases in the concentrations of both total phenolics and rutin after boiling 

(Fanasca et al., 2009); however, as rutin is not known to be a degradation product, apparent 

increases in concentration after cooking are most likely a result of incomplete extraction of rutin 

from raw spears due to the effects of the plant tissue matrix. Increased extractability of 

compounds, induced by thermal treatments, has previously been implicated as responsible for 

unlikely increases in concentration (Navarre et al., 2010). The rutin concentrations reported by 

Fanasca et al. (2009) for raw spears were also 25 to 65% lower than those in the current study 

despite similar spear lengths and diameters; although genetics and differing harvest conditions of 

the spears could be the cause of this discrepancy, underestimation may be most likely. 

Unlike the phenolic compounds in asparagus, GSH appears to be susceptible to high heat-

mediated degradation, which is exacerbated with lengthened exposure. This finding is consistent 

with previous research, which generally report losses of GSH upon any form of processing 

involving heat (Tesoriere et al., 2005). However, concentrations of GSH increased or did not 

change during water-based treatments, suggesting that temperatures reached were not sufficient 

to cause degradation. 

Changes in asparagus spear GSH concentrations due to cooking have not previously been 

studied; however, up to 100% of the biothiol has been lost from other vegetables when they were 

boiled (Wierzbicka et al., 1989; Jones, 1995). The cooking water was not analyzed in these 

studies, therefore the origin of such losses is unknown; however, due to the water-solubility of 

GSH, leaching is possible, as is degradation. Contrary to these studies in other vegetables, GSH 

was not lost from asparagus spears in this experiment by either leaching or degradation with 

water-based cooking. 
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This unexpected retention of GSH during cooking suggests asparagus may be at an 

advantage for phytochemical retention. Though leaching of phenolic compounds from asparagus 

spears was observed in this study, the severity of losses also appeared to be minimal compared to 

those from other vegetables. The maximum loss of all phenolic compounds observed in the 

current study was only 12% after 11 min of boiling; 22% of rutin was lost during the same 

treatment. By contrast, Miglio et al. (2008) observed losses of between 70 and 100% of total 

phenols in carrots, courgettes, and broccoli after boiling, and between 38 and 43% in the same 

three vegetables after steaming. Zhang & Hamazau (2004) observed losses of 62 and 72% of 

total phenolics from broccoli florets after 2 and 5 min, respectively, of either boiling or steaming; 

broccoli stems lost approximately 30 and 43% after 2 and 5 min of either treatment. As phenolic 

compounds are generally regarded as heat-stable (Li et al., 2012), these losses are likely 

attributable to leaching.  

Variable phytochemical composition among vegetables could explain differing levels of 

leaching by water-based cooking methods; however, processing before cooking could also 

account for observations. Because asparagus is often cooked intact as full- or half-length spears, 

it may have an advantage for phytochemical retention; the integrity of the epidermal tissues is 

maintained, preserving a physical barrier to leaching of nutrients that are resistant to the heat of 

cooking. By contrast, many vegetables such as squash and onions cannot efficiently be cooked 

without being cut into small pieces, thus disrupting the epidermis and exposing inner tissues to 

cooking water; other vegetables such as carrots and mature potatoes are typically peeled prior to 

cooking, completely removing the epidermis and consequently any potential protective effect it 

may offer.  
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A retentive role of the epidermis in asparagus spears is also supported by visual 

observations during this experiment; the epidermis began to degrade when spears were boiled for 

greater than 4 min spears, turning the water cloudy with suspended debris, from which high 

levels of rutin were later recovered. Minimal epidermal damage was only apparent after the 

longest steaming treatment, and not at all following microwaving. Previously, when baby 

potatoes, which are typically cooked and eaten with the skin intact, were cooked by a variety of 

different methods, losses of phenolic compounds were not observed (Navarre et al., 2010). 

Cooking is known to induce matrix softening and chemical changes to polyphenolic 

compounds, and can facilitate the Maillard reaction, each of which can increase antioxidant 

activity through improved accessibility to active compounds, the enhancement of antioxidant 

properties, and the generation of new antioxidant compounds, respectively (Nicoli et al., 1999; 

Pellegrini et al., 2009). These increases in antioxidant activity are generally tempered only by 

accompanying phytochemical losses by leaching or degradation. Reduced antioxidant activities 

in boiled spears compared to those cooked by other methods reflect the significant losses of both 

rutin and total phenolic compounds only during those treatments; the trend of declining 

antioxidant activity with increased boiling duration parallels the trend of phytochemical losses. 

Increases in antioxidant activity through the modes of action described above likely occurred to 

some extent with most treatments in this experiment, and prevented antioxidant activities of 

boiled spears from falling significantly below those of raw spears.  

Although GSH losses are expected to result in decreased antioxidant activity, the two 

parameters were not correlated because it is unlikely that antioxidant activity contributed by 

GSH was measured by either of the antioxidant activity assays tested; while methanolic sample 

extracts are commonly used to measure antioxidant activity, compounds not extracted in this 
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fraction, or those susceptible to oxidation or degradation, are likely to be excluded from such 

measurements. As well, FRAP values for GSH are near zero as the assay does not measure 

antioxidant activity of sulfhydryl groups; while GSH does have ORAC activity, it is known to be 

fairly low (Cao et al., 1997; Cao and Prior, 1998). Consequently, it is assumed that antioxidant 

activities measured in this study are attributable primarily to polyphenolic compounds; 

correlations of 0.90 and 0.63 between total phenols and FRAP and ORAC, respectively, support 

this assumption. 

Numerous experiments have measured the antioxidant activity of asparagus spears after 

boiling, with most researchers observing no change or decreases in antioxidant activity of up to 

21% (Gębczyński, 2007; Jiménez-Monreal et al., 2009; Pellegrini et al., 2009). When a small 

increase in antioxidant activity was observed (Fanasca et al., 2009), it may have been a 

consequence of boiling occurring at a low temperature (90°C), which does not affect 

phytochemicals to the same extent as high temperatures (Lu et al., 2010). Additionally, increases, 

rather than decreases, were observed for rutin and other polyphenolic compounds after boiling, 

further explaining the increase in antioxidant activity.  

Changes in antioxidant activity have also previously been measured in asparagus spears 

as a consequence of pan-frying, albeit with contrasting results; increases consistent with those 

observed in this study as well as small to moderate decreases have been reported by different 

research groups, each using more than one assay (Jiménez-Monreal et al., 2009; Pellegrini et al., 

2009). It is hypothesized that the apparent decreases in antioxidant activity may have been a 

result of oil absorption; in the current study, up to 26% of the DW of fried spears was attributed 

to absorbed oil. Consequently, the measurements for fried samples in this study were adjusted to 

account for the proportion of oil in cooked samples to prevent underestimation of antioxidant 
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activity and phytochemical recovery. Unadjusted antioxidant activities for all durations were 

either not significantly different from those of raw spears, or slightly reduced, whereas when oil 

content was accounted for, activities increased. Although Pellegrini et al. (2009) acknowledged 

the potential for oil absorption and measured an oil content of 28% for deep-fried samples, 

neither of the previous groups of researchers accounted for the presence of oil. It may be 

misleading to suggest a loss of antioxidant activity when a gain of oil is causing the change in 

activity; consequently, adjusting measurements would seem to result in the greatest accuracy. 

Although oil may also have antioxidant properties, which could artificially inflate adjusted 

values, Pellegrini et al. (2009) indicated that it had a negligible contribution to the antioxidant 

activity of cooked vegetables. 

The yellowing of green vegetables is known to be correlated with chlorophyll 

degradation (Lau et al., 2000; Albanese et al., 2007); if other phytochemicals share this pattern of 

heat-mediated degradation kinetics, colour may be useful as a visual indicator of phytochemical 

content in cooked vegetables. Textural changes, which also occur with cooking, may be 

associated with phytochemical changes. However, correlations between sensory and 

phytochemical parameters, while sometimes significant in this experiment, were generally too 

low to be of predictive value. Instead, cooking duration, independent of method and therefore 

excluding the effects of temperature and dry or moist heat, may be largely responsible for 

changes in both colour and texture of asparagus spears, particularly hue, and the texture of the 

top segment. Linear regressions between cooking duration and the sensory measurements 

revealed that 79% of the variation in hue and 23% of the variation in lightness, as well as 33% 

and 61% of the variation in shear force for bottom and top segments, respectively, are accounted 

for by cooking duration (p < 0.0001). As the concentrations of total phenolic compounds, rutin, 
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and GSH were all affected by not only cooking duration, but also the specific influence of each 

method, increased yellowing and softening were generally good indicators of cooking duration 

within a single method but cannot be used to accurately predict the phytochemical content of 

cooked vegetables across different methods. Previous studies have not linked the degradation of 

phytochemicals, other than chlorophyll, to sensory measurements, particularly across different 

cooking methods. 

 

4.6 Summary 

Regardless of duration, cooking had a smaller effect on antioxidant activity and health-

beneficial phytochemicals in asparagus spears than was expected, and in comparison to other 

vegetables. Rutin and other phenolic compounds decreased significantly only after 7.5 or 11 min 

of boiling, while GSH declined when methods involved temperatures > 100°C; however, losses 

did not exceed 37% of the initial concentration with any treatment. In most cases, increased 

cooking durations either had a neutral or small negative effect on any of the measured 

parameters. Given that phytochemical losses were not generally observed, it is not surprising that 

antioxidant activities also were not negatively affected by cooking, in most cases increasing or 

remaining the same as levels in raw spears.  

While the leaching of phytochemicals may have been prevented to some degree by the 

cooking of intact spears, retaining the protective effect of the epidermis, it is also apparent that 

rutin and other phenolic compounds are capable of withstanding high heat without degradation. 

Overall, asparagus is fairly resistant to phytochemical losses as a consequence of cooking, which 

is a positive finding for consumers. To minimize losses of both GSH and phenolic compounds, 
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either microwaving or steaming asparagus spears is preferable to cooking by the other tested 

methods. Overcooking by any method should be avoided. 
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5 GENERAL DISCUSSION & CONCLUSIONS 

Consuming whole fruits and vegetables, abundant in a variety of beneficial 

phytochemicals, is associated with improved human health (Verlangieri et al., 1985; Block et al., 

1992); increasing intake of these valuable compounds may be advantageous. Asparagus contains 

numerous beneficial phytochemicals, including rutin, GSH, and protodioscin, all of which 

possess various therapeutic properties. This study focused on enhancing the value of asparagus 

for human health through two experiments: exploring the feasibility of breeding asparagus for 

increased concentrations of beneficial phytochemicals, and investigating the effects of different 

cooking methods and durations upon phytochemical concentrations and antioxidant activity, to 

maximize potential health benefits.  

In Chapter 3, diverse asparagus germplasm was evaluated for genetic variation in 

phytochemical concentration, which is a prerequisite to any breeding program. Selected 

genotypes were also hybridized to facilitate evaluation of the inheritance of rutin and GSH 

concentration. Variation for rutin concentration was observed, and although h2 estimates were 

moderate, a supermale, SM3, with superior combining ability was identified. A high-rutin female 

genotype, F13, was also identified, and may be valuable for future hybridizations. Improving 

spear uniformity in experiments, achievable by increasing plot sizes and/or sampling from plants 

more mature than those used in this study, would enhance accuracy and precision of estimates 

and raise heritability, resulting in selection gain for rutin concentration. 

GSH concentrations did not differ among the genotypes tested and h2 was 0. Although 

one supermale parent produced progeny with superior performance, neither GCA nor SCA 

effects were measured. The study may not have captured all potential variation in GSH since 

only 11 genotypes were tested, or concentrations may be highly influenced by the environment. 
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Further studies involving additional germplasm and measuring both environmental effects and 

the influence of controllable variables such as diameter may offer insight into the viability of 

breeding for improved GSH concentrations in asparagus spears.  

Although variation for protodioscin concentration appeared to be present in spears, there 

may have been inconsistencies in sampling that unexpectedly introduced error into 

measurements, as concentrations fluctuated greatly within each genotype. The majority of spears 

contained ≤ 0.10 mg protodioscin/g DW; however, variation was also continuous from 0.10 to 

2.67 mg/g DW, resulting in a skewed distribution. The greatest source of experimental error was 

likely from harvesting spears of differing lengths and trimming to 23 cm. Since spear butts are 

richest in protodioscin and concentrations decline considerably in upper spear portions, it is 

hypothesized that spear length at harvest dictated protodioscin concentration more than any other 

factor. Assuming that protodioscin concentrations at the soil level are comparable, and decrease 

by a similar magnitude towards the tip in all spears regardless of length, for spears greater than 

23 cm, the most protodioscin-rich portion would have been trimmed, drastically reducing 

concentrations compared to untrimmed spears. Spear length was not measured prior to trimming, 

nor were concentrations in spear butts measured, therefore it is impossible to determine if the 

observed fluctuations in protodioscin concentration support this hypothesis. Consequently, 

further study and a re-evaluation of sampling procedures are required to determine breeding 

feasibility. 

In Chapter 4, the effects of baking, boiling, frying, grilling, microwaving, and steaming 

upon phytochemical concentrations and antioxidant activity in asparagus spears were explored. 

Within each method, spears were cooked for three durations from minimally cooked to 

overcooked, to evaluate the effect of cooking time as it relates to the retention of health-
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beneficial properties. ANOVAs revealed that for all parameters measured, method had a 

significant effect; duration also affected all parameters except antioxidant activity and spear 

concentrations of total phenolics and rutin. Rutin was found to be thermally-stable; losses were 

only observed after boiling, but the lost rutin was recovered intact from the cooking water. GSH 

was susceptible, however, to heat-mediated degradation but resistant to leaching. Antioxidant 

activity generally increased with all methods except boiling, during which phytochemical losses 

likely negated gains in antioxidant activity resulting from increased extractability, enhanced 

antioxidant abilities of existing compounds, and the generation of new antioxidants. It was 

hypothesized that cooking may have a reduced effect on asparagus as compared to other 

vegetables because the epidermis is kept largely intact during cooking treatments, preventing 

leaching, whereas vegetables such as potatoes and carrots are often peeled prior to cooking.  

 

5.1 Future Directions 

From these results, there are many directions for future research. The commencement of 

efforts to breed for improved rutin concentrations is a logical next step; heritability has been 

established, and high-rutin parents, one female and one supermale, have been identified. 

Screening to locate additional high-rutin genotypes would likely be valuable and relatively 

simple, though hybridizations with the identified genotypes could immediately be performed. 

Although variability within A. officinalis may be sufficient to make breeding progress, there may 

be value in expanding the range of variability by exploring wild relatives or by utilizing purple 

genotypes, which produce greater concentrations of rutin than green cultivars (Maeda et al., 

2005).  
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If breeding efforts continue for GSH, screening additional germplasm to determine the 

extent of variation would be necessary prior to proceeding with further hybridizations. An 

evaluation of the influence of controllable variables including spear length, diameter, and 

postharvest storage conditions on GSH concentrations, as well as environmental factors such as 

pre-harvest temperature, season, and soil type, may also be valuable. Even if breeding efforts do 

not proceed, maximizing GSH concentrations could perhaps be achieved by controlling relevant 

factors. 

Controlling variation in protodioscin concentration due to spear portion will be difficult 

because emergence and growth of asparagus spears is unpredictable and commercially-harvested 

spears of varying lengths are trimmed to 23 cm. Consequently, it is suspected that while breeding 

for increased protodioscin concentrations in edible portions of green spears may be feasible, it 

may be difficult to maximize the benefit to consumers due to an inability to strictly control spear 

harvest height. However, enhancing protodioscin concentration in trimmings, to be used in 

value-added products, may be an alternative. In order to obtain accurate estimates of 

protodioscin concentrations in spears, sampling techniques must be modified to either sample an 

equivalent bottom portion for each spear, or spear height at harvest must be recorded and 

accounted for in some manner during analysis. Additional preliminary experiments similar to 

those described for GSH would also be valuable for protodioscin.  

The cooking trial presented here highlights the value of evaluating fruits and vegetables 

in the form they are consumed; although the observed losses due to cooking were minor, 

depending on method, it would be optimal to prevent all reductions of health-beneficial 

properties. As this study only investigated the effects of cooking on green spears, it may be 

interesting to evaluate the effects on purple and white spears, which contain greater 
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concentrations of anthocyanins (Sakaguchi et al., 2008b) and protodioscin (Motoki et al., 2012b), 

respectively, than green spears, and therefore may respond differently to various treatments. A 

small-scale study to investigate the possibility of method x cultivar interactions for 

phytochemical retention and antioxidant activity could also be valuable; the existence of such an 

interaction could affect breeding goals. Though Fanasca et al. (2009) found no interaction 

between cooking process and genotype for phytochemical retention in four different asparagus 

cultivars, the researchers only evaluated raw and boiled spears, and due to inconsistencies with 

their study, including the use of frozen spears instead of fresh, the relevance of their results is 

uncertain. 

Another potential research direction would involve the use of phytochemical-rich 

asparagus byproducts to add health value to various foods. Buckwheat and other pseudocereal 

flours have previously been added to various baked goods to enrich them with rutin and other 

beneficial phytochemicals (Bojnanská et al., 2009; Filipčev et al., 2011; Chlopicka et al., 2012); 

asparagus byproducts could be used similarly in breads or muffins, particularly as this study 

established that rutin in spears is thermally-stable and therefore health benefits should be 

retained. Flour from asparagus and other vegetables was recently incorporated into maize-based 

gluten-free pasta (Padalino et al., 2013). Although phytochemical parameters were not evaluated 

for the asparagus formulation, spaghetti enriched with yellow pepper flour, containing a high 

carotenoid content, maintained higher carotenoid concentrations after cooking than unenriched 

pasta; similar results could potentially be achieved for asparagus phenolics. 

When determining the value of foods such as asparagus to human health, measuring 

biochemical characteristics can provide insight into potential benefits, as this study has done; 

however, such measurements do not assess phytochemical bioavailability, which may or may not 
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be necessary for in vivo benefits. Although assessing bioavailability is more complex than 

measuring phytochemical concentrations in vegetables, physiological parameters such as 

concentrations of specific metabolites or antioxidant capacity can be measured in blood plasma 

to observe changes after asparagus consumption. Additional studies involving asparagus 

consumption and its ability to slow disease progression or ease symptoms would be insightful. A 

recent study investigating the impact of an asparagus-supplemented diet on mice with 

experimentally-induced colitis reported a reduction of disease symptoms compared to mice on an 

unsupplemented diet (Lu, 2013), indicating that eating asparagus can have a therapeutic effect. 

 

5.2 Conclusions 

Overall, the results from the two experiments suggest that increasing phytochemical 

intake can be achieved with minimal dietary adaptation. The information from the cooking trial 

is immediately relevant to consumers, and suggests that minimizing cooking time and avoiding 

boiling are the best ways to maintain the health benefits of asparagus. Boiling is currently one of 

the most popular vegetable cooking methods (Rennie and Wise, 2010) despite appearing to be 

the most detrimental with regards to health benefits; encouraging consumers to steam or 

microwave vegetables, the options which not only allowed the greatest phytochemical retention, 

but also maintained favourable sensory parameters, could have a significant impact on health. 

Though it is unclear as to whether GSH concentrations can be increased by breeding, 

enhancement of rutin concentration in asparagus spears should translate into an increase in 

phytochemical intake since retention is excellent for most cooking methods.  
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APPENDICES 

Appendix A Information About Genetic Material 

 
 

Table A.1 Pedigrees, codes, and R trial numbers for clonal asparagus (Asparagus officinalis L.) 
genotypes† analyzed in Chapter 3. 

Genotype Code R Trial # Pedigree 
F1 G024 P45 VIK2K 
F2 G506 P51 ((G024)F2xGIANT)SIB 
F3 G516 P52 UNK 
F4 G520 P53 (G260xG305)F2-01-02 
F5 G526 P54 G024x(G232xG305)F2 
F6 MW180 P59 G024xG425 
F7 G178 V46 G046xG113 
F8 G230 V47 G062xG203 
F9 G240 V48 G092xG203 
F10 G280 V49 G024xAC128A 
F11 G354 V50 G024xG425 
F12 G528 V55 (TIESSEN)F2 
F13 G652 V57 (G763)F2 
F14 EE033 V58 VIK 
F15 G512A V60 UNK 
F16 G518A V61 (G242xG401)F2 
F17 CE014A V62 VIK 
F18 G268 V73 MARY 
SM1 G305 P27 (LUC)F2 
SM2 G827 P33 (G260xG305)F2-01-05 
SM3 G829 P34 (G052xG305)F2-13 
SM4 G843 P36 (MILL)F2 
SM5 G969 P41 (G178xG305)F2xG693 
SM6 G973 P43 (G178x(G060x(G150xG305)F2))F2 
SM7 G751 V28 (GLIM)F2 
SM8 G755 V29 (G122xG305)F2 
SM9 G765 V30 (TAI1)F2 
SM10 G797 V31 (G158xG305)F2 
SM11 G853 V37 ((G024xAC128A)xVIK3)F2 
SM12 G863 V39 (RAVEL)F2 
SM13 G981 V44 (G024xG783)F2 
M1 G203 V26 22M 
M2 G885 V72 (G763)S2 

†Sex of genotypes is identified as F (female), SM (supermale), and M (male).  
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Table A.2 Pedigrees, code numbers, and R trial numbers for asparagus (Asparagus officinalis L.) 
hybrids† analyzed in Chapter 3. 

Hybrid Code R Trial # Pedigree 
1x1 08324 R1 MILLENNIUM (G024xG305) 
1x2 09072 R3 (G024xG827) 
1x3 09146 R4 (G024xG829) 
1x4 07005 R5 (G024xG843) 
1x5 09038 R6 (G024xG969) 
1x6 09314 R7 (G024xG973) 
2x1 10149 V69 (G506xG305) 
2x2 09188 R8 (G506xG827) 
2x4 10152 V63 (G506xG843) 
2x5 09191 R9 (G506xG969) 
2x6 09190 R10 (G506xG973) 
3x1 10156 V64 (G516xG305) 
3x2 10155 V65 (G516xG827) 
3x4 09204 R11 (G516xG843) 
3x5 09134 R12 (G516xG969) 
4x1 09181 R13 (G520xG305) 
4x2 09182 R14 (G520xG827) 
4x3 09183 R15 (G520xG829) 
4x4 09184 R16 (G520xG843) 
4x5 09186 R17 (G520xG969) 
4x6 09185 R18 (G520xG973) 
5x1 09136 R19 (G526xG305) 
5x2 09137 R20 (G526xG827) 
5x3 09355 R21 (G526xG829) 
5x4 10121 V66 (G526xG843) 
5x5 09142 R22 (G526xG969) 
5x6 09141 R23 (G526xG973) 
6x1 10171 V67 (MW180xG305) 
6x2 10173 V68 (MW180xG827) 
6x4 10172 V70 (MW180xG843) 
6x5 09197 R25 (MW180xG969) 
JG 07414 R2 GIANT 

†All hybrids are presumed male.  
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Appendix B Methodology 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table B.1 Recovery of GSH from two different samples of freeze-dried asparagus powder 
spiked with three different concentrations of GSH standard. 

Spike 
concentration 

(µmol/L) 

Sample concentration 
before addition 
(µmol/L ± SE) 

Expected 
(calculated) 

(µmol/L) 
Actual 

(µmol/L ± SE) 
Recovery 

(%) 
Coefficient of 
Variance (%) 

15 50.74 ± 1.08 65.74 65.68 ± 0.96 99.91 1.47 
30 50.74 ± 1.08 80.74 79.86 ± 1.35 98.91 1.69 
60 50.74 ± 1.08 110.74 104.31 ± 0.35 94.19 0.33 
15 31.05 ± 0.33 46.05 43.25 ± 1.34 93.91 3.10 
30 31.05 ± 0.33 61.05 57.63 ± 0.07 94.40 0.13 
60 31.05 ± 0.33 91.05 84.15 ± 0.82 92.42 0.98 
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Figure B.1 HPLC chromatogram for a 100 µg/mL rutin (and 100 µg/mL quercetin) standard. 
Absorbance was measured at 360 nm; the retention time for rutin was 7.769 min and the 
retention time for quercetin was 10.285 min. 
 

 

 

 

 
Figure B.2 HPLC chromatogram for rutin in a raw asparagus spear. Absorbance was measured 
at 360 nm and the retention time for rutin was 7.756 min.  

Rutin 

Quercetin 

Rutin 
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Figure B.3 HPLC chromatogram for an 80 µM GSH standard. The excitation and emission 
wavelengths were 330 nm and 376 nm, respectively. The retention time for GSH was 5.522 min. 

 

 

 

 

 
Figure B.4 HPLC chromatogram for GSH in a raw asparagus spear. The excitation and emission 
wavelengths were 330 nm and 376 nm, respectively. The retention time for GSH was 5.517 min. 

GSH 

GSH 
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Appendix C ANOVA Tables 

 
 
 
 
 
 
 

Table C.1 Variance analysis of rutin concentrations (mg/g DW) of asparagus (Asparagus 
officinalis L.) spears from different genotypes over two years†. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Year  0.004005 0.01040 0.38 0.3501 
Block(Year)  0.009040 0.008565 1.06 0.1456 
Genotype*Year  0.004394 0.007295 0.60 0.1456 
Genotype*Block(Year)  . . . . 
Residual  0.05461 0.006163 8.86 <0.0001 
       
Fixed Effect Num‡ df Den df   F-Value Pr > F 
Genotype 31 8.56   3.26 0.0369 

†There were four replicates in each of 2011 and 2012; 74 values were missing in 2011 and 29 
values were missing in 2012, so n = 153. 

‡df, degrees of freedom; Num, numerator; Den, denominator. 
 

 

 

 

Table C.2 Variance analysis of rutin concentrations (mg/g DW) of asparagus (Asparagus 
officinalis L.) spears from different genotypes pooled over two years†. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Block  0.01250 0.009530 1.31 0.0948 
Genotype*Block  0.000490 0.007159 0.07 0.4727 
Residual  0.05562 0.008555 6.50 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Genotype 31 91.7   4.01 <0.0001 

†There were four replicates in each of 2011 and 2012; 74 values were missing in 2011 and 29 
values were missing in 2012, so n = 153.  
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Table C.3 Variance analysis of rutin concentrations (mg/g DW) of asparagus (Asparagus 
officinalis L.) spears from different hybrids over two years†. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Year  0.3409 0.5816 0.59 0.2789 
Block(Year)  0.2324 0.1616 1.44 0.0752 
Hybrid*Year  2.04E-34 . . . 
Hybrid*Block(Year)  0.06932 0.1058 0.66 0.2562 
Residual  2.1884 0.1453 15.06 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Hybrid 31 76.1   2.83 0.0001 

†There were four replicates in each of 2011 and 2012; 56 values were missing in 2011 and 31 
values were missing in 2012, so n = 169. 

 

 

 

 

Table C.4 Variance analysis of rutin concentrations (mg/g DW) of asparagus (Asparagus 
officinalis L.) spears from different hybrids pooled over two years†. 

Random Effect Group  Estimate Standard Error Z-Value Pr > Z 
Block   0.4515 0.2674 1.69 0.0457 
Hybrid*Block   0.008618 0.09327 0.09 0.4632 
UN(1,1) Block 1  2.7680 0.4548 6.09 <0.0001 
UN(1,1) Block 2  1.7658 0.4290 4.12 <0.0001 
UN(1,1) Block 3  1.5671 0.3184 4.92 <0.0001 
UN(1,1) Block 4  2.3012 0.6119 3.76 <0.0001 
UN(1,1) Block 5  2.4715 0.3205 7.71 <0.0001 
UN(1,1) Block 6  3.4363 0.6041 5.69 <0.0001 
UN(1,1) Block 7  1.8222 0.2735 6.66 <0.0001 
UN(1,1) Block 8  1.5276 0.2348 6.51 <0.0001 
       
Fixed Effect  Num df Den df   F-Value Pr > F 
Hybrid  31 55.5   2.84 0.0003 

†There were four replicates in each of 2011 and 2012; 56 values were missing in 2011 and 31 
values were missing in 2012, so n = 169.  
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Table C.5 Variance analysis of rutin concentrations (mg/g DW) of asparagus (Asparagus 
officinalis L.) spears from different females, supermales, and female x supermale combinations 
over two years†. 
Random Effect  Estimate Standard Error Z-Value Pr > Z 
Year  0.3300 0.5607 0.59 0.2781 
Block(Year)  0.2043 0.1532 1.33 0.0911 
Female*Supermale*Year  0.01238 0.09051 0.14 0.4456 
Female*Supermale*Block(Year)  0.06331 0.1217 0.52 0.3015 
Residual  2.0760 0.1632 12.72 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Female 2 16.3   0.44 0.6543 
Supermale 5 13.6   6.20 0.0034 
Supermale*Female 10 11.8   1.14 0.4099 
†There were four replicates in each of 2011 and 2012; 17 values were missing in 2011 and 10 

values were missing in 2012, so n = 117. 
 

 

 

 

Table C.6 Variance analysis of rutin concentrations (mg/g DW) of asparagus (Asparagus 
officinalis L.) spears from different females, supermales, and female x supermale combinations 
pooled over two years†. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Block  0.3999 0.2481 1.61 0.0535 
Female*Supermale*Block  0.07148 0.1145 0.62 0.2663 
Residual  2.0745 0.1635 12.69 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Female 2 65.6   0.47 0.6264 
Supermale 5 62   6.82 <0.0001 
Female*Supermale 10 59.9   1.29 0.2579 

†There were four replicates in each of 2011 and 2012; 17 values were missing in 2011 and 10 
values were missing in 2012, so n = 117.  
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Table C.7 Variance analysis of the combining abilities of different asparagus (Asparagus 
officinalis L.) females, supermales, and female x supermale combinations for spear rutin 
concentrations (mg/g DW) over two years†. 

Random Effect Estimate Standard Error Z-Value Pr > Z 
Year 0.3456 0.5755 0.60 0.2741 
Block(Year) 0.1808 0.1381 1.31 0.0952 
Female*Supermale*Year 0.04723 0.06598 0.72 0.2370 
Female*Supermale*Block(Year) 0.04415 0.1137 0.39 0.3489 
Female 0 . . . 
Supermale 0.1854 0.1446 1.28 0.0999 
Female*Supermale 0 . . . 
Residual 2.0733 0.1620 12.80 <0.0001 

†There were four replicates in each of 2011 and 2012; 17 values were missing in 2011 and 10 
values were missing in 2012, so n = 117. 

 

 

 

 

Table C.8 Variance analysis of the combining abilities of different asparagus (Asparagus 
officinalis L.) females, supermales, and female x supermale combinations for spear rutin 
concentrations (mg/g DW), pooled over two years†. 

Random Effect Estimate Standard Error Z-Value Pr > Z 
Block 0.4069 0.2473 1.65 0.0500 
Female 0 . . . 
Supermale 0.2019 0.1542 1.31 0.0953 
Female*Supermale 0.02796 0.05163 0.54 0.2941 
Residual 2.1270 0.1480 14.38 <0.0001 

†There were four replicates in each of 2011 and 2012; 17 values were missing in 2011 and 10 
values were missing in 2012, so n = 117.  
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Table C.9 Variance analysis of GSH concentrations (µmol/g DW) of asparagus (Asparagus 
officinalis L.) spears from different genotypes over two years†. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Year  0.6612 1.0975 0.60 0.2734 
Block(Year)  0.1424 0.1936 0.74 0.2310 
Genotype*Year  0 . . . 
Genotype*Block(Year)  0 . . . 
Residual  2.2339 0.3974 5.62 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Genotype 10 64.8   1.70 0.0991 

†There were four replicates in each of 2011 and 2012; 19 values were missing in 2011 and 11 
values were missing in 2012, so n = 58. 

 

 

 

 

Table C.10 Variance analysis of GSH concentrations (µmol/g DW) of asparagus (Asparagus 
officinalis L.) spears from different genotypes pooled over two years†. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Block  0.4419 0.3758 1.18 0.1198 
Genotype*Block  0 . . . 
Residual  2.2586 0.4063 5.56 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Genotype 10 63.6   1.69 0.1036 

†There were four replicates in each of 2011 and 2012; 19 values were missing in 2011 and 11 
values were missing in 2012, so n = 58.  
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Table C.11 Variance analysis of GSH concentrations (µmol/g DW) of asparagus (Asparagus 
officinalis L.) spears from different hybrids over two years†. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Year  0.5923 1.0659 0.56 0.2892 
Block(Year)  0.5901 0.3676 1.61 0.0542 
Hybrid*Year  0 . . . 
Hybrid*Block(Year)  0.07327 0.08494 0.86 0.1942 
Residual  1.6768 0.1378 12.17 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Hybrid 17 91.8   1.89 0.0289 

†There were four replicates in each of 2011 and 2012; 13 values were missing in 2011 and 10 
values were missing in 2012, so n = 121. 

 

 

 

 

Table C.12 Variance analysis of GSH concentrations (µmol/g DW) of asparagus (Asparagus 
officinalis L.) spears from different hybrids pooled over two years†. 

Random Effect Group  Estimate Standard Error Z-Value Pr > Z 
Block   0.9087 0.5129 1.77 0.0382 
Hybrid*Block   0.1132 0.07431 1.52 0.0638 
UN(1,1) Block 1  1.2133 0.2774 4.37 <0.0001 
UN(1,1) Block 2  1.1145 0.3243 3.44 0.0003 
UN(1,1) Block 3  1.3259 0.3362 3.94 <0.0001 
UN(1,1) Block 4  0.8907 0.3022 2.95 0.0016 
UN(1,1) Block 5  1.1631 0.1938 6.00 <0.0001 
UN(1,1) Block 6  0.5163 0.1285 4.02 <0.0001 
UN(1,1) Block 7  2.6597 0.5015 5.30 <0.0001 
UN(1,1) Block 8  3.3745 0.6709 5.03 <0.0001 
       
Fixed Effect  Num df Den df   F-Value Pr > F 
Hybrid  17 79   1.76 0.0487 

†There were four replicates in each of 2011 and 2012; 13 values were missing in 2011 and 10 
values were missing in 2012, so n = 121.  
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Table C.13 Variance analysis of GSH concentrations (µmol/g DW) of asparagus (Asparagus 
officinalis L.) spears from different females, supermales, and female x supermale combinations 
over two years†. 
Random Effect  Estimate Standard Error Z-Value Pr > Z 
Year  0.6425 1.0973 0.59 0.2791 
Block(Year)  0.4780 0.3040 1.57 0.0579 
Female*Supermale*Year  0 . . . 
Female*Supermale*Block(Year)  0.03053 0.08904 0.34 0.3658 
Residual  1.6331 0.1449 11.27 <0.0001 
       
Fixed Effect Num df Den df   F-Value Pr > F 
Female 2 86.8   0.26 0.7687 
Supermale 5 77.1   2.21 0.0618 
Female*Supermale 9 76.3   1.65 0.1159 
†There were four replicates in each of 2011 and 2012; 17 values were missing in 2011 and 14 

values were missing in 2012, so n = 113. 
 

 

 

 

Table C.14 Variance analysis of GSH concentrations (µmol/g DW) of asparagus (Asparagus 
officinalis L.) spears from different females, supermales, and female x supermale combinations 
pooled over two years†. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Block  0.08469 0.4741 1.79 0.0370 
Female*Supermale*Block  0.03392 0.08933 0.38 0.3521 
Residual  1.6302 0.1445 11.29 <0.0001 
       
Fixed Effect Num df Den df   F-Value Pr > F 
Female 2 86.7   0.25 0.7802 
Supermale 5 77.3   2.24 0.0583 
Female*Supermale 9 76.5   1.64 0.1189 

†There were four replicates in each of 2011 and 2012; 17 values were missing in 2011 and 14 
values were missing in 2012, so n = 113.  
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Table C.15 Variance analysis of the combining abilities of different asparagus (Asparagus 
officinalis L.) females, supermales, and female x supermale combinations for spear GSH 
concentrations (µmol/g DW) over two years†. 

Random Effect Estimate Standard Error Z-Value Pr > Z 
Year 0.6775 1.1473 0.59 0.2774 
Block(Year) 0.4782 0.3028 1.58 0.0572 
Female*Supermale*Year 0.01135 0.05973 0.19 0.4246 
Female*Supermale*Block(Year) 0.007308 0.09586 0.08 0.4696 
Female 0 . . . 
Supermale 0.02640 0.05086 0.52 0.3019 
Female*Supermale 0.04062 0.06227 0.65 0.2571 
Residual 1.6418 0.1470 11.17 <0.0001 

†There were four replicates in each of 2011 and 2012; 17 values were missing in 2011 and 14 
values were missing in 2012, so n = 113. 

 

 

 

 

Table C.16 Variance analysis of the combining abilities of different asparagus (Asparagus 
officinalis L.) females, supermales, and female x supermale combinations for spear GSH 
concentrations (µmol/g DW), pooled over two years†. 

Random Effect Estimate Standard Error Z-Value Pr > Z 
Block 0.8598 0.4788 1.80 0.0363 
Female 0 . . . 
Supermale 0.02937 0.05143 0.57 0.2840 
Female*Supermale 0.04721 0.05452 0.87 0.1933 
Residual 1.6520 0.1281 12.90 <0.0001 

†There were four replicates in each of 2011 and 2012; 17 values were missing in 2011 and 14 
values were missing in 2012, so n = 113.  
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Table C.17 Variance analysis of moisture content (%) of raw and cooked† asparagus (Asparagus 
officinalis L.) spears over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Year  1.779E-6 3.384E-6 0.53 0.2996 
Block(Year)  1.027E-6 0 . . 
Method*Year  2.023E-6 1.5E-6 1.35 0.0888 
Residual  5.051E-6 0 . . 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 6 5   92.63 <0.0001 
Time(Method) 12 174   102.01 <0.0001 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and six replicates in 2012; 2 values were missing in 2011 
and 21 values were missing in 2012, so n = 207. 

 

 

 

 

Table C.18 Variance analysis of moisture content (%) of raw and cooked† asparagus (Asparagus 
officinalis L.) spears pooled over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Block  2.031E-6 1.101E-6 1.84 0.0325 
Residual  5.875E-6 0 . . 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 6 179   570.97 <0.0001 
Time(Method) 12 179   86.98 <0.0001 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and six replicates in 2012; 2 values were missing in 2011 
and 21 values were missing in 2012, so n = 207.  
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Table C.19 Variance analysis of oil content (%) of raw and fried† asparagus (Asparagus 
officinalis L.) spears over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Year  0 . . . 
Block(Year)  0.000015 0.000020 0.76 0.2247 
Method*Year  0.000056 0.000066 0.84 0.1994 
Residual  0.000078 0.000024 3.28 0.0005 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 1 1   198.73 0.0451 
Time(Method) 2 21   30.70 <0.0001 

†Spears were fried for three different durations. 
‡There were four replicates in 2011 and six replicates in 2012; 2 values were missing in 2011 

and 3 values were missing in 2012, so n = 35. 
 

 

 

 

Table C.20 Variance analysis of oil content (%) of raw and fried† asparagus (Asparagus 
officinalis L.) spears pooled over two years‡. 

Random Effect Group  Estimate Standard Error Z-Value Pr > Z 
Block   0 . . . 
UN(1,1) Raw  0.000020 0.000014 1.41 0.0786 
UN(1,1) Fry  0.000152 0.000041 3.67 0.0001 
       
Fixed Effect  Num df Den df   F-Value Pr > F 
Method  1 22   1707.49 <0.0001 
Time(Method)  2 22   15.83 <0.0001 

†Spears were fried for three different durations. 
‡There were four replicates in 2011 and six replicates in 2012; 2 values were missing in 2011 

and 3 values were missing in 2012, so n = 35.  



 176 

Table C.21 Variance analysis of force (N) required to shear through the top halves of raw and 
cooked† asparagus (Asparagus officinalis L.) spears over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Year  0.004889 0.007209 0.68 0.2488 
Block(Year)  0.000232 0.000466 0.50 0.3093 
Method*Year  0 . . . 
Residual  0.01351 0.001508 8.96 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 6 5   473.87 <0.0001 
Time(Method) 12 155   117.24 <0.0001 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and five replicates in 2012; 3 values were missing in 2011 
and 17 values were missing in 2012, so n = 187. 

 

 

 

 

Table C.22 Variance analysis of force (N) required to shear through the top halves of raw and 
cooked† asparagus (Asparagus officinalis L.) spears pooled over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Block  0.002852 0.001765 1.62 0.0531 
Residual  0.01353 0.001513 8.94 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 6 160   472.32 <0.0001 
Time(Method) 12 160   117.22 <0.0001 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and five replicates in 2012; 3 values were missing in 2011 
and 17 values were missing in 2012, so n = 187.  
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Table C.23 Variance analysis of force (N) required to shear through the bottom halves of raw 
and cooked† asparagus (Asparagus officinalis L.) spears over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Year  0.04665 0.07366 0.63 0.2633 
Block(Year)  0.02151 0.01280 1.68 0.0464 
Method*Year  0 . . . 
Residual  0.04696 0.005335 8.80 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 6 5   36.01 0.0006 
Time(Method) 12 150   16.86 <0.0001 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and five replicates in 2012; 6 values were missing in 2011 
and 19 values were missing in 2012, so n = 182. 

 

 

 

 

Table C.24 Variance analysis of force (N) required to shear through the bottom halves of raw 
and cooked† asparagus (Asparagus officinalis L.) spears pooled over two years‡. 

Random Effect Group  Estimate Standard Error Z-Value Pr > Z 
Block   0.04010 0.02136 1.88 0.0302 
UN(1,1) Raw  0.02597 0.006292 4.13 <0.0001 
UN(1,1) Bake  0.07684 0.02483 3.10 0.0010 
UN(1,1) Boil  0.06554 0.01954 3.35 0.0004 
UN(1,1) Fry  0.06942 0.02184 3.18 0.0007 
UN(1,1) Grill  0.02053 0.01110 1.85 0.0322 
UN(1,1) Microwave  0.04068 0.01270 3.20 0.0007 
UN(1,1) Steam  0.04012 0.01230 3.26 0.0006 
       
Fixed Effect  Num df Den df   F-Value Pr > F 
Method  6 155   48.03 <0.0001 
Time(Method)  12 155   16.08 <0.0001 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 
‡There were four replicates in 2011 and five replicates in 2012; 6 values were missing in 2011 

and 19 values were missing in 2012, so n = 182.  
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Table C.25 Variance analysis of lightness (L*) of raw and cooked† asparagus (Asparagus 
officinalis L.) spears over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Year  0 . . . 
Block(Year)  1.2186 0.6616 1.84 0.0327 
Method*Year  0.5384 0.3937 1.37 0.0858 
Residual  2.0856 0.2350 8.87 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 6 5   16.13 0.0039 
Time(Method) 12 157   4.96 <0.0001 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and five replicates in 2012; 3 values were missing in 2011 
and 15 values were missing in 2012, so n = 189. 

 

 

 

 

Table C.26 Variance analysis of lightness (L*) of raw and cooked† asparagus (Asparagus 
officinalis L.) spears pooled over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Block  1.2107 0.6624 1.83 0.0338 
Residual  2.3984 0.2665 9.00 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 6 162   73.61 <0.0001 
Time(Method) 12 162   4.36 <0.0001 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and five replicates in 2012; 3 values were missing in 2011 
and 15 values were missing in 2012, so n = 189.  
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Table C.27 Variance analysis of hue angle (degrees) of raw and cooked† asparagus (Asparagus 
officinalis L.) spears over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Year  1.7861 2.8546 0.63 0.2658 
Block(Year)  0.7334 0.4336 1.69 0.0454 
Method*Year  0.2856 0.2409 1.19 0.1179 
Residual  1.5179 0.1757 8.64 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 6 5   57.80 0.0002 
Time(Method) 12 149   98.58 <0.0001 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and five replicates in 2012; 10 values were missing in 2011 
and 16 values were missing in 2012, so n = 181. 

 

 

 

 

Table C.28 Variance analysis of hue angle (degrees) of raw and cooked† asparagus (Asparagus 
officinalis L.) spears pooled over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Block  1.6449 0.8669 1.90 0.0289 
Residual  1.6631 0.1896 8.77 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 6 154   224.34 <0.0001 
Time(Method) 12 154   89.82 <0.0001 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and five replicates in 2012; 10 values were missing in 2011 
and 16 values were missing in 2012, so n = 181.  
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Table C.29 Variance analysis of total phenolic concentration (mg GAE/g DW) of raw and 
cooked† asparagus (Asparagus officinalis L.) spears over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Year  0.006538 0.01073 0.61 0.2712 
Block(Year)  0.004178 0.002198 1.90 0.0287 
Method*Year  0.000756 0.000654 1.16 0.1240 
Residual  0.004372 0.000467 9.36 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 6 5   6.58 0.0283 
Time(Method) 12 175   1.79 0.0535 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and six replicates in 2012; 1 value was missing in 2011 and 
21 values were missing in 2012, so n = 208. 

 

 

 

 

Table C.30 Variance analysis of total phenolic concentration (mg GAE/g DW) of raw and 
cooked† asparagus (Asparagus officinalis L.) spears pooled over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Block  0.007508 0.003652 2.06 0.0199 
Residual  0.004708 0.000496 9.49 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 6 180   23.41 <0.0001 
Time(Method) 12 180   1.66 0.0781 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and six replicates in 2012; 1 value was missing in 2011 and 
21 values were missing in 2012, so n = 208.  
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Table C.31 Variance analysis of rutin concentration (mg/g DW) of raw and cooked† asparagus 
(Asparagus officinalis L.) spears over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Year  0 . . . 
Block(Year)  0.008441 0.004209 2.01 0.0244 
Method*Year  0.000220 0.000535 0.41 0.3406 
Residual  0.01004 0.001068 9.41 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 6 5   8.82 0.0152 
Time(Method) 12 177   1.81 0.0488 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and six replicates in 2012; 1 value was missing in 2011 and 
19 values were missing in 2012, so n = 210. 

 

 

 

 

Table C.32 Variance analysis of rutin concentration (mg/g DW) of raw and cooked† asparagus 
(Asparagus officinalis L.) spears pooled over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Block  0.008412 0.004194 2.01 0.0224 
Residual  0.01014 0.001063 9.54 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 6 182   11.97 <0.0001 
Time(Method) 12 182   1.80 0.0513 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and six replicates in 2012; 1 value was missing in 2011 and 
19 values were missing in 2012, so n = 210.  
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Table C.33 Variance analysis of rutin (mg) recovered from the liquid remaining after cooking† 
asparagus (Asparagus officinalis L.) spears‡. 

Random Effect Group  Estimate Standard Error Z-Value Pr > Z 
Block   0.000729 0.000797 0.91 0.1801 
UN(1,1) Bake  0.000761 0.000447 1.70 0.0445 
UN(1,1) Boil  0.06701 0.03172 2.11 0.0173 
UN(1,1) Fry  0.006472 0.003262 1.98 0.0236 
UN(1,1) Microwave  0.01234 0.005871 2.10 0.0178 
UN(1,1) Steam  0.05860 0.02939 1.99 0.0231 
       
Fixed Effect  Num df Den df   F-Value Pr > F 
Method  4 41   1248.65 <0.0001 
Time(Method)  10 41   21.76 <0.0001 

†Cooked spears were baked, boiled, fried, microwaved, or steamed, each for three different 
durations. 
‡There were four replicates and 1 value was missing, so n = 59.  
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Table C.34 Variance analysis of GSH concentration (µmol/g DW) of raw and cooked† 
asparagus (Asparagus officinalis L.) spears over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Year  1.7430 2.6421 0.66 0.2547 
Block(Year)  0.5525 0.2843 1.94 0.0260 
Method*Year  0.03607 0.03646 0.99 0.1613 
Residual  0.3088 0.03389 9.11 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 6 5   11.26 0.0089 
Time(Method) 12 166   12.23 <0.0001 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and six replicates in 2012; 11 values were missing in 2011 
and 20 values were missing in 2012, so n = 199. 

 

 

 

 

Table C.35 Variance analysis of GSH concentration (µmol/g DW) of raw and cooked† 
asparagus (Asparagus officinalis L.) spears pooled over two years‡. 

Random Effect Group  Estimate Standard Error Z-Value Pr > Z 
Block   1.5796 0.7529 2.10 0.0179 
UN(1,1) Raw  0.2010 0.05191 3.87 <0.0001 
UN(1,1) Bake  0.2447 0.06824 3.59 0.0002 
UN(1,1) Boil  0.3436 0.09823 3.50 0.0002 
UN(1,1) Fry  0.7187 0.1997 3.60 0.0002 
UN(1,1) Grill  0.08670 0.05270 1.65 0.0499 
UN(1,1) Microwave  0.2424 0.06897 3.51 0.0002 
UN(1,1) Steam  0.3172 0.3172 3.43 0.0003 
       
Fixed Effect  Num df Den df   F-Value Pr > F 
Method  6 171   37.45 <0.0001 
Time(Method)  12 171   12.23 <0.0001 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and six replicates in 2012; 11 values were missing in 2011 
and 20 values were missing in 2012, so n = 199.  
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Table C.36 Variance analysis of FRAP antioxidant activity (µmol/g DW) of raw and cooked† 
asparagus (Asparagus officinalis L.) spears over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Year  0.01470 0.02340 0.63 0.2649 
Block(Year)  0.006132 0.003240 1.89 0.0292 
Method*Year  0.002894 0.002115 1.37 0.0856 
Residual  0.007240 0.000770 9.41 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 6 5   2.03 0.2266 
Time(Method) 12 177   1.53 0.1188 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and six replicates in 2012; 1 value was missing in 2011 and 
19 values were missing in 2012, so n = 210. 

 

 

 

 

Table C.37 Variance analysis of FRAP antioxidant activity (µmol/g DW) of raw and cooked† 
asparagus (Asparagus officinalis L.) spears pooled over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Block  0.01340 0.006514 2.06 0.0198 
Residual  0.008550 0.000896 9.54 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 6 182   15.39 <0.0001 
Time(Method) 12 182   1.29 0.2267 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and six replicates in 2012; 1 value was missing in 2011 and 
19 values were missing in 2012, so n = 210.  
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Table C.38 Variance analysis of ORAC antioxidant activity (µmol Trolox equivalents/g DW) of 
raw and cooked† asparagus (Asparagus officinalis L.) spears over two years‡. 

Random Effect  Estimate Standard Error Z-Value Pr > Z 
Year  175.50 732.46 0.24 0.4053 
Block(Year)  1124.34 601.04 1.87 0.0307 
Method*Year  487.37 378.73 1.29 0.0991 
Residual  1601.13 170.26 9.40 <0.0001 
      
Fixed Effect Num df Den df   F-Value Pr > F 
Method 6 5   2.48 0.1689 
Time(Method) 12 177   1.29 0.2260 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and six replicates in 2012; 1 value was missing in 2011 and 
19 values were missing in 2012, so n = 210. 

 

 

 

 

Table C.39 Variance analysis of ORAC antioxidant activity (µmol Trolox equivalents/g DW) of 
raw and cooked† asparagus (Asparagus officinalis L.) spears pooled over two years‡. 

Random Effect Group  Estimate Standard Error Z-Value Pr > Z 
Block   1293.52 647.60 2.00 0.0229 
UN(1,1) Raw  1746.39 385.57 4.53 <0.0001 
UN(1,1) Bake  1038.27 316.05 3.29 0.0005 
UN(1,1) Boil  1324.78 383.24 3.46 0.0003 
UN(1,1) Fry  2537.41 738.07 3.44 0.0003 
UN(1,1) Grill  382.86 203.94 1.88 0.0302 
UN(1,1) Microwave  2276.77 667.68 3.41 0.0003 
UN(1,1) Steam  2366.53 711.30 3.33 0.0004 
        
Fixed Effect  Num df Den df   F-Value Pr > F 
Method  6 182   13.26 <0.0001 
Time(Method)  12 182   1.39 0.1730 

†Cooked spears were baked, boiled, fried, grilled, microwaved, or steamed, each for three 
different durations. 

‡There were four replicates in 2011 and six replicates in 2012; 1 value was missing in 2011 and 
19 values were missing in 2012, so n = 210. 


