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ABSTRACT 

 

 Allium species, because of their characteristic flavor and numerous health 

benefits, were recommended to be grown by NASA Advanced Life Support (ALS) 

program for the Controlled Ecological Life Support System (CELSS).  The focus of this 

program is to find a method of providing food for long-term space missions.  Plants of 

bulbing onion (A. cepa), bunching onion (A. fistulosum), and common chive were each 

planted at three planting densities (10-, 15-, and 20-mm) and grown under elevated 

(approx 1200 ppm) and ambient (approx 400 ppm) CO2 in an environmental growth 

chamber.  A. cepa ‘Purplette’ had more intense sensory attributes, percentage ash, Na, 

and K, but had lower amounts of crude fat, Mg, Ca, and percent N.   Planting density did 

not affect flavonol content or the composition of the plants and only affected one sensory 

attribute, the pungency at 63 dap.  Plants grown in elevated CO2 concentrations had 

different amounts of ash, Ca, and K.  However, differences were only found at 35 to 42 

dap.  The constituents that varied with age were crude fat, ash, Mg, Ca, Na, K, C, and N.  

Allium species, particularly A. cepa, can provide a beneficial crop for the space program.     

 

Key Words: Allium, planting density, flavonols, plant composition 
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CHAPTER I 
 

INTRODUCTION 

 

 In 1961, the Soviet cosmonaut, German Titov, was the first human being to 

consume food in space.  A year later, John Glenn became the first American to consume 

food when he consumed applesauce on the first U.S. manned orbital mission in the 

Mercury-Atlas Spacecraft (Perchonok and Bourland, 2002).  Before these milestones in 

space travel, there was no knowledge that humans would be able to consume food in 

micro-gravity. In earlier times of space travel, the mission durations were no longer than 

two days.  Since then, missions have become longer and the need to provide foods that 

will meet nutritional demands of crew members has become a demanding area of 

research.  In earlier missions, astronauts mainly consumed freeze-dried foods or foods 

that had been dehydrated, then rehydrated for consumption.  These food dishes had poor 

palatability and rehydration.  Therefore, the consumption of foods was inadequate, and 

weight and muscle loss occurred.   

Improvements in the food supply were made with each successive mission.  In 

later Apollo missions (1968 to 1972), the implementation of retorted foods allowed for a 

longer shelf-life of food in its natural form (Perchonok and Bourland, 2002).  In addition, 

Apollo astronauts were the first to have access to hot water, which allowed better 

rehydration of the dehydrated foods, as well as open containers and utensils, which 

allowed astronauts to visualize their food as they would with a typical dining 

presentation.  The Skylab program (1973 to 1974) provided the most versatile and 
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appealing diet than any preceding program.  Crew members had access to refrigerators, 

freezers, food warmers, as well as an open dining area that included footholds which 

allowed the crew members to eat in at a table setting.  Nutritional requirements in space 

are different than nutritional requirements on earth because of increased physiological 

stress on the human body, including loss of gravity, increased CO2, and increased 

radiation.  Astronauts can currently plan their diets prior to their mission and their 

selected menu is analyzed by a dietician to ensure that proper nutritional demands will be 

met.          

 As the next step in space travel, NASA has interest in going beyond low-orbital 

Earth missions.  Future missions, such as a trip to Mars, likely include a planetary landing 

and planetary stay.  Missions are anticipated to last up to 2.5 y in the future.  The success 

of the space program rests upon providing basic human needs, such as food and oxygen.  

Because of the long duration of future missions, NASA has reported that it is impossible 

to carry on enough food to sustain the crew for the prolonged periods of time.  Therefore, 

NASA has suggested using food crops to provide food for future missions.  Examples of 

candidate crops under investigation are staple crops such as wheat, soybeans, peanuts, 

sweet potatoes, and rice.  In order to provide fresh foods to incorporate into the 

astronauts’ diets, several fresh salad crops are under investigation as well.  Candidate 

salad crops include: lettuce, Swiss chard, cabbage, turnips, and onion.   

The Advanced Life Support (ALS) program of NASA suggested that plants be 

used to regenerate oxygen and utilize CO2 through photosynthesis, provide food, and 

process and purify wastewater.  In addition, the presence of plant-life can provide 
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positive emotional benefits and provide a more home-like structure to crew members.  

Salad crops and stored foods will be used until a permanent living base is constructed 

(Perchonok and Bourland, 2002).  Eventually, food crops grown in space will replace 

some of the prepackaged food since the crops can be harvested and processed as needed.  

The Advanced Crop System (ACS) is part of the ALS and is responsible for testing 

production approaches and crop responses that can be used in space exploration.  The 

main goal of the ACS is to find crops that can provide sufficient quantities of 

carbohydrate, protein, and fat for the crew members.  The key research issues of the ACS 

include: 

• Selecting crops and cultivars that will produce high yields and provide 

good nutritional value, 

• Testing responses to various factors such as light intensity, photoperiod, 

temperature, CO2 concentration, and planting density, and 

• Developing and testing water and nutrient deliver systems, planting and 

material handling.   

Hydroponics, the growing of plants without soil, is the ideal method of cultivating 

plants for food production on space missions.  Hydroponically grown plants obtain 

essential elements and nutrients by utilizing dissolved fertilizer salts in water which make 

up a nutrient solution (Resh, 1995).  Hydroponics offers several benefits over soil culture, 

especially in a confined environment.  Some of the benefits include efficient nutrition 

regulation, increased yield, higher planting densities, weed control, and the absence of 

diseases and soil inhabitants.  Hydroponics allows the grower to control the nutrient 
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solution in which the plant grows, whereas soil cultures can be highly variable and 

nutrients can become unavailable due to poor soil structure or pH.  Morris (2001) 

suggested that hydroponically grown onions maintain a relatively constant compositional 

profile compared to those grown in potting soil.   

The ALS has suggested crops based upon potential yield, harvest index, 

nutritional value, growing requirements, processing requirements, and acceptability. 

Based upon these criteria, onions, and other Allium species, are among the many crops 

that have been recommended by the ACS.  Onions can provide a source of seasoning for 

foods, which can be very beneficial since human sensory acuity is somewhat diminished 

in microgravity.  Seasoning, or intensely flavored items, can assist in making meals more 

appealing for crew-members.  In addition, Allium species have been shown to have high 

concentrations of phytochemicals which provide numerous health benefits including 

reducing the risk of heart disease and certain cancers.  Morris (2001) suggested that 

onions could be a reliable food crop when grown hydroponically in elevated CO2 levels, 

under a long photoperiod in a growth chamber and controlled environment.   

Other studies have examined various Allium species for biomass accumulation, 

eating quality, composition, and phytochemical content. Thompson et al. (2004) 

determined the total flavonol (TF) concentration and harvest index of several Allium 

species grown in potting soil, hydroponically in a greenhouse, and hydroponically in an 

engineering development unit (EDU).   

Previous studies have shown that A. cepa cultivars increase in TF content with 

age (Morris 2001; Thompson et al., 2004).  A. schoenoprasum L. (common chive), and A. 
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tuberosum L. (garlic chive) had lower TF concentrations, regardless of age.  Japanese 

bunching onion, Allium fistulosum L.(‘Kinka’), as well as two cultivars of  bulb onions, 

A. cepa L. (‘Purplette’ and ‘Deep Purple’), each performed very well in terms of TF 

content when grown in potting media.  All cultivars contained significantly higher 

concentrations of TF when grown hydroponically compared to those grown in potting 

media and the bulbing onions continued to exhibit higher concentrations of TF.   

In addition TF concentrations were higher in five cultivars: A. fistulosum L. 

(‘Choesty’), A. cepa L. (‘Cal 296’ and ‘Purplette’), and A. schoenoprasum L. (‘Staro’ and 

‘Purly’) when grown at elevated CO2 concentrations.  However, ‘Kinka’ contained a 

lower TF concentration at elevated CO2 compared to ambient CO2.  Sensory quality of 

various cultivars was also determined.  Results from a triangle test indicated that panelists 

were unable to determine differences between onions grown at elevated CO2 from those 

grown in ambient CO2, with the exception of ‘Choesty’.  A trained panel was used in 

order to rank the relative pungency, onion aroma and bitterness of various cultivars 

mixed with lettuce at a 1:1 ratio.  ‘Purplette’ and ‘Kinka’ were shown to have more 

intense sensory characteristics, which could be favorable in microgravity.   

 

Research Objectives 

Previous research has demonstrated that most Allium species perform well when 

grown under elevated CO2, in terms of TF content and sensory attributes.  Because of 

limited space on the shuttle, there is a need to determine the efficiency of Allium species 

when planted at smaller planting densities.  The objective of this project was to evaluate 
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how planting density and CO2 concentration affects different Allium species.  In addition, 

two harvesting methods were observed to determine how the different species performed 

when harvested multiple times compared to harvesting only once.   Plant material was 

analyzed for TF content, nutritional composition, sensory quality, and carbon and 

nitrogen content.       
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CHAPTER II 

REVIEW OF LITERATURE 

 

Introduction 

 Since the beginning of manned space missions, there has been growing need to 

provide astronauts with a food supply that is palatable, meets the limited storage capacity 

in the cabin, has adequate packaging to withstand the change in atmosphere, has limited 

mass, and will remain suitable and safe for consumption (Perchonok and Bourland, 

2002).  Adverse changes in the health of the astronaut have been attributed to 

microgravity and poor palatability of foods.  It has been shown that a loss of bone 

calcium, muscle atrophy, and a decrease in red blood cell numbers can occur, especially 

on longer missions upon the return to Earth (Perchonok and Bourland, 2002).  In order to 

mitigate these effects, it is vital that the crew members receive adequate nutrition while 

onboard.  In order to encourage crew members to consume a diet that meets their 

nutritional demands, it is important to provide food products that are appealing as well as 

nutritious.   

Astronauts are allowed to plan their own menu approximately five months before 

the launch date (Perchonok and Bourland, 2002).  The shuttle contains a galley, which 

crew members can store, prepare, and consume their meals, just as a kitchen in a home.  

Currently there are eight processing categories for space food: rehydratable foods, 

thermostabilized food, intermediate moisture food, natural form food, irradiated food, 

frozen food, fresh food, and refrigerated food (Perchonok and Bourland, 2002).  Because 

of the phenomenon of microgravity, many changes must be made in the daily eating style 
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of crew members.  In previous missions, the challenges of being able to consume a meal 

have caused astronauts to become negligent in eating properly and meeting the dietary 

guidelines.     

 Although technology of food processing and storage has made enormous 

progress, the duration of missions is still somewhat limited because it is too difficult to 

provide an adequate food supply.  Astronauts from the US and Russia have remained on 

the International Space Station for 112 to 188 d, but future missions, to Mars for 

example, may extend for up to 2 to 3 years (Perchonok and Bourland, 2002).  It has been 

proposed that the use of higher plants for food production on long-term space missions 

could offer numerous benefits.  One of the major benefits proposed is that it would lower 

the resupply cost of carry-on food supply.  These plants produce oxygen, which can be 

utilized for human respiration if the actively growing plants are incorporated properly 

among the cabin.  Plants can also provide a way to recycle waste water, supply all of the 

oxygen needed in the cabin, and utilize CO2 accumulated in the cabin. 

In addition, some of the most important benefits are that the daily requirements of 

calories, protein, fat, carbohydrates, vitamins, minerals, and trace elements can be 

provided entirely by plants (Perchonok and Bourland, 2002).  While maintaining 

nutritional needs, plants also provide a psychological benefit to crew-members since they 

are able to characterize their habitat on the shuttle to that on Earth.  Uses of higher plants 

provide some challenges, however.  Conflicting studies have debated the nutritive value 

of plants grown in controlled environments.   
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Another area of interest is the efficiency of gas exchange between humans and 

plants.  It is known that humans exhale CO2 during respiration, which can then used by 

plants during photosynthesis to produce O2.  However, the gas exchange in a regenerative 

life support system differs from growing crops.  Therefore, CO2 is accumulated in the 

cabin, which mimics the greenhouse effect.  Extensive research has been completed to 

determine the effects of elevated CO2 on plants.    

 Allium species were recommended to be grown by NASA Advanced Life Science 

(ALS) program for the Controlled Ecological Life Support System (CELSS) primarily to 

provide a source of seasoning for foods.  Evidence has shown that Allium species are one 

of man’s most ancient cultivated crops.  Depictions of onion and garlic bulbs date back to 

5000 years ago in Egypt, and the cultivation of onion crops in the United States dates 

back to 1629 (Brewster, 1994).  Onions are characterized as low growing perennials in 

which rhizomes, roots, and bulbs are considered to be the most important storage organs 

(Brewster, 1994).  Onions and their related Alliums are densely distributed through the 

temperate, warm temperate and boreal zones of the northern hemisphere and are confined 

to mountainous areas in tropical regions (Brewster, 1994).  Since Alliums have become 

domesticated, they have been selected for faster growth and larger bulbs.  Allium species 

have been divided into five subgenera, but two of them contain the most important crops 

(Brewster, 1994).  The first subgenus is Rhizirideum, which contain the species, A. 

tuberosum (Chinese chives), A. schoenoprasum (Common chive), A. cepa (onion or 

shallot), and A. fistulosum (Japanese bunching onion).  The other subgenus is Allium 

which contains the species A. chinense (rakkyo), A. sativum (garlic), and A. 



 

 11 
 

ampeloprasum (leek, kurrat, great-headed garlic, and pearl onion).  Onions rank fourth 

among U.S. vegetables in per capita consumption as well as value (following potatoes, 

tomatoes, and lettuce), with an estimated retail value of over $2 billion.     

 

Flavor Chemistry 

Onions, and their related Alliums, each have a characteristic taste and odor that 

distinguishes them from other vegetable crops and provides a unique flavor to various 

food dishes.  Organoleptic evaluation has traditionally been used to determine the 

pungency of onions, yet this method lacks precision and repeatability (Randle and 

Bussard, 1993).  Analytical methods have been developed for quantifying the pungency 

of an onion.  Pyruvic acid is a decomposition product from the flavor precursors and is 

often used as an indicator of gross flavor intensity of onions (Randle, 2000).  Flavor 

precursors are stored in vesicles within the cytoplasm of the cells and flavor components 

are distributed non-uniformly throughout the plant.  In the onion bulb, the concentrations 

of flavor precursors are highest in the innermost portions and progressively decrease to 

the outermost scales (Brewster and Rabinowitch, 2000).  Young leaf blades also tend to 

have higher concentrations of flavor precursors than older blades (Brewster and 

Rabinowitch, 2000).   

 

Formation of Flavor Precursors 
 

Sulfur-containing compounds are the starting point for the formation of several 

flavor precursors.  Sulfur is taken up by the roots of the plant as sulfate (SO4
-2) (Brewster 
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and Rabinowitch, 2000).  It is then transported in the xylem to leaf tissue, where it is 

reduced to sulfide, then further converted, by a light-dependent reaction, to the amino 

acid cysteine where it can then be metabolized into other sulfur containing compounds 

(Brewster and Rabinowitch, 2000).  Cysteine is then converted to glutathione via 

glutamic acid and glycine.  This biosynthetic pathway terminates with the production of 

three volatile, non-protein, sulfur-containing amino acids, called the S-alk(en)yl cysteine 

sulfoxides (ACSOs) which serve as flavor precursors (Brewster and Rabinowitch, 2000).  

S-(E)-1-propenyl cysteine sulfoxide is usually produced at the highest concentration and 

is the compound associated with tearing and pungency.  S-methyl cysteine sulfoxide and 

S-propyl cysteine sulfoxide are the other two flavor precursors produced.  Once allinase, 

an odorless and nonvolatile enzyme derived from cysteine, is released from the cells, it 

hydrolyzes the ACSOs to produce pyruvate, ammonia, and numerous other volatile 

compounds that produce the characteristic taste and smell of onions (Brewster and 

Rabinowitch, 2000).  Allinase is found in the cell vacuole and cannot reach the flavor 

precursors, which are found in the cytoplasm, until tissue damage has occurred (Brewster 

and Rabinowitch, 2000).  Once the enzyme is released from the vacuole, pyridoxal 

phosphate acts on the flavor precursors to form an enzyme-substrate complex.  The 

precursor forms an electrostatic attraction to a metal ion of the enzyme.  A hydrogen ion 

from the substrate then dissociates, causing the disintegration of the enzyme-substrate 

complex, which causes sulfenic acid, ammonia, and pyruvate to be formed (Brewster and 

Rabinowitch, 2000).  Sulfenic acids are highly reactive once released, and will undergo 

various spontaneous rearrangements, which results in the formation of volatile 
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compounds with strong aromas.  S-oxide, the tear-inducing thiopropanol, is formed from 

a spontaneous rearrangement of 1-propenyl sulfenic acid (Brewster and Rabinowitch, 

2000).  Although allinase is responsible for the formation of several flavor precursors, the 

reactions between the enzyme and the flavor precursors are unstable and are capable of 

undergoing non-enzymatic reactions which produce several other volatiles (Brewster and 

Rabinowitch, 2000).  Thiosulfinates are important intermediates for the formation of the 

volatile compounds found in onion.  Different rearrangements of thiosulfinates produce 

mainly, monosulfides, disulfides, and sulfur dioxide, but thiosulfonates and disulfide are 

also produced (Brewster and Rabinowitch, 2000).  Compounds responsible for the bitter 

flavor of fresh onion juice have not been determined, but are thought to be due to the role 

of secondary reactions that follow the action of allinase on S-propenylcysteine sulfoxide 

(Brewster and Rabinowitch, 2000).  Over time, fresh onion juice will develop a pink 

color, which is caused by carbonyl free amino acids to produce pink pigments (Brewster 

and Rabinowitch, 2000).  More than 80 volatile compounds have been identified in 

extracts of Alliums (Brewster and Rabinowitch, 2000).  Block et al. (1992) have 

evaluated several techniques such as: high performance liquid chromatography (HPLC), 

and gas chromatography (GC) to determine which compounds are primarily responsible 

for the characteristic flavor of Allium species.   

 

Factors Influencing Flavor Intensity 
 

Several factors can contribute to the flavor intensity of Allium species.  

Characteristics such as dry matter content, total soluble solids, and pungency are used in 
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quantifying the quality of onions.  Breeders select for these characteristics, so it is 

important to determine the factors affecting these characteristics.  A study by Saghir and 

Senzai (1970), indicated that certain herbicides did not have a significant effect on the 

dry matter content, total soluble solids, or the pungency of onion crops.  Higher growing 

temperatures results in increased pungency (Kopsell and Randle, 1997).  However, 

environmental conditions during growth or during the handling of harvested bulbs 

influence storage duration and quality.  Different cultivars will vary in their flavor 

intensity due to the amount of sulfur uptake and sulfur accumulation, alliinase 

concentration, the ratio of various flavor precursors, and the degree to which the 

precursors decompose also contribute to the varying degree of flavor intensity among 

cultivars (Randle, 2000).   

Nitrogen (N) concentrations in the soil can also affect the intensity of the 

pungency.  Randle (2000) showed that increasing N concentrations of hydroponically 

grown onions resulted in a linear increase of gross flavor intensity and enzymatically 

developed pyruvic acid (EPY).  The response of total ACSO to increasing N 

concentration was cubic, where concentrations increased from the lowest N concentration 

to the midlevel treatment, decreased, then increased at the highest concentration.  Among 

the individual ACSOs measured, methyl cysteine sulfoxide was found at the highest 

concentration.  However, it has also been shown that heavy N applications during growth 

or N applied during maturation decreases storage duration and bulb quality (Kopsell and 

Randle, 1997).  When heavy applications are given in the later stages of development, 

maturation is delayed resulting in soft bulbs, which negatively affect handling and shelf 
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life (Randle, 2000).  It is a common practice to gradually deplete N from the soil during 

the latest stages of growth to avoid the problems associated with late applications of N 

(Randle, 2000).  Wong et al. (1995) showed that increased N fertilization of sweet corn 

(Zea mays L. var. rugosa Bonaf.) increased the amount of dimethyl sulfide, which gives 

cooked sweet corn its characteristic flavor.  Johnson and Decoteau (1996), showed 

similar results when they exhibited that increased N on pepper fruits increased the 

amount of capsaicin and dihydrocapsaicin, which are compounds that contribute to the 

pungency of peppers.  Bulb quality and pungency tend to differ during storage for some 

cultivars.  Storage differences are mainly due to moisture loss, length of bulb dormancy, 

and disease susceptibility (Kopsell and Randle, 1997).  Long-day cultivars typically 

exhibit higher quality bulbs for longer storage periods than short-day cultivars (Kopsell 

and Randle, 1997).  The study completed by Kopsell and Randle (1997) showed that 

levels of EPY differed among cultivars and storage dates, but the interaction between 

cultivars and storage dates was not significant.  An explanation for the changes in onion 

pungency during storage is that the changes are associated with the breaking of bulb 

dormancy since the concentrations of flavor precursors decrease as the bulbs break 

dormancy and begin sprouting (Randle and Bussard,1993).   

 

Introduction to Flavonoids 

It is known that consumption of onion, and other Allium species, provide 

beneficial health effects.  Some of the positive health attributes include anticancer, 

antithrombotic, cholesterol-lowering, and antibiotic effects (Johns and Romeo, 1996).  
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Certain cancers, cardiovascular heart disease, and a variety of other diseases are a result 

of exposure to oxidizing species, which damage proteins, lipids, or DNA.   Much 

attention has been focused on the antioxidant abilities of flavonoids, which is a generic 

term that includes flavones, isoflavones, anthocyanins, flavanones, flavanols, and 

flavonols (Duthie et al., 2000).  These compounds are ubiquitous throughout the plant 

kingdom and there have been over 4000 flavonoid compounds identified thus far 

(Formica and Regelson, 1995).  Some of the compounds in the flavone group include 

apigenin, chrysin, and flavone (Formica and Regelson, 1995).  Genistien is a common 

compound in the isoflavone group, and hesperitin and neohesperidin are part of the 

flavonone group (Formica and Regelson, 1995).  Catechin, epigallocatechin (EGC), and 

epigallocatechin 3-gallate (EGC 3-G) are the three most common flavanols, which are 

commonly referred to as catechins.  Quercetin, kaempferol, and myricetin are the most 

predominant flavonols, where quercetin is the most consumed flavonoid in the human 

diet (Hertog and Hollman, 1996).   

 

Formation and Structure of Flavonoids 

Flavonoids are secondary plant metabolites and have a common structure which 

consists of three rings (A, B, and C) and contain a diphenyl propane skeleton (C-6-C-3C-

6) (Formica and Regelson 1995, Hertog and Hollman 1996; Figure 2.1).   
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 Figure 2.1.  Chemical structures of common flavonoids (Formica and Regelson, 1995). 

 Malonyl-coenzyme A (CoA) is a compound derived from the metabolism of glucose.  

During the condensation reaction of CoA, the biosynthesis of ring A occurs (Formica and 

Regelson, 1995).  The shikimic acid pathway is responsible for the formation of several 

flavonoids.  This pathway also involves glucose metabolism where its end products 

include cinnamic acid and, its reduced product, coumaric acid which are both C-9 acids 

(Formica and Regelson, 1995).  A C-15 chalcone is produced when the C-9 acids 

condense with C-6 products of malonate (Formica and Regelson, 1995).  Ring closure 

and hydration will result in the formation of catechins, quercetin, and procyanidins 

(Brown, 1980).  Lignins, which are important for the structural integrity of the plant, are 

also formed from the shikimic acid pathway (Heller, 1986).  The sugar-free portion of the 

molecule is referred to as the aglycone (Hertog and Hollman, 1996).   
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Figure 2.2.  Chemical structure of quercetin and kaempferol (Wang and et al., 2003) 

Flavonols are characterized by the hydroxyl group at the C3 position (Hertog and 

Hollman, 1996).  Flavonols are most commonly located in the leaves and outer portions 

of the plant with trace amounts located in the underground portions, with the exception of 

onion bulbs which are rich in 4’-D-glucosides (Hertog and Hollman, 1996).  In food, 

quercetin is present as glycosylated forms, mainly as β-glucosides (Crespy et al., 2002).  

As many as 179 glucosides of quercetin have been found, but the most common 

glucosides are quercetin 4`-monoglucoside (QMG) and quercetin 3,4`-diglucoside (QDG) 

(Williams and Harborne, 1993).   

 

Functions of Flavonoids in the Plant 
 

Flavonoids serve several purposes in plant cells, and have several benefits in 

human cells once consumed.  Flavonoids protect plant cells from harmful insects, fungi, 

viruses and bacteria (Markham, 1989). However, it has been shown that certain 

flavonoids can assist in the growth with beneficial fungi.  A study by Poulin and et al. 
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(1993), showed that the CO2 enrichment stimulated the hyphal development of vesicular-

arbuscular mycorrhizal (VAM fungi), particularly Gigaspora margarita, in the presence 

of specific phenolic compounds such as quercetin, kaempferol, and rutin which were 

identified in carrot (Daucus carota) root exudates.  Because mycorrhizae increase the 

absorptive surface area of plants, nutrients taken up by hyphae can lead to a more  

efficient plant growth and reproduction in nutrient-poor or moisture-deficient soils 

(Sylvia et al., 1998).  

 

Antioxidant Actions of Flavonoids 
 

Many factors contribute to diseases such as heart disease and cancer.  However, a 

series of oxidation reactions commonly contribute to the progression of these diseases in 

human beings.  Oxygen is undoubtedly essential for life, but oxygen can form a free 

radical, which is a very unstable compound because it contains an odd number of 

electrons.  There are several types of oxygen-derived free radicals that can be formed 

such as hydroxyl (OH·), hydroperoxyl (HOO·), peroxyl (ROO·), superoxide (O2·), and 

alkoxyl (RO·) (Fennema, 1985; Kaur and Kapoor, 2001).  Lipid oxidation consists of 

three general steps.  The first step, when the free radical is actually formed, is termed the 

initiation.  Light, metals, oxygen, and other forms of energy will cause an H+ on the C 

next to the double bond to be dissociated thus leaving the compound with an odd number 

of electrons (deMan, 1999).  The next step is the propagation step which is a continuous 

step that is capable of reoccurring numerous times.  During this step, the free radical 

formed during initiation will combine with a peroxy-free radical (RH·) to form a stable 
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compound, a hydroperoxide; in addition to another free radical (deMan, 1999).  This step 

will repeat until the free radicals become stabilized.  Primary antioxidants are able to 

donate electrons to the unstable free radical, thus terminating the chain of formation 

(Kaur and Kapoor, 2001).  Antioxidants are stable, even after they donate an electron, 

and therefore will not form a free radical by donating an electron to unstable molecules 

(Kaur and Kapoor, 2001).  Antioxidants can be described as compounds which protect 

cellular systems from potentially harmful effects of processes that can cause excessive 

oxidations by inhibiting the pathogenesis of the disease (Duthie et al., 2000).  However, 

antioxidants have also been useful preservatives in food systems (Kaur and Kapoor 

2001).  These substances can be used to preserve food by retarding deterioration, 

rancidity or discoloration caused by oxidation (Kaur and Kapoor, 2001).  Free radicals 

can also form toxic substances during lipid oxidation that can contribute to negative 

effects such as carcinogenesis, cell DNA mutagenesis and aging (Kaur and Kapoor, 

2001).  In addition to stabilizing free radicals, antioxidants can also serve as chelators by 

binding to metal ions, such as copper and iron, that will initiate lipid oxidation, or as an 

oxygen scavenger, as well as secondary antioxidants, which break down hydroperoxide 

molecules (Kaur and Kapoor, 2001).   

Once free radicals begin to form, a chain of deleterious events can occur in human 

cells such as lipid peroxidation.  This results in the destabilization and disintegration of 

the cell membranes or other components of the cell, such as DNA, to become oxidized 

(Halliwell et al., 1995).  Pollution, radiation, cigarette smoke and certain chemicals are 

some of the factors which can contribute to the generation of free radicals (Kaur and 
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Kapoor, 2001).  However, the immune system of humans will sometimes intentionally 

create free radicals as a defense against viruses and bacteria (Kaur and Kapoor, 2001).  In 

addition, free radicals are also naturally formed during metabolism (Kaur and Kapoor, 

2001).  Many diseases such as cardiovascular diseases, certain cancers, 

neurodegenerative diseases, inflammatory diseases, and aging have been found to be 

prevented by antioxidants (Kaur and Kapoor, 2001).   

Fruits and vegetables have been noted for their strong antioxidant capabilities.  

Polyphenols are capable of participating in numerous chemical oxidation systems where 

they are able to scavenge peroxyl radials, alkyl peroxyl radicals, superoxide, hydroxyl 

radicals, nitric oxide and peroxynitrite (Duthie et al., 2000).  The redox properties of 

phenolics allow them to act as reducing agents, hydrogen donators and singlet oxygen 

quenchers give them significant antioxidant capabilities (Rice-Evans et al., 1997).  In 

order to be an effective antioxidant, a polyphenol must be present in low concentrations 

compared to the substrate it will scavenge, as well as forming a compound that will 

remain stable after the electron is donated (Kaur and Kapoor, 2001).   

 

Flavonols and Heart Disease 
 
 Many patients who suffer cardiac failures, such as myocardial infarction and 

stroke have what is commonly called clogged arteries.  Human serum contains five 

lipoproteins: high-density lipoprotein (HDL), low-density lipoprotein (LDL), 

intermediate density lipoprotein (IDL), very low-density lipoprotein (VLDL), and 

chylomicrons.  HDL is often termed the “good” or “healthy” cholesterol, where LDL is 
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often responsible for the preliminary symptoms of heart disease.  Endothelium cells, 

which make up the outer lining of arteries, can become damaged and allow molecules of 

LDL to enter the vessel.  Once inside the artery, the LDL molecule can become oxidized.  

Macrophages are scavenger molecules that are capable of binding to several molecules of 

the oxidized LDL molecules.  Once the macrophage becomes completely engulfed with 

the LDL molecules, it will produce what is known as a “foam cell.”  Foam cells will 

continue to accumulate on the interior of the artery and eventually form a fatty buildup, 

plaque.  The plaque will eventually cause a narrowing of the artery, resulting in a slower 

movement of erythrocytes through the artery.  A myocardial infarction occurs when 

erythrocytes are no longer capable of passing through the narrowed artery, thus causing a 

clot.  A study completed by Brigs et al., (2001), showed that by administering raw onion 

juice, either intravenously or intragastrically, to dogs with mechanically damaged 

coronary arteries, had the ability to prevent platelet mediated cardiovascular disease.   

The antioxidant abilities of flavonols have shown to inhibit the oxidation of LDL 

molecules and prevent platelet-mediated cardiovascular disease.  (Formica and Regelson, 

1995; Duthie et al., 2000; Hertog and Hollman, 1996).  The IC50 value of quercetin, 

which is the concentration of the antioxidant needed to inhibit 50 percent of the 

oxidation, was found by deWhalley et al., (1990) to be 2 μmol/L.  Vinson et al., (2001) 

completed a similar study that quantified the antioxidant efficiency of flavonols, 

catechins, and synthetic antioxidants.  Of the flavonols studied, quercetin was shown to 

be twice as effective as myricetin, and nearly seven times more effective as kaempferol.  

The two synthetic antioxidants, butylated hydroxytoluene (BHT) and butylated 
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hydroxyanisole (BHA) were both similarly as effective as quercetin.  Formica and 

Regelson (1995) suggested that the antioxidant efficiency of quercetin was attributed to 

the donation of an electron to the enzyme-bound α-tocopherol which inhibits the 

oxidation of LDL molecules.  Another proposed mechanism for which this occurs is that 

quercetin reduces the free Ca 2+ which prevents the activation of actomyosin of the 

cytoskeleton which is needed for platelet aggregation (Hertog and Hollman 1996). 

 In addition to inhibiting oxidation of lipoproteins, flavonoids can also provide 

therapeutic effects by inhibiting the synthesis of eicosanoids such as prostaglandin and 

leukotriene.  These homeostatic agents assist in maintaining the integrity of the 

inflammatory, cardiovascular, and renal systems (Formica and Regelson 1995).  

Inflammatory disorders, including respiratory problems, (asthma, psoriasis, rheumatoid 

arthritis, and inflammatory bowel disease) can be caused by an imbalance in leukotriene 

homeostasis (Lewis et al., 1990).  Likewise, cardiovascular and renal diseases can be 

induced by an imbalance of prostaglandin synthesis.  These eicosanoids are produced by 

arachidonate metabolism.  Phospholipase A2 (PLA2), which is a free radical, is thought to 

be the initiator of arachidonate metabolism.  Lipoxygenase (LO) and cyclo-oxygenase 

(CO) are also involved in eicosanoid synthesis.  Flavonoids have been shown to inhibit 

these oxygenases by preventing the non-enzymatic peroxidation of polyunsaturated fatty 

acids (PUFAs), thus inhibit eicosanoid synthesis (Yoshimoto et al., 1983; Kashuhara et 

al.,1983; Swain 1986).   

 Genetics, age, and diet are some factors that contribute to cardiovascular disease 

(CVD).  However, several environmental factors, such as cigarette smoking, can 
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introduce reactive oxygen species (ROS) into the body.  Cigarette smoke can be divided 

into the gas phase and the tar phase (Pryor et al., 1983).  Begum and Terao (2002) studied 

the effects of the quercetin aglycone and one of its possible metabolites, quercetin-3-O-β-

D-glucuronide, on erythrocyte deformability induced by cigarette tar extract.  It was 

noted that in the absence of cigarette tar extract, the quercetin aglycone increased 

erythrocyte deformability.  Begum and Terao attributed this phenomenon to hydrophobic 

interactions with the liposomal membranes of the erythrocyte cells.  The study also 

showed that quercetin aglycone, as well as the metabolite, decreased erythrocyte 

deformability.   

 

Flavonols and Cancer: Definition and Prevalence of Cancer 
 

Cancer is defined as a group of diseases characterized by uncontrolled growth and 

spread of abnormal cells (American Cancer Society, 2003).  Heredity is a large risk 

factor, where 5-10 percent of cancers are caused by an inherited gene that predisposes a 

person to the disease.  However, several environmental factors such as tobacco, 

chemicals, radiation, and infectious organisms can also be responsible for carcinogenisis 

(American Cancer Society, 2003).  Cancer is one of the most prevalent diseases in the 

United States.  In 2003, more than 550,000 Americans died from this disease (American 

Cancer Society, 2003).  According to the National Institutes of Health (NIH), Americans 

paid $171.6 billion for overall costs of cancer in 2002, where $60.9 billion was for direct 

medical costs (American Cancer Society, 2003).   

 



 

 25 
 

Anticarcinogenic Mechanisms of Flavonols 
 

Duthie et al., (2000) suggested several mechanisms that allow plant polyphenols 

to serve as anticarcinogenic agents.  Flavonols, particularly quercetin, have already 

proven to posses very strong antioxidant effects (Hertog and Hollman, 1996; Kaur and 

Kapoor, 2001; Hertog et al., 1993).  Carcinogenesis is the process of genetic change.  

Reactive oxygen species are possible carcinogens since they are able to cause permanent 

damage to a DNA strand by oxidation, methylation, depurination and deamination 

reactions (Duthie et al., 2000).  The alterations in the DNA strand are permanent, because 

the genetic message is altered when the cell replicates and its DNA divides.  Kaemperol, 

quercetin, and myricetin were shown to significantly reduce DNA strand breakage and 

pyrimidine levels in lymphocytes induced with H2O2 (Duthie et al., 1997, Noroozi et al., 

1998).  However, Beatty et al., (2000) completed a study to determine the effect of 

quercetin on oxidative DNA damage in healthy subjects.  Subjects were divided into two 

dietary groups: high-flavonol (HF) and low-flavonol (LF).  The HF treatment group had a 

much higher plasma quercetin concentration at the end of the study.  The two dietary 

treatment groups, however, did not have significantly different concentrations of products 

of DNA damage.  Therefore, this particular study did not support the hypothesis that 

dietary quercetin intake prevents oxidative DNA damage in leukocytes. 

A superfamily of enzymes, collectively called the cytochrome P450 enzymes, are 

capable of forming reactive intermediates that will bind to DNA strands which can 

induce transformation (Duthie et al., 2000).  Quercetin was found to inhibit the activity of 

the P450 enzyme, 7-ethoxyresorufin-O-deethylase (EROD) with an IC50 < 1μM in human 
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hepatoma HepG2 cells (Musonda et al., 1997).  The induction of glutathione transferases 

(GST (EC2.5.1.18)) indicates an increase in cellular protection because it ensures that 

potential toxins are excreted more rapidly (Duthie et al., 2000). A study by Gandhi and 

Khanduja (1993) showed that hepatic and pulmonary GST increased 30-40%, 

respectively, after quercetin (1-9 μg/mL) was given for 8 weeks to Swiss NMRI mice in 

drinking water.    

 Flavonols have been shown to induce apoptosis, or programmed cell death, as a 

result of the upregulation of the tumor suppressor gene, p53 (Duthie et al., 2000).  The 

p53 gene can be mutated, and in this form, can promote malignant transformation in 

certain forms of breast cancer (Duthie et al., 2000).  Yang et al., (2000) reported an 

increased apoptosis in colonic crypts, the fundamental unit of proliferation, of mice by 

dietary supplementation of quercetin and rutin.   

 The initial phase of cancer development can be due to changes in the cell-to-cell 

communication (Duthie et al., 2000).  Cells can communicate to one another, via 

transmembranal gap junctions, to regulate cellular homeostasis, cell proliferation and 

differentiation.  They also allow transfer of growth controlling signals, which prevents 

malignant transformation (Duthie et al., 2000).    

 Xenobiotics can be activated into possible carcinogens.  A membrane protein, 

called p-glycoprotein can facilitate the removal of these xenobiotics before they become 

carcinogenic (Duthie et al., 2000).  Critchfield et al., (1994) exhibited the ability of 

quercetin, kaempferol, and galangin to inhibit adriamycin, a xenobiotic, by the 

upregulation of p-glycoprotein.   
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Epidemiological Studies 
 

Several studies have been completed to determine the anticarcinogenic effects of 

flavonols in vitro and in vivo (Critchfield et al., 1994; Musonda et al., 1997; Yang et al., 

2002; and Duthie et al., 2000), and several possible anticarcinogenic mechanisms have 

been postulated (Duthie et al., 2000).  The results of many of these studies, give 

promising results for flavonols as potential inhibitors of the cancer epidemic.  However, 

epidemiological studies have shown conflicting results.  There are three epidemiological 

studies, which are commonly referred to in the literature, which have investigated the 

relation of flavonol intake and cancer risk.  The Zutphen Elderly Study was completed by 

Hertog et al., (1994) and followed 738 men aged 65-84 years old who had no history of 

cancer.  Their flavonoid intake was assessed for five years.  The study reported that 

flavonoid intake was not associated (P=0.54) with the incidence of all-cause cancer or 

mortality of all-cause cancer (P=0.51).  However, flavonoid intake was associated with 

risk of cancers of the alimentary and respiratory tract (P=0.92).  The Netherlands Cohort 

Study followed over 120,000 subjects aged 55-59 years.  Subjects maintained a semi-

quantitative food frequency questionnaire.  This study reported that flavonol and flavone 

intake at baseline was not associated with the incidence of cancer that occurred among 

the participating subjects.  In addition, it was reported that relative risks in all categories 

of intake were too close to unity (Goldbohm et al., 1995).  The Seven Countries Study 

was a cross-cultural study that investigated the relationship between flavonol and flavone 

intake and risk factors for chronic diseases.  After a 25 year follow-up, the study reported 
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that flavonol and flavone intake at baseline were not related to differences in lung, 

colorectal, and stomach cancer mortality rates (Hertog et al., 1995).   

 
 
Consumption and Absorption of Flavonols 
 
 In onions and related Allium species the majority of the flavonols are kaempferol 

and glucose derivatives of quercetin, which is the most abundant flavonol in the human 

diet (Gennaro et al., 2002).  In a database compiled by the United States Department of 

Agriculture (USDA), raw onions have a mean quercetin content of 13.27 mg/100 g edible 

portion, which is the highest content among commonly used fruits and vegetables 

(Crespy et al., 2002).  They also have a mean kaempferol content of 0.18 mg/ 100 g 

edible portion.  Hertog et al., (1993) compiled a food consumption survey found that the 

main food sources of food flavonols were black tea (48%), onions (29%), and apples 

(7%).  They also determined that the intake of total flavonoids among over 4000 subjects 

was 23 mg.d-1, with the most important being quercetin with an average intake of 16 

mg.d-1.  With so much attention focused on the potential health benefits of flavonols 

shown from in vitro and in vivo studies, it must be verified that they are absorbed in the 

human gut during metabolism.  Flavonols enter the diet as glucosides, which is the 

aglycone attached to a sugar molecule.  The absorption of these compounds in the small 

intestine is hindered due to the high molecular weight and hydrophilic nature.  

Furthermore, there are no enzymes available in the gut wall that will allow the 

predominant β-glucosidic bonds to be cleaved (Kuhnau 1976).  Resident microflora of 

the colon will hydrolyze the sugar from the aglycone (Kuhnau 1976).  Phenyl acetic and 
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phenyl propionic acids are also produced when the microflora cleave the pyrone ring 

(ring C) (Formica and Regelson 1995). A study by Hertog and Hollman (1996) examined 

the absorption of quercetin in nine healthy ileostomy subjects and showed that absorption 

of quercetin in glucosides from onions was about 50% where it was only 20-30% for the 

pure quercetin aglycone and quercetin rutinoside.  This study showed that the extent of 

absorption in the human gut is dependent on the presence and type of sugar that is 

attached to the aglycone (Hertog and Hollman 1996). However, other factors such as the 

amount of flavonol consumed, the food matrix, the degree of bioconversion in the gut and 

tissues, and the nutrient status of the host and genetic factors may each contribute to the 

extent of absorption and metabolism of flavonols (Duthie et al., 2000).  Crespy et al., 

(2002) used in situ gastric administration to determine the fate of quercetin, isoquercetin, 

and rutin in the rat stomach.  The latter two are glycosidic forms of quercetin.  Quercetin 

was recovered in the bile 20 min after infusion, and thus was rapidly absorbed in the 

stomach.  The glycosides were not hydrolyzed or absorbed by stomach tissue.  Meng et 

al., (2004) completed a similar study investigating the amount of quercetin recovered in 

plasma and urine when ingested in the pure aglycone form, as well as a constituent in 

concentrated grape juice.  The study only found trace amounts of quercetin in plasma.  

After 24 h of ingestion of the pure aglycone, 7.6% of the dose was recovered in the urine, 

where only 0.5% was recovered with grape juice as the source.  These results also 

suggest that the glucoside forms are more available than pure aglycones.   
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Effect of Processing on Flavonol Content 

The stability of flavonols during cooking and storage has been the subject of 

current research.  Price et al., (1997) investigated the effects of standard storage 

conditions and domestic processing on the major quercetin glucosides (QMG and QDG).  

QMG decreased 50% during the initial drying process but no other changes, in 

composition or content, were observed after six months of storage.  A 25% loss of total 

quercetin occurred after boiling as well as after frying.  However, neither of these 

processes showed interconversion of the conjugates or production of free quercetin.  

Ewald et al., (1990) reported that the peeling, trimming, and chopping of onion resulted 

in the greatest decrease in quercetin compared to blanching, frying, and warm-holding for 

two hours.  The latter three processes were not shown to affect flavonol content.  The 

flavonol content, specifically QMG and QDG, were assessed to determine whether boiling 

decreased the concentrations of these compounds (Hirota et al., 1998).  QMG was 

decreased much more rapidly than QDG.  The presence or absence of a hydroxyl group at 

the C3 position was the reason for differences in stability.  Makris and Rossiter (2001) 

showed similar results where boiling caused a 20.6% decrease in total flavonol content of 

onion.  QMG and QDG, in onion, were virtually unaffected by chopping.  However, rutin in 

asparagus was decreased by 18.5% by the same process.  Lombard et al., (2005) 

quantified 3,4’-Qdg and 4’-Qmg after three cooking treatments (sautéing, baking, and 

boiling).  Baking and sautéing produced a 7 to 25% gain in quercetin concentration, while 

boiling produced an 18% decrease in quercetin concentration. 
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CHAPTER III 
 

SENSORY EVALUATION, FLAVONOL CONCNETRATIONS, 
AND COMPOSITION OFALLIUM CULTIVARS GROWN  

AT DIFFERENT CO2 LEVELS AND  
PLANTING DENSITIES 

 
 

Introduction 

 In the beginnings of space travel, missions did not extend beyond two days in 

duration.  As the duration of missions continue to get longer, it is essential that crew-

members receive an adequate diet that will provide sufficient energy and nutrients to 

meet their demands.  The Advanced Life Support (ALS) program has suggested the use 

of several crops that can be grown, cultivated, and processed during extended manned 

missions.  Onions, and other Allium crops, are under consideration because they have a 

good nutritional value, harvest index, and are small in stature.  Allium crops can provide a 

good source of seasoning for foods since in a microgravity environment, crew members 

may experience physiological changes such as fluid shifts and dehydration which can 

cause the loss of taste and flavor acuity (Perchonok and Bourland, 2002).  In addition, 

onions have been shown to have high concentration of a class of flavonoids, called 

flavonols. 

 Flavonols are non-nutritive plant polyphenols and are secondary plant metabolites 

(Hertog and Hollman, 1996).  Flavonols have been shown to have strong antioxidant 

capabilities, and thus have been shown to have numerous health benefits.  The most 

predominant flavonol found in onion is quercetin.  However, myricetin and kaempferol 

are also present in large quantities.   In a database compiled by the United States 
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Department of Agriculture (USDA, 2005), raw spring onions contained a mean quercetin 

content of 13.27 mg/100 g edible portion, which is the highest content among commonly 

used fruits and vegetables (Crespy et al., 2002).  They also have a mean kaempferol 

content of 0.18 mg/100 g edible portion.  The National Food Consumption Survey 1987-

1988 (Hertog et al., 1993) showed that the main food sources of food flavonols were 

black tea (48%), onions (29%), and apples (7%).  Hertog et al., (1994) determined that 

the intake of total flavonoids among 4112 adults was 23 mg. d-1, with the most important 

being quercetin with an average intake of 16 mg.d-1.  Quercetin exhibits several 

antioxidant properties such as: reducing the risk of cardiovascular disease and certain 

types of cancer (Hertog and Hollman, 1996).  Other studies have shown that it also 

exhibits beneficial properties such as antibacterial, antiviral, antioxidant, antiproliferative, 

and anti-inflammatory (Crespy et al., 2002).  Previous studies have shown that A. cepa 

cultivars increase in TF content with age (Morris, 2001 and Thompson et al., 2004).  A. 

schenoprasum (common and garlic chive) had lower TF concentrations, regardless of 

age.  ‘Kinka’ (a Japanese bunching onion), ‘Purplette’, and ‘Deep Purple’ each 

performed very well in terms of TF content when grown in potting media.  All cultivars 

contained significant quantities of TF when grown hydroponically when compared to 

those grown in potting media and the bulbing onions continued to exhibit higher 

concentrations of TF.  In addition, several cultivars contained higher TF concentrations 

when grown at elevated CO2 concentrations.  However, ‘Kinka’ contained a lower TF 

concentration at elevated CO2 compared to ambient CO2. 
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 Sulfur-containing compounds cause the characteristic flavor and aroma.  Sulfur-

containing amino acids, called the S-alk(en)yl cysteine sulfoxides (ACSOs) serve as 

flavor precursors (Brewster 2000).  S-(E)-1-propenyl cysteine sulfoxide is usually 

produced at the highest concentration and is the compound associated with tearing and 

pungency.  S-methyl cysteine sulfoxide and S-propyl cysteine sulfoxide are the other two 

flavor precursors produced.  Once allinase, an odorless and nonvolatile substance derived 

from cysteine, is released from the cells, it hydrolyzes the ACSOs to produce pyruvate, 

ammonia, and numerous other volatile compounds that gives rise to the characteristic 

taste and smell of onions (Brewster and Rabinowitch, 2000).  Allinase is found in the cell 

vacuole and cannot reach the flavor precursors, which are found in the cytoplasm, until 

tissue damage has occurred (Brewster and Rabinowitch, 2000).  Thompson et al., (2004) 

performed a triangle test evaluate whether panelists could discern differences of plants 

grown at ambient and elevated CO2 concentrations.  Panelists were unable to determine 

differences in sensory attributes of all cultivars grown at elevated or ambient CO2, except 

‘Choesty’.  A trained panel was used in order to rank the relative pungency, onion aroma 

and bitterness of various cultivars mixed with lettuce at a 1:1 ratio; A. cepa and A. 

fistulosum cultivars had more intense sensory characteristics, which could be favorable in 

microgravity.   

Previous research has demonstrated that most Allium species perform well when 

grown under elevated CO2, in terms of TF content and sensory attributes (Thompson et 

al., 2004; Thompson et al., 2005; Morris, 2001).  Because of limited space on manned 

space missions, there is a need to determine the efficiency of Allium species when planted 
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at higher planting densities.  The objective of this project was to evaluate how planting 

density and CO2 concentration affects different Allium species.  In addition, two 

harvesting methods were observed to determine how the different species perform when 

harvested multiple times compared to harvesting only once.   Plant material was analyzed 

for TF content, plant composition, and sensory quality.  

 

Materials and Methods 

I.  Experimental Design 
 
Multiple-Harvest Experiment 
 
 Allium cepa ‘Purplette’ (a bulbing onion), A. fistulosum ‘Kinka’ (a bunching 

onion), and A. schoenoprasum ‘Staro’ (a common chive) were each planted at three 

densities (10-, 15-, and 20-mm).  Two environmental growth chambers (EGCs) were 

used in which one chamber had elevated (approx 1200 ppm) and the other had ambient 

(approx 400 ppm) CO2 concentrations.  Because of the work of Broome et al., (2005) 

who were evaluating plant ontogeny with the same design, each chamber was blocked by 

irrigation.  Each chamber contained three blocks.  The nine treatments within each 

chamber were randomly placed within each block (See Appendix A for diagrams).  Two 

replications were repeated.  Both EGCs were cleaned with bleach and water between 

replications.  In addition, the chamber which was held at ambient CO2 in the first 

replication was adjusted to be held at elevated CO2 in the second replication.   
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Once-Harvest Experiment 

 The same design was used as in the multiple-harvest experiment.  However, 

plants were not disturbed until 70 dap where the entire plant was removed from the 

Hortcube™ and separated into bulb, pseudostem, and shoot material.  Due to limited 

availability of EGC units, only one chamber could be used for this experiment.  The 

chamber was held at ambient CO2 (400 ppm) for the 70-day duration of the experiment, 

then cleaned and switched to an elevated CO2 (1200 ppm) concentration.  One replication 

was completed.  Alliums of the same treatment were compiled and sub-samples were 

taken for analysis.   

 
Environmental Conditions 

 EGC units were programmed to allow 16 h light and 8 h dark with a light 

intensity of approx 650 μmol/m2.  Temperatures were approx 24 oC during the light 

period and approx 20 oC during the dark.  Relative humidity (Rh) was 75 and 99% during 

light and dark, respectively.  Nutrient solution pH was 6.5 to 7.0.   

 

Sample Preparation and Collection 

 Oasis Hortcubes™ (Clean Start Brand, CropKing, Seville, OH, USA) were 

autoclaved for 20 min, cut into 54 12- x 13- x 2.5-cm cubes, and covered with aluminum 

foil.  Templates with 10-, 15-, and 20-mm spacing were used to puncture holes in the 

Hortcube™.  Seeds of A. cepa ‘Purplette’ and A. schoenoprasum ‘Staro’ were purchased 

from Johnny’s Selected Seeds (Albion, ME, USA).  Seeds of A. fistulosum ‘Kinka’ were 
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purchased from Kyowa Seeds (Tokyo, Japan).  Six HortcubesTM of each treatment were 

sown at a 5-mm depth.  Once all seeds were sown, cubes were soaked in double-distilled 

water (DD-H2O) for 24 h.  HortcubesTM were then randomly placed into EGCs, in the 

Texas Tech University Greenhouse (Lubbock, TX, USA), where they were grown 

hydroponically in Hydro-Sol™ solution (J.R. Peters Classic, Earth City, Mo, USA).  See 

Appendix B for composition of Hydro-Sol™.  Shoots were harvested, for the multiple-

harvest experiment, by cutting 5 cm above the Hortcube™ at 28, 35, 42, 49, 56, and 63 

days after planting (dap).  At 70 dap, the entire plant was removed from the HortcubeTM 

and separated into the bulb, pseudostem, and shoot material.  Shoots and bulbs were 

harvested in the once-harvest experiment by removing the entire plant from the 

HortcubeTM, at 70 dap, and separated into the bulb, pseudostem, and shoot material.  

Hortcubes™ of the same treatment were compiled and sub-samples were taken for 

analysis.   

 

Sensory Evaluation 
 
 Approval to use human subjects was obtained from the Office of Research 

Services’ Human Subjects Committee (Texas Tech University, Lubbock, TX, USA).  

Sensory evaluation was completed at 28 and 63 dap for the multiple-harvest experiment.  

Panelists were trained by receiving an oral description of each attribute that they would 

evaluate.  A trained panel used a 7-point ranking scale, where 1 = very weak and 7 = very 

intense, to evaluate the intensity of pungency, aroma, bitterness, sweetness, onion-flavor, 

after-taste, and off-flavors.  Panelists were also asked to identify any off-flavor perceived.  
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Three sessions in intervals of at least two hours were held per day for three consecutive 

days.  All treatments within a cultivar, as well as a store-bought green onion (7 samples), 

were evaluated per session.  Each sample contained two grams of shoot material and 

three grams of finely chopped iceberg lettuce, which were freshly rinsed in tap water, 

sanitized in a 6-7 ppm hypocholorite solution, then drained.  See Appendix C for 

evaluation sheet and descriptors.   

 

Flavonol Quantification 

 Total flavonol content was measured in the shoot material at 35, 42, 49, and 56 

dap and in the bulb material at 70 dap for the multiple-harvest experiment.  Both shoot 

and bulb material was analyzed at 70 dap for the once-harvest experiment.  Shoots and 

bulbs were frozen using liquid nitrogen and ground into a fine powder using a coffee 

grinder (Mr. Coffee ID S55, Maitland, FL, USA).  Approximately 1 g of frozen powder 

was weighed using an analytical balance (Mettler, Higtstown, NJ, USA).  Flavonols were 

extracted with 80% ethanol (EtOH) with the method outlined by Lombard et al., (2002).  

Extracts were stored at -20 oC until spectrophotometric analysis was completed.  Samples 

were analyzed spectrophotometrically on a Beckman-Coulter DU 530 spectrophotometer 

(Fullerton, CA, USA) at 362 nm by diluting 200 μl of extract with 1800 μl of 80% EtOH 

in a Polystyrene standard cuvette (Fisherbrand, Pittsburg, PA, USA).  Samples were 

analyzed in duplicate and averaged.   Lombard et al., (2002) developed a standard curve 

(AU vs. concentration) by using nine different isoquercitin standard solutions 
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(Extrasynthese; Genay, France).  Total flavonol concentrations were calculated using 

linear regression (Appendix D).    

 

Proximate Analysis 

Moisture Analysis 

 Moisture content of shoots was determined at 35, 42, 49, and 56 dap for shoots 

and at 70 dap for bulbs in the multiple-harvest experiment.  Shoots and bulbs were 

analyzed at 70 dap for the once-harvest experiment.  Approximately 1 g of frozen powder 

was dried in a pre-weighed aluminum pan in a vacuum oven (National Appliance Co.; 

Portland, OR, USA) for at least 16 h at 100 oC and 25 mm Hg following AOAC method 

934.01 (AOAC, 1995).  Percentage moisture was calculated by dividing the difference of 

the fresh weight and the dried weight by the fresh weight and multiplying by 100.  

Samples were analyzed in duplicate and averaged.   

 

Crude Fat Analysis 

 Fat content was measured in shoots at 35, 42, 49, and 56 dap for the multiple 

harvest experiment and at 70 dap for the once-harvest experiment.  Samples were dried 

using the method outlined above.  A non-absorbent cotton pad, weighing approx 1 g, was 

placed in the pan over the dried sample.  The pan edges were then folded over the cotton 

to prevent loss of the sample during extraction.  Petroleum ether was used to perform the 

Soxhlet ether extraction procedure following AOAC method 934.01 (AOAC, 1995).  

Samples were allowed to extract for at least 8 h.  Percentage fat was calculated on a wet 
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matter basis (WMB) by dividing the difference of the pre-extraction weight and post-

extraction weight by the fresh weight and multiplying by 100.  Samples were tested in 

duplicate and averaged when adequate sample material was available. 

 

Percentage Ash 

 Percentage ash was determined in shoots at 35, 42, 49, and 56 dap and at 70 dap 

for bulbs in the multiple-harvest experiment.  Shoots and bulbs were analyzed at 70 dap 

for the once-harvest experiment.  Approximately 1 g of frozen sample was dried in a pre-

weighed ceramic crucible using the procedure outlined above.  Samples were then ashed 

in a muffle furnace (Sybran Thermolyne 2000 Furnace, Thermolyne Corp.; Dubuque, IA, 

USA; Blue M Lab-Heat Muffle Furnace, Blue M Electric Co.; Blue Island, IL, USA) for 

at least 16 h at 550 oC following AOAC method 934.01 (AOAC, 1995).  Percentage ash 

was calculated on a WMB by dividing the ash weight by the fresh weight and multiplied 

by 100.  Duplicate samples were analyzed and averaged when enough material was 

available.   

 

Mineral Analysis 

Na, K, Ca, and Mg concentrations were determined in shoots at 35, 42, 49, and 56 

dap for the multiple-harvest experiment and at 70 dap in shoots for the once-harvest 

experiment.  Samples were first ashed using the method outlined above and analyzed in 

duplicate when adequate material was available.  All glassware was acid-washed in a 

20% nitric acid solution and rinsed in distilled water to remove any residual minerals on 
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the glass.  After ashed samples were cool, samples were wet ashed by dissolving the ash 

residue in 15 ml of 20% HNO3 for 5 h following AOAC method 900.02 (AOAC, 1995).  

The solution was then filtered into a 100-ml volumetric flask using Whatman grade 40 

ashless filter paper (Clifton, NJ, USA).  The filter paper was rinsed with D-H2O and the 

flask was brought to volume with D-H2O.  For Na analysis, 1 ml of the diluted sample 

was added to 10 ml of D-H2O in a 40-ml test tube.  For K analysis, 1 ml of the diluted 

sample was added to 20 ml of D-H2O.  For Ca and Mg analysis, 1 ml of diluted sample 

was added to 10 ml of D-H2O and 0.5 ml lanthanum oxide, which is a releasing agent.  

Na and K concentrations were measured using flame emission and Mg and Ca 

concentrations were measured using atomic absorption on a Perkin Elmer 2380 Atomic 

Absorption Spectrophotometer (Norwalk, CT, USA).   

Potassium standards were prepared by adding 50, 100, 150, and 200 μl K atomic 

absorption standard (995 μl in 1% HCl) (Sigma-Aldrich; St. Louis, MO, USA) and 

diluted to 100 ml with D-H2O in a volumetric flask to obtain concentrations of 0.5, 1.0, 

1.5, and 2.0 μl, respectively.  D-H2O was used as the blank. Standards were read in 

concentration mode to obtain a standard curve.  Flame emission was used at a wavelength 

of 766.5 nm and a slit width of 2.0 nm.  An oxidizing lean, blue air/acetylene flame was 

used.  Potassium concentrations for samples were recorded as μg/ml.  The recorded value 

was converted to mg/100 g multiplied by the dilution factor, divided by 1000, divided by 

the sample weight and multiplied by 100.  The dilution factor for K was 1000 and found 

by dividing by the ml of stock by ml of sample multiplied by the ml in the tube. 
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Sodium standards were prepared by adding 10, 20, 40, and 60 μl of Na atomic 

absorption standard (995 μl in 1% HCl) (Sigma-Aldrich; St. Louis, MO, USA) and 

diluted to 0.1, 0.2, 0.4, and 0.6 μl, respectively.  D-H2O was used as the blank.  Standards 

were read in concentration mode to develop a standard curve.  Flame emission was used 

at a wavelength of 589 nm and a slit width of 0.7 nm.  An oxidizing lean, blue 

air/acetylene flame was used.  Na concentrations were recorded as μg/ml.  The recorded 

value was converted to mg/100 g multiplied by the dilution factor, divided by 1000, 

divided by the sample weight and multiplied by 100.  The dilution factor for K was 1000 

and found by dividing by the ml of stock by ml of sample multiplied by the ml in the 

tube.   

  A Ca standard was prepared by adding 500 μl of Ca atomic absorption standard 

(995 μg/ml in 1% HCl) (Sigma-Aldrich; St. Louis, MO, USA) and 5 ml of 5% lanthanum 

chloride and diluted to volume with D-H2O in a 100-ml volumetric flask.  A Ca 

sensitivity standard was prepared by adding 400 μl Ca atomic absorption standard, 5 ml 

of 5% lanthanum chloride, and diluting to a total volume of 100 ml with D-H2O.  A blank 

was prepared by diluting 5 ml of lanthanum chloride with D-H2O.  After standardization, 

samples were read in concentration mode.  A Perkin-Elmer hollow cathode Ca 

Intensitron lamp was used at a wavelength of 422.7 nm and a slit width of 0.7 nm.  An 

oxidizing lean, blue air/acetylene flame was used.  Samples were recorded as μg/ml then 

converted to mg/100 g by multiplying the recorded value by 1050 (dilution factor), 

divided by 1000, divided by the wet sample weight and multiplied by 100.   
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A Mg standard was prepared by adding 50 μl of Mg atomic absorption standard 

(1015 μg/ml in 1% HNO3) (Sigma-Aldrich; St. Louis, MO, USA), 5 ml of 5% lanthanum 

chloride, and diluted to 100 ml with D-H2O in a volumetric flask.  A Mg sensitivity 

standard was prepared by adding 30 μl of Mg standard and 5 ml 5% lanthanum chloride 

to a 100-ml volumetric flask and diluting to volume with D-H2O.  A blank was prepared 

by diluting 5 ml of lanthanum chloride with D-H2O.  After standardization, samples were 

read in concentration mode.  A Perkin Elmer hollow cathode Mg Intensitron lamp was 

used at a wavelength of 285.2 nm and a slit width of 0.7 nm. An oxidizing lean, blue 

air/acetylene flame was used.  Samples were recorded as μg/ml then converted to mg/100 

g by multiplying the recorded value by 1050 (dilution factor), divided by 1000, divided 

by the wet sample weight and multiplied by 100.   

 

Crude Fiber 

 Crude fiber was determined at 70 dap in shoots for the once-harvest experiment.  

A 200-g sample was weighed and placed in a Ziploc bag.  Samples were sent to a 

commercial testing lab (Analytical Food Laboratories, Grand Prairie, TX, USA) for 

analysis where samples were analyzed following AOAC method 962.09 (AOAC, 1995).  

Percentage crude fiber (WMB) was reported.   

 

Carbon and Nitrogen Analysis 

 Total C and N were determined in shoots at 35, 42, 49, and 56 dap for the 

multiple harvest experiment and at 70 dap for the once-harvest experiment.  Samples 
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were dried in an air oven (100 oC for 16 h) and ground into a fine powder using a ball 

mill grinder (Cianflone Scientific Instruments Corporation, Pittsburgh, PA, USA).  

Approximately 2 to 4 mg of sample were weighed, placed into aluminum vials, and 

loaded into a Carlo Erba NCS 2500 C/N analyzer (Milan, Italy).  Atropine (CE Elantech; 

Lakewood, NJ, USA) was used as a standard.  Duplicate samples were analyzed and 

averaged.   

 

Statistical Analysis 

 Total flavonols and plant composition were analyzed by using a completely 

randomized design (CRD) with a 4 x 3 x 3 x 2 factorial arrangement.  There were four 

ages of the shoots (35, 42, 49, and 56 dap), three cultivars (‘Purplette’, ‘Kinka’, and 

‘Staro’), three planting densities (10-, 15-, and 20-mm), and two CO2 concentrations 

(approx 400 and 1200 ppm).  Analysis of variance was conducted using general linear 

models (Proc GLM) in SAS 8.0 (SAS Institute, Cary, NC, USA).  Means were separated 

using Duncan’s Multiple Range Test.  A type-I error rate of 0.05 was used.   

 Sensory evaluation was analyzed by using a completely randomized design 

(CRD) with a 2 x 3 x 3 x 2 factorial arrangement.  There were four ages of the shoots (28 

and 63 dap), three cultivars (‘Purplette’, ‘Kinka’, and ‘Staro’), three planting densities 

(10-, 15-, and 20-mm), and two CO2 concentrations (approx 400 and 1200 ppm).  

Analysis of variance was conducted using general linear models (Proc GLM) in SAS 8.0 

(SAS Institute, Cary, NC, USA).  Means were separated using Duncan’s Multiple Range 

Test.  A type-I error rate of 0.05 was used.   
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Results 

Multiple Harvest Experiment 
 

 In the multiple-harvest experiment, TF concentrations in the shoot material were 

significantly lower in plants harvested at 35 dap regardless of cultivar, planting density, 

or CO2 concentration (Figures 3.1 to 3.3).  Total flavonol concentrations were similar 

among cultivars except at 49 dap, where the ‘Staro’ cultivar contained less TF than did 

the other cultivars (Figure 3.1).  Planting density, nor CO2 concentration, affected TF 

content (Figure 3.2 and 3.3).  Thompson et al., (2004), reported that ‘Purplette’ had 

higher concentrations than ‘Kinka’ and ‘Staro’, regardless of CO2 concentration.  This 

study also reported that A. schoenoprasum L. (‘Fineleaf’ and ‘Staro’) had lower TF 

concentrations than did the other seven cultivars examined.     

For the multiple-harvest experiment, shoots were harvested weekly, beginning at 

28 dap, and bulbs were harvested and separated, during a final destructive harvest, from 

the shoot material at 70 dap.  Total flavonol concentrations in ‘Purplette’ bulbs were 

significantly higher than in the ‘Kinka’ and ‘Staro’ bulbs (Figure 3.4).  Mean TF 

concentrations were 1981, 793, and 387 mg/kg for ‘Purplette’, ‘Kinka’, and ‘Staro’ bulbs, 

respectively.  Planting density did not significantly affect TF concentration in the 

multiple-harvest bulbs, regardless of cultivar or CO2 concentration (data not shown). 

 Sensory evaluation was completed on the shoot material at 28 and 63 dap and 

responses are shown in Table 3.1.  Panelists did not perceive any differences in aroma 

nor onion flavor, regardless of cultivar, planting density, or CO2 concentration.  On 

average, the aroma was perceived to be neither intense nor weak with a mean response of 
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3.9 ± 0.17 and onion flavor was perceived to be slightly weak with a mean response of 

3.4 ± 0.16.   

Among the shoots harvested at 28 dap, ‘Staro’ was perceived to have a 

moderately to slightly weak pungency, which was significantly less intense than the 

pungency of ‘Purplette’ and ‘Kinka’.  However, pungency of shoots harvested at 63 dap 

were similar among cultivars.  Each cultivar, at 63 dap, had a slightly weak pungency. 

‘Staro’ shoots harvested at 63 dap were significantly more pungent compared to those 

harvested at 28 dap.    Panelists perceived a slightly weak pungency in the shoots that 

were planted at the 10-mm density at 63 dap, which was significantly less than the 

pungency of the shoots planted at the other two planting densities. The pungency of 

Allium species is caused by pyruvate, which is formed from precursors that are formed in 

a biochemical reaction that begins with the uptake of SO4
-2.  Because the plants with the 

10-mm density are more dense, it is likely that the plants were unable to take up as much 

SO4
-2 as the other planting densities.  

Panelists perceived a similar intensity of sweetness among cultivars at 28 dap, but 

‘Purplette’ was significantly less sweet than ‘Kinka’ and ‘Staro’.  There were no 

differences among cultivars from the shoots harvested at 63 dap.  However, ‘Staro’ 

shoots harvested at 63 dap were significantly less sweet than ‘Staro’ shoots harvested at 

28 dap.  Fructans are carbohydrates that are stored in the vacuole of the plant cell.  

Fructans undergo hydrolysis and form fructose and glucose.  According to Brewster 

(1994), fructan levels decrease and fructose concentrations increase during sprout 
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development in onion bulbs possibly accounting for the differences observed in 

sweetness.   

‘Purplette’ shoots harvested at 28 dap had a slightly weak bitter flavor and were 

significantly more bitter than the other two cultivars.  The bitterness of all cultivars 

harvested at 63 dap was slightly weak, but ‘Purplette’ was significantly more so than the 

‘Kinka’ with ‘Staro’ being intermediate.  Panelists perceived that the bitterness of the 

‘Purplette’ shoots harvested at 63 dap to be less bitter than ‘Purplette’ plants harvested at 

28 dap.  ‘Staro’ shoots harvested at 63 dap exhibited a significant increase in bitterness 

from the shoots harvested at 28 dap and ‘Kinka’ treatments did not change.  It is not yet 

known what compound or compounds cause a bitter flavor in Allium species.   

The after-taste of ‘Purplette’ shoots harvested at 28 dap was neither intense nor 

weak and was significantly higher than the after-taste of ‘Kinka’ and ‘Staro’ shoots 

harvested at the same time, which were slightly weak.  At 63 dap, there were no 

differences among cultivars, but ‘Purplette’ plants harvested at 63 dap had a significantly 

weaker after-taste than plants harvested at 28 dap.   

Onion and garlic products are widely used in dehydrated form.  Therefore, the dry 

matter content of onion is of great interest to growers.  According to Brewster (1994), the 

dry matter content of Allium vegetables is 7 to 15% in the bulbs, and typically 1 to 2% 

lower in the shoots.  Percentage moisture was significantly less in the shoots at 35 dap 

than subsequent harvests, regardless of cultivar (Figure 3.5), planting density (Table E.1), 

or CO2 concentration (Figure 3.6).   Shoots harvested at 35 dap had an average percent 

moisture for all treatments of 68.8 ± 9.80 % compared to plants harvested at 56 dap, 
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which had an average of 92.7 ± 0.26 %.  According to Figure 3.5, percentage moisture 

was similar among cultivars except at 42 and 49 dap where ‘Staro’ had a significantly 

less percentage moisture.  Percentage moisture was significantly higher in ‘Purplette’ 

than ‘Staro’, at 56 dap, with ‘Kinka’ being the intermediate.  Plants grown under elevated 

CO2 and harvested at 35 dap (Figure 3.6) had an average of 84.8 ± 3.11 % moisture, 

which was significantly higher than the ambient CO2 treatments which had an average of 

52.8 ± 10.33 %.   

 Fats and oils are produced in the plastids of plants and are important storage 

forms of reduced carbon and can be used for energy production in the plant.  Polar 

glycerolipids are structural lipids and form the lipid bilayers of cellular membranes.  The 

hydrophobic core of the glycerolipid prevents random diffusion of solutes between cell 

compartments.  Percentage crude fat was similar among cultivars until 56 dap (Figure 

3.7) where ‘Staro’ treatments had 0.39 ± 0.03 percent, which was significantly higher 

than the other cultivars and the fat content in ‘Kinka’ was significantly higher than 

‘Purplette’, which had 0.23 ± 0.02 percent.  Each cultivar experienced a decrease in crude 

fat across time.  Crude fat decreased by more than 50, 41, and 33% for ‘Purplette’, 

‘Kinka’, and ‘Staro’, respectively, from 35 to 56 dap (Figure 3.7).  According to Figure 

3.8, the crude fat in plants harvested at 56 dap was significantly less than plants harvested 

at 35, 42, and 49 dap.  Plants harvested at 35 dap and grown under ambient CO2 (Figure 

3.9) were significantly higher than the plants harvested at 35 dap and grown under 

elevated CO2.  However, shoots harvested at 56 dap that were grown under ambient CO2 

had experienced a 43% decrease over time compared to shoots harvested at 35 dap, 
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where shoots grown under elevated CO2 only experienced a 35% decrease (Figure 3.9).  

In order to provide a more mobile form of carbon, plants will often convert lipids to 

carbohydrates, mainly sucrose, during germination.  The observed decrease in crude fat 

over time could be an indication that plants were converting more lipids to carbohydrates 

in order to provide adequate energy to regenerate shoot material.   

 According to Brewster (1994), the ash content of Allium species is 0.6 to 1.0%, 

and is directly associated with dry matter percentage.   Percentage ash did not differ 

among cultivars (Figure 3.10) within harvest dates, except for 42 dap, where ‘Kinka’ had 

a mean ash content of 1.11 ± 0.04 %, which was significantly lower than the other 

cultivars.  Each cultivar experienced different trends across time.  Percentage ash was 

similar in ‘Purplette’ shoots harvested at 35 and 56 dap, but was higher at 42 and 49 dap.  

‘Staro’ shoots harvested at 35 dap had the significantly lower concentrations, compared 

to other harvest dates, and continued to increase until 56 dap.  ‘Kinka’ shoots did not 

experience a change across time.  Percentage ash did not differ among planting densities 

within any harvest date.  However, according to Figure 3.11, each planting density 

experienced different trends across time.  Treatments with the 15- and 20-mm densities 

did not experience any significant change in ash content across time.  The shoots which 

were planted with the 10-mm planting density and harvested at 42 dap had a mean of 

1.25 ± 0.04 % which was the highest among harvest dates.  According to Figure 3.12, 

shoots grown under ambient CO2 concentration and harvested at 35 and 42 dap had a 

mean of 1.12 ± 0.02 % and 1.31 ± 0.04 % ash, respectively, which were higher than the 

shoots grown under elevated CO2 which were 0.85 ± 0.06 and 1.11 ± 0.03.  Shoots 
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harvested at 42 and 49 dap had a higher percentage ash compared to shoots harvested at 

35 and 56 dap. 

 Magnesium ions participate in the activation of enzymes involved in respiration, 

photosynthesis, and the synthesis of DNA and RNA.  According to Figure 3.13, ‘Kinka’ 

and ‘Staro’ had a significantly higher Mg content than ‘Purplette’ in shoots harvested at 

35, 42, and 56 dap.  Among the shoots harvested at 49 dap, ‘Staro’ had significantly 

lower Mg concentrations than ‘Kinka’, and ‘Purplette’ treatments had significantly lower 

Mg concentrations than both cultivars.  ‘Purplette’ and ‘Kinka’ treatments did not 

significantly differ in Mg content with age.  ‘Staro’ shoots harvested at 35 dap had 

significantly higher concentrations, compared to those harvested at 56 dap, with shoots 

harvested at 42 and 49 dap being intermediate.  Magnesium content was not affected by 

planting density nor CO2 concentrations (Table E.4).  The differences in Mg content 

among cultivars could be due to inherent morphological differences among cultivars. 

Calcium’s role in the plant cell is to act as a second messenger in metabolic 

regulation.  Calcium ions are used in the synthesis of new cell walls and is required for 

the normal functioning of plant membranes.  Figure 3.14 illustrates differences in Ca 

content among cultivars.  The Ca content of ‘Purplette’ remained 25 to 33% less than the 

other cultivars at each harvest date.  Among the shoots harvested at 35 dap, ‘Purplette’ 

was significantly lower than ‘Staro’, and ‘Kinka’ was intermediate.  ‘Purplette’ and 

‘Kinka’ shoots harvested at 56 dap had significantly higher Ca concentrations, compared 

to those harvested at 35 dap, where concentrations at 42 and 49 dap were intermediate.  

Calcium content of ‘Staro’ shoots harvested at 35 dap was significantly less than shoots 
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harvested at 56 dap.  Shoots harvested from the 10-mm planting density at 56 dap (Figure 

3.15) had significantly higher Ca concentrations compared to those harvested at 35 dap, 

where concentrations at 42 and 49 dap were intermediate.  Calcium content did not 

significantly differ for shoots with the 15- and 20-mm planting densities when harvested 

at different times.  Among the shoots harvested at 35 dap, shoots grown at an elevated 

CO2 concentration (Figure 3.16) had significantly lower Ca concentrations than those 

grown at ambient CO2.  Shoots grown at ambient CO2 concentrations did not 

significantly differ among different harvest dates, but shoots grown at elevated CO2 had 

significantly lower Ca concentrations at 35 dap.       

 Sodium is involved with the regeneration of phosphoenolpyruvate.  Among the 

shoots harvested at 35 dap, ‘Purplette’ shoots (Figure 3.17) had an average of 62.2 ± 6.7 

mg/100g of Na, which was significantly higher than ‘Staro’ treatments, which had an 

average of 34.4 ±  2.24 mg/100 g.  Sodium concentrations were significantly higher at 35 

dap than any other harvest date, regardless of cultivar, planting density (data not shown) 

or CO2 concentration.  Planting density (Table E.6), nor CO2 concentration (Figure 3.18), 

affected sodium content 

 Potassium is a principal cation in establishing cell turgor and maintaining cell 

electroneutrality and plays an important part role in regulation of the osmotic potential 

plant cells.  Potassium content increased with plant age from an average of 204.4 ± 13.2 

mg/100 g at 35 dap to an average of 328 mg/100 g at 56 dap.  Potassium is mobilized to 

younger leaves.  Therefore, the increase of this particular mineral over time can be 

correlated to the increase in new leaf production.  Broome et al., (2005) observed that 
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each species had an increase in new leaves at 56 dap.  Among the shoots harvested at 42 

dap, ‘Kinka’ contained significantly less potassium than ‘Purplette’, with ‘Staro’ being 

intermediate (Figure 3.19).  There were no differences among cultivars at any other 

harvest date. Planting density did not affect K concentrations at any harvest date (Figure 

3.20) but as demonstrated in Figure 3.19, K content generally increased over time.  

According to Figure 3.21, potassium concentrations were significantly lower in the 

shoots grown under elevated CO2 concentrations and harvested at 35, 42, and 56 dap 

compared to those grown under ambient CO2 concentrations.  Potassium concentrations 

did not differ between the CO2 concentrations of shoots harvested at 49 dap. 

 Percentage carbon (C) ranged from 2.6 to 13.1% in shoot material for all 

treatments.  Because of the unusually low moisture content at 35 dap, percent carbon was 

significantly higher for shoots harvested at 35 dap.  Percentage C did not differ among 

cultivars (Figure 3.22).  Percentage C did not differ among planting densities or CO2 

concentrations regardless of the harvest date (Table E.8).     

 Among the shoots harvested at 35, 42, and 56 dap ‘Staro’ had 0.5 to 1.9 % N 

(Figure 3.23), which was significantly higher than ‘Kinka’ and ‘Purplette’.  Among those 

harvested at 49 dap, ‘Staro’ had a significantly higher percentage N than ‘Purplette’ and 

‘Kinka’ was intermediate.  Percentage N was significantly higher in shoots harvested at 

35 dap than any subsequent harvest, regardless of cultivar (Figure 3.23), planting density 

(Table E.9), or CO2 concentration (Table E.9).  Percentage N did not significantly differ 

among planting densities, nor CO2 concentration, regardless of the harvest date.  Shoots 
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with the 10-mm planting density and harvested at 49 dap had significantly less N, 

compared to shoots with the same density at any other harvest date (data not shown).   

 

Once-Harvest Experiment 

Figure 3.24 illustrates differences in TF content for the different cultivars in both 

the shoot and bulb material.  ‘Purplette’ treatments had an average TF content of 2864 

mg/kg in the shoot material and 3669 mg/kg in the bulb material at 70 dap, which was 

highest among the other cultivars.  ‘Kinka’ treatments had an average of 1233 mg/kg in 

the shoot material, which was the lowest among the cultivars.  However, ‘Staro’ shoots, 

which had 319 mg/kg, had the lowest concentration among cultivars.  According to 

Figure 3.25, plants that were planted less densely contained higher TF concentrations in 

both the shoot and bulb material.  The 20-, 15-, and 10-mm planting densities had 

average TF concentrations of 2013, 1853, and 1771 mg/kg in the shoots and 1719, 1462, 

and 1306 mg/kg in the bulbs, respectively.  Because flavonols absorb light at shorter 

wavelengths (280 to 320 nm), they can protect the plant cells from UV-B radiation by 

absorbing harmful rays, while allowing the visible light pass through uninterrupted.  

Therefore, plants may produce higher amounts of flavonols in an effort to protect against 

harmful radiation.  Since the treatments with the 20-mm density had more exposure to 

light since the plants were not as dense, these plants were able to produce higher amounts 

of flavonols.  Treatments grown in elevated CO2 for the once-harvest experiment (Figure 

3.26) had, on average, 76% higher TF concentrations in shoot material and 31% higher in 

the bulb material.  No treatment that was grown under ambient conditions had higher TF 
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concentration than elevated CO2 except for the bulb material of the ‘Staro’ treatment 

planted at 20-mm which had higher TF concentrations at ambient CO2 concentrations 

(Table F.1).  Previous research has shown that TF concentrations are higher in Allium 

species when grown in elevated CO2 (Thompson and Others 2004, and Morris 2001).   

Percent moisture in the shoot material was very similar among cultivars 

regardless of planting density or CO2 concentration and ranged from 92.20 to 94.25% 

with one exception (Table F.3).  The ‘Staro’ treatment, which was planted at 20-mm and 

grown under elevated CO2 had 67.11% moisture, which was unreasonably low.  Because 

of lack of replication, this result cannot be explained.   

 Each cultivar had a similar percentage of crude fat where ‘Purplette’, ‘Kinka’, and 

‘Staro’ shoots had 0.50, 0.45, and 0.47% (Table F.4).  Shoots with the 15-mm planting 

density had an average of 0.52% crude fat, which was higher compared to shoots with the 

10- and 20-mm planting densities which had an average of 0.47 and 0.42% crude fat, 

respectively.  Shoots grown under ambient CO2 concentrations had 0.50% crude fat, 

which was much higher than the crude fat in shoots grown under elevated CO2 

concentrations, which averaged 0.38%.   

‘Purplette’ shoots had an average of 1.20% ash, which was higher than the other 

cultivars, which averaged 0.95% ash.  Treatments with the 15-mm planting density had 

an average of 0.91% ash, compared to the treatments with the 10- and 20-mm planting 

densities, which had an average of 1.06% ash.  CO2 concentration did not affect ash 

content in shoot material.   
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A large variation of K content (Figure 3.27) occurred among cultivars.  

‘Purplette’, ‘Kinka’, and ‘Staro’ treatments had an average of 398.5, 293.1, and 387.3 

mg/100 g of K in the shoot material.  Potassium content was higher in treatments with 

smaller planting densities (Figure 3.28).  Treatments with the 10-mm planting density 

(Figure 3.28) had an average of 425.1 mg/100 g, and were higher than the other planting 

densities which averaged 327.0 mg/100 g.  Shoots grown under elevated CO2 

concentration had an average of 442.4 mg/100 g of K, which was 37% higher than those 

grown under ambient CO2 concentration (Figure 3.29).   

Sodium content did not greatly vary among cultivars (Figure 3.27) where 

‘Purplette’, ‘Kinka’, and ‘Staro’ shoots had 38.7, 31.8, and 31.4 mg/100 g, respectively.  

Shoots with the 20-mm planting density (Figure 3.28) had an average of 38.2 mg/100 g, 

which was somewhat higher than shoots with the other two planting densities which had 

an average of 31.9 mg/100 g.  Shoots grown under elevated CO2 concentration (Figure 

3.29) had an average of 34.5 mg/100 g of Na, which was similar to the treatments grown 

under ambient CO2 concentration.  

 Calcium content among the cultivars were similar averaging 44.4 mg/100 g 

(Figure 3.27).   Shoots with the 15-mm planting density (Figure 3.28) had an average of 

36.95 mg/100 g Ca and was lower than shoots with the other two planting densities, 

which averaged 48.21 mg/100 g Ca.  In contrast to the other minerals analyzed (Figure 

3.29), Ca content decreased in treatments grown under elevated CO2 concentrations.  

Treatments grown under ambient CO2 concentration had an average of 51.14 mg/100 g 

Ca, which was 26% higher than the Ca content of treatments grown under elevated CO2 
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concentration.  Each of the minerals observed assists in cell growth and metabolic 

regulation.  Aside from Ca, each mineral evaluated was higher in plants grown at 

elevated CO2 compared to those grown at ambient CO2 (Figure 3.29).  The photosynthetic 

performance of plants under elevated CO2 is enhanced because photorespiration 

decreases.  Additionally, plants grow 30 to 60% faster when CO2 concentrations double 

(Zeiger 1998).  Because of the increased photosynthetic rate and changes in plant cells, 

more ions will be needed to facilitate cell synthesis and maintenance.  ‘Purplette’ and 

‘Kinka’ shoots had an average of 28.05 mg/100 g of Mg, which was higher than ‘Staro’ 

shoots which had an average of 23.16 mg/100g (Figure 3.27).  Shoots with the 15-mm 

planting density had an average of 22.07 mg/100 g of Mg, which was less than treatments 

with the other planting densities which had an average of 28.12 mg/100 g of Mg (Figure 

3.29).  Although Mg content was somewhat lower in some treatments, variability was not 

large enough to assume effects were triggered by some biochemical reaction in the plant.  

Shoots grown under elevated CO2 concentration had an average of 40.22 mg/100 g of 

Mg, which was 65% higher than the shoots grown under ambient CO2 concentration 

(Figure 3.29).  

 The shoot material from the once-harvest experiment was analyzed for crude fiber 

as an indication of total non-structural carbohydrates.  On average, treatments grown 

under elevated CO2 concentration had 86% more crude fiber than those grown under 

ambient CO2 concentration (Table F.10).  These results concur with the findings of 

Wheeler and Others (2004), who reported an increase in total non-structural 

carbohydrates for Allium species grown under elevated CO2 concentrations.  On average, 
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crude fiber did not differ among cultivars.  Treatments with the 15- and 20-mm planting 

densities had an average of 8.6% crude fiber, and was slightly higher, compared to 8.1% 

found in the 10-mm planting density. 

 

Discussion and Conclusions 

 In a database compiled by the United States Department of Agriculture (USDA), 

green onions contain a mean quercetin content of 13.27 mg/100 g edible portion, which 

the highest content among commonly consumed fruits and vegetables.  They also contain 

a mean kaempferol content of 0.18 mg/ 100 g edible portion.   

Price and Rhodes (1997) found that over 80% of TF content was accounted for by 

3,4’-Qdg and 4’-Qmg.  The multiple-harvest experiment exhibited an increase in TF 

content with age, but no differences were found between CO2 concentrations or planting 

densities.  Difference occurred among cultivars only at 49 dap, where ‘Staro’ contained 

significantly lower TF concentrations than did the other two cultivars.  Total flavonol 

concentrations were higher in the present study compared to previous studies.  Lombard 

(2000) reported TF levels in five cultivars ranging from 28.5 to 58.0 mg/100g, at least 10-

fold less than the values found in the present study.  Morris (2001) reported a TF 

concentrations to be as high as 538.2 mg/100g.  The increase flavonol concentrations in 

the present study can be attributed to the increased stress that was inflicted on the plants, 

such as increased planting densities, and numerous harvests.  The once-harvest 

experiment exhibited increased TF concentrations with increased planting density and 

CO2 concentration.  TF concentrations were higher in the multiple-harvest experiment 
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compared to the once-harvest experiment.  Plants produce flavonoids in response to 

certain stressors such as UV light, insect damage, and microbial infections (Taiz and 

Zeiger, 1998).  Continually harvesting the shoots of plants, inflicts damage to the tissue.  

Therefore, the plant is put under additional stress which can trigger the production of 

flavonoids.  This additional stress could explain the higher TF concentrations in the 

multiple-harvest experiment.   

 Each cultivar examined had distinct sensory characteristics.  Americans tend to 

prefer onions that are less pungent, aromatic, and bitter but still maintain the 

characteristic onion flavor (Alysworth, 1991).  Each of the cultivars in the current study 

had a slightly weak or slightly to moderately weak pungency and, therefore, were not 

overly pungent.  However, because of physiological changes such as fluid shifts, 

dehydration, and the loss of taste or flavor acuity that occur (Perchonok and Bourland, 

2002), a more intensely flavored onion may be beneficial.  After all, the initial thoughts 

of the ALS were to evaluate onion as a potential food crop in order to provide a source of 

seasoning to foods.  Panelists were unable to discern differences between shoot materials 

grown at elevated CO2 concentrations from those grown in ambient concentrations.  

These results indicate that the higher CO2 concentrations found in space will not alter the 

flavor profile of the onion.  Planting density did affect pungency at 63 dap, but not any 

other attribute examined.    

The USDA nutrient database indicates that raw spring onions (A. cepa or 

fistulosum) have the following composition: DM = 10.17%, N = 0.29%, ash = 0.81%, 

fiber = 2.4%, Ca = 72 mg/100 g, Mg = 20 mg/100 g, Na = 16 mg/100 g, and K = 276 
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mg/100 g.  Percentage N and ash as well as the amount of Mg and Na were higher than 

the USDA values in the present study, where the amount of Ca was higher.  According to 

Brewster (1994), Allium species have a range of 7 to 15% DM in bulb material, and 1-2% 

lower in the shoots, so the average DM content in the material observed was not unusual.  

However, there were large differences in mineral composition in the present study 

compared to the USDA database.  Although Morris (2001) did not show any differences 

in composition in plants grown hydroponically versus those grown in potting media, 

other studies have shown that the composition of plants grown hydroponically differ from  

those grown in soil or potting media (Taiz and Zeiger, 1998; Resh, 1991). Other factors 

such as environmental conditions, genetic variability, harvesting methods, and age can 

also contribute to differences.    

‘Purplette’ cultivars had higher TF concentrations, more intense sensory 

attributes, higher percent ash, Na, and K but had lower amounts of crude fat, Mg, Ca, and 

percent N.  In addition, it produced more biomass from the shoots, regardless of planting 

density than the other two cultivars (Broome et al., 2004).  Overall, ‘Purplette’ is a good 

cultivar for the needs of the space program.  Planting density did not significantly affect 

flavonol content or the composition of the plants and only affected one sensory attribute, 

the pungency at 63 dap.  However, Broome et al., (2005), indicated that each cultivar 

experienced an increase in mean shoot biomass, mean bulb weight, and mean total edible 

biomass weight with less densely planted Allium species.  Although crops that are more 

densely planted would be desirable for minimizing the space used in the cabin, it is 

important to consider both biomass as well as plant composition.  Plants grown in 
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elevated CO2 concentrations had different amounts of ash, Ca, and K.  In addition, 

Broome et al., (2005), indicated that plants grown in elevated CO2 weighed 20% more 

than plants grown in ambient CO2.  These results indicate the increased concentration of 

CO2 that is found in space, and in the shuttle, will not adversely affect older plants (at 

least 49 days) and will actually produce more biomass which is beneficial in reducing the 

need to re-plant crops. Composition can vary with plant age, and needs to be considered 

in order to facilitate the nutritional needs of astronauts.  The constituents in this study that 

varied with age were crude fat, ash, Mg, Ca, Na, K, C, and N.     
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       Figure 3.1.    Mean flavonol content ± SEM of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in environmental growth chambers    
    and harvested repeatedly at 35, 42, 49, and 56 days after planting (dap; n=24).  ab Means within a day with different  
    superscripts differ p <  0.05.  AB Means within a cultivar with different superscripts differ across time p < 0.05. 
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Figure 3.2   Mean flavonol content on a wet matter basis in Allium shoots grown in environmental growth chambers and planted at  
                   10-, 15-, and 20-mm planting densities and harvested repeatedly at 35, 42, 49 and 56 days after planting (dap; n=24) .   

 ab Means within a day with different superscripts differ  p < 0.05.  AB Means within a planting density with different  
 superscripts differ across time p < 0.05 
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Figure 3.3.   Mean flavonol content on a wet matter basis in Allium shoots of treatments grown in environmental growth chambers  
              at elevated (1200 ppm) and ambient (400 ppm) CO2 and harvested repeatedly at 35, 42, 49 and 56 days after planting  

        (dap; n=16).  ab Means within a day with different superscripts differ p < 0.05.  AB Means within a CO2 concentration  
  with different superscripts differ across time p < 0.05.  
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Figure 3.4.  Mean flavonol content ± SEM of ‘Purplette’, ‘Kinka’, and ‘Staro’ bulbs grown in an environmental growth chamber  

             and harvested at 70 days after planting (dap; n=6). ab Means  with different superscripts differ p < 0.05. 
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Table 3.1.  Mean and SEM of Sensory Attribute Responses1 of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an 
environmental growth chamber and repeatedly harvested at 28 and 63 days after planting (dap). 
Attribute DAP  Cultivar  Mean2        Density    Mean3  CO2 Level4

    Mean5   
Aroma  28 Purplette 4.0 ± 0.20 a,A       10-mm    3.9 ± 0.20 a,A Ambient    3.9 ± 0.15 a,A 
   Kinka  3.9 ± 0.10 a,A       15-mm    3.9 ± 0.20 a,A Elevated    3.9 ± 0.14 a,A 
   Staro  3.8 ± 0.20 a,A       20-mm    3.9 ± 0.19 a,A 

 
  63 Purplette 4.1 ± 0.15 a,A       10-mm    4.2 ± 0.16 a,A Ambient    4.1 ± 0.14 a,A 
   Kinka  4.2 ± 0.16 a,A       15-mm    3.8 ± 0.16 a,A Elevated    3.9 ± 0.12 a,A 
   Staro  3.8 ± 0.16 a,A       20-mm    4.1 ± 0.15 a,A  
 

    Onion Flavor   28    Purplette  3.4 ± 0.21 a,A       10-mm          3.4 ± 0.15 a,A        Ambient     3.5 ± 0.19 a,A 
                  Kinka              3.5 ± 0.15 a,A       15-mm          3.4 ± 0.15 a,A         Elevated     3.5 ± 0.15 a,A 

                       Staro              3.5 ± 0.20 a,A       20-mm         3.4 ± 0.14 a,A  
 

                                    63 Purplette 3.4 ± 0.14 a,A       10-mm    3.4 ± 0.13 a,A Ambient      3.4 ± 0.13 a,B 
 Kinka  3.3 ± 0.15 a,A       15-mm    3.4 ± 0.15 a,A Elevated      3.4 ± 0.13 a,A 

                                    Staro  3.4 ± 0.13 a,A       20-mm    3.5 ± 0.14 a,B 

Pungency 28 Purplette 3.6 ± 0.17 a,A        10-mm    3.2 ± 0.16 a,A Ambient    3.2 ± 0.17 a,A 
Kinka  3.3 ± 0.16 a,A       15-mm    3.3 ± 0.19 a,A Elevated    3.2 ± 0.14 a,B 

  Staro  2.7 ± 0.23 b,B       20-mm    3.1 ± 0.24 a,B     
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Table 3.1 Continued 
 

63  Purplette 3.5 ± 0.15 a,A       10-mm    3.3 ± 0.16 b,A Ambient    3.4 ± 0.15 a,A 
 Kinka  3.4 ± 0.18 a,A       15-mm    3.5 ± 0.17 ab,A Elevated    3.5 ± 0.14 a,A 

  Staro  3.4 ± 0.19 a,A       20-mm    3.5 ± 0.19 a,A   
 

 
Sweetness      28 Purplette 2.7 ± 0.13 b,A       10-mm    2.9 ± 0.10 a,A Ambient    3.1 ± 0.12 a,A 

Kinka  3.1 ± 0.10 a,A       15-mm    3.0 ± 0.14 a,A Elevated    2.9 ± 0.10 a,A 
   Staro  3.3 ± 0.17 a,A       20-mm    3.2 ± 0.16 a,A  

 
  63 Purplette 2.7 ± 0.11 a,A       10-mm    2.8 ± 0.12 a,A Ambient    2.8 ± 0.09 a,B 

                  Kinka             2.9 ± 0.10 a,A       15-mm          2.8 ± 0.11 a,A          Elevated    2.9 ± 0.09 a,A
               Staro             2.9 ± 0.13 a,B       20-mm          2.9 ± 0.11 a,A  

 
Bitterness 28       Purplette          3.4 ± 0.10 a,A       10-mm   2.9 ± 0.17 a,A Ambient    2.8 ± 0.15 a,A 
   Kinka  2.7 ± 0.11 b,A       15-mm    2.9 ± 0.16 a,A Elevated    2.9 ± 0.13 a,A 
   Staro  2.5 ± 0.20 b,B       20-mm    2.7 ± 0.20 a,A 

 
  63 Purplette 3.1 ± 0.07 a,B       10-mm    2.9 ± 0.09 a,A Ambient     2.9 ± 0.07 a,A 
              Kinka             2.7 ± 0.10 b,A       15-mm          3.0 ± 0.09 a,A          Elevated    2.9 ± 0.07 a,A 
              Staro             2.9 ± 0.08 ab,A      20-mm          2.9 ± 0.09 a,A 

 
After-Taste 28 Purplette 3.8 ± 0.12 a,A       10-mm    3.3 ± 0.17 a,A Ambient    3.4 ± 0.14 a,A 
   Kinka  3.2 ± 0.13 b,A       15-mm    3.4 ± 0.16 a,A Elevated    3.3 ± 0.13 a,A 
   Staro  3.0 ± 0.20 b,A       20-mm    3.4 ± 0.18 a,A 
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Table 3.1 Continued 
 

63 Purplette 3.3 ± 0.15 a,B       10-mm    3.3 ± 0.16 a,A Ambient    3.2 ± 0.12 a,A 
Kinka  3.3 ± 0.15 a,A       15-mm    3.3 ± 0.15 a,A Elevated    3.3 ±0.13 a,A 

   Staro  3.2 ± 0.16 a,A       20-mm    3.3 ± 0.16 a,A  
 

Off-Flavor 28 Purplette 3.2 ± 0.14 a,A       10-mm    2.8 ± 0.12 a,A Ambient     2.6 ± 0.11 a,B 
   Kinka  2.6 ± 0.14 b,A       15-mm    2.6 ± 0.14 a,A Elevated     2.6 ± 0.14 a,B 
   Staro  2.0 ± 0.19 c,B       20-mm    2.5 ± 0.20 a,B  

 
  63 Purplette 2.8 ± 0.13 a,B       10-mm    2.8 ± 0.13 a,B Ambient     2.8 ± 0.11 a,A 

              Kinka             2.8 ± 0.15 a,A       15-mm          2.7 ± 0.15 a,B Elevated        2.6 ± 0.13 a,A 
              Staro                2.6 ± 0.14 a,A       20-mm         2.7 ± 0.14 a,A 

 
 

 
abc Means among cultivars within a harvest date with different superscripts differ p < 0.05 
AB Means within a cultivar with different superscripts are different across time p < 0.05 
  1    1 = Very weak; 2 = Moderately weak; 3 = Slightly weak; 4 = Neither intense nor weak; 5 = Slightly intense; 6 =  
             Moderately intense; 7= Very intense 
2    n for cultivar per day  = 9 
3    n for planting density per day = 9 
4    Ambient CO2 = approx 400 ppm; Elevated CO2 = approx 1200 ppm 
5      n for CO2 concentration per day = 6 
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 Figure 3.5.  Mean percentage moisture ± SEM on a wet matter basis of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in  
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              environmental growth chambers and harvested repeatedly at 35, 42, 49, and 56 days after planting (dap; n=24).  ab  
              Means within a day with different superscripts differ p < 0.05.  AB Means within a cultivar with different superscripts  
             differ across time p < 0.05.   
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Figure 3.6.  Mean percentage moisture ± SEM on a wet matter basis in Allium shoots grown in an environmental growth  
  chamber at elevated (1200 ppm) and ambient (400 ppm) CO2 and harvested repeatedly at 35, 42, 49 and 56 days after  
  planting (dap; n=24) ab Means within a day with different superscripts differ p < 0.05.  AB Means within a CO2  
  concentration with different superscripts differ across time p < 0.05.  
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Figure 3.7.  Mean percentage crude fat ± SEM on a wet matter basis of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in  
                   environmental growth chambers and harvested repeatedly at 35, 42, 49, and 56 days after planting (dap; n=24). abc  
                   Means within a day with different superscripts differ p < 0.05.  ABC Means within a cultivar with different superscripts  
                  differ across time p < 0.05.   
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Figure 3.8.  Mean percentage crude fat ± SEM on a wet matter basis in Allium shoots planted at 10-, 15-, and 20-mm planting  
             densities and harvested repeatedly at 35, 42, 49 and 56 days after planting (dap; n=24) .  ab Means within a day with  
             different superscripts differ p < 0.05.  AB Means within a planting density with different superscripts differ across time  
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Figure 3.9.  Mean percentage crude fat ± SEM on a wet matter basis in Allium shoots of treatments grown in environmental growth  
                   chambers at elevated (1200 ppm) and ambient (400 ppm) CO2 and harvested repeatedly at 35, 42, 49 and 56 days after  
                   planting (dap; n=16) .  ab Means within a day with different superscripts differ   p < 0.05.  AB Means within a CO2  
                   concentration with different superscripts differ across time  p < 0.05.    
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Figure 3.10.  Mean percentage ash ± SEM on a wet matter basis of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an  
                     environmental growth chamber and harvested repeatedly at 35, 42, 49, and 56 days after planting (dap; n=24).  ab  
                     Means within a day with different superscripts differ p < 0.05.  AB Means within a cultivar with different superscripts  
                     differ across time p < 0.05.   
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 Figure 3.11.  Mean percentage ash ± SEM on a wet matter basis in Allium shoots grown in environmental growth chambers  
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                           and planted at 10-, 15-, and 20-mm planting densities and harvested repeatedly at 35, 42, 49 and 56 days after  
                           planting (dap; n=24) .  ab Means within a day with different superscripts differ p < 0.05.  AB Means within a  
                           planting density with different superscripts differ across time p < 0.05.   
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Figure 3.12.  Mean percentage ash ± SEM on a wet matter basis in Allium shoots grown in an environmental growth chamber at  
                     elevated (1200 ppm) and ambient (400 ppm)CO2 and harvested repeatedly at 35, 42, 49 and 56 days after planting  
                     (dap; n=16) .  ab Means within a day with different superscripts differ p < 0.05.  AB Means within a CO2 concentration  
                     with different superscripts differ across time p < 0.05.   
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Figure 3.13.  Mean magnesium content ± SEM of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an environmental growth  

                chamber and harvested repeatedly at 35, 42, 49, and 56 days after planting (dap; n=24).  abc Means within a day with  
                different superscripts differ p < 0.05.  AB Means within a cultivar with different superscripts differ across time p <  
                0.05.   
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Figure 3.14.  Mean calcium content ± SEM of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an environmental growth chamber  
                     and harvested repeatedly at 35, 42, 49, and 56 days after planting (dap; n=24).  ab Means within a day with different  

               superscripts differ p < 0.05.  AB Means within a cultivar with different superscripts differ across time p < 0.05.   
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Figure 3.15.  Mean calcium content ± SEM in Allium shoots harvested in an environmental growth chamber and planted at 10-,   
                     15-, and 20-mm planting densities and harvested repeatedly at 35, 42, 49, and 56 days after planting (dap; n=24).  ab  
                     Means within a day with different superscripts differ p < 0.05.  AB Means within a planting density with different  
                     superscripts differ across time p < 0.05. 



86

 

D A P

3 0 3 5 4 0 4 5 5 0 5 5 6 0

C
al

ci
um

 (m
g/

10
0 

g)

0

1 0

2 0

3 0

4 0

5 0

6 0
A m b ie n t  
E le v a t e d  

 

46.1 a,A 45.9 a,A

43.4 a,A 42.7 a,A 42.8 a,A

40.0 a,A

39.6 a,A

31.8 b,B

 Figure 3.16.  Mean calcium content ± SEM in shoots grown in environmental growth chambers at elevated (1200 ppm) and  
                      ambient (400 ppm) CO2 and harvested repeatedly at 35, 42, 49 and 56 days after planting (dap; n=16) .  ab Means  
                      within a day with different superscripts differ p < 0.05.  AB Means within a CO2 concentration with different  
                      superscripts differ across time p < 0.05.   
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Figure 3.17.  Mean sodium content ± SEM of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an environmental growth chamber  
   and harvested repeatedly at 35, 42, 49, and 56 days after planting (dap; n=24).  ab Means within a day with different  
   superscripts differ p < 0.05.  AB Means within a cultivar with different superscripts differ across time p < 0.05.   



88

 

D A P

3 5 4 2 4 9 5 6  

So
di

um
 (m

g/
10

0 
g)

0

1 0

2 0

3 0

4 0

5 0

6 0

A m b ie n t  
E le v a te d  

Figure 3.18.  Mean sodium content ± SEM in Allium shoots grown in an environmental growth chamber at elevated (1200 ppm)  
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                     and ambient (400 ppm) CO2 and harvested repeatedly at 35, 42, 49 and 56 days after planting (dap;n=16).  ab Means  
                     within a day with different superscripts differ p < 0.05.  AB Means within a CO2 concentration with different  
                     superscripts differ across time p < 0.05.   
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Figure 3.19.    Mean potassium content ± SEM of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an environmental growth chamber  
           and harvested repeatedly at 35, 42, 49, and 56 days after planting (dap; n=24).  ab Means within a day with different  
           superscripts differ p < 0.05.  AB Means within a cultivar with different superscripts differ across time p < 0.05.   
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Figure 3.20.  Mean potassium content ± SEM in Allium shoots harvested in an environmental growth chamber and planted at 10-,   
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                     15-, and 20-mm planting densities and harvested repeatedly at 35, 42, 49, and 56 days after planting (dap; n=24).  ab  
                     Means within a day with different superscripts differ p < 0.05.  AB Means within a planting density with different  

                           superscripts differ across time p < 0.05. 
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Figure 3.21.  Mean potassium content ± SEM in Allium shoots grown in an environmental growth chamber at elevated (1200 ppm)  
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                     and ambient (400 ppm) CO2 and harvested repeatedly at 35, 42, 49, and 56 days after planting (dap; n=16) .  ab Means  
   within a day with different superscripts differ p < 0.05.  AB Means within a CO2 concentration with different  
   superscripts differ across time p < 0.05.   
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Figure 3.22.    Mean carbon percentage ± SEM on a wet matter basis of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an  

13.1 a,A 12.2 a,A

12.3 a,A

2.8 a,B
2.9 a,B 

  3.0 a,B 3.5 a,B

2.8 a,B

2.6 a,B
   2.9 a,B    3.3 a,B

3.3 a,B

                       environmental growth chamber and harvested repeatedly at 35, 42, 49, and 56 days after planting (dap; n=24).  ab  
                       Means within a day with different superscripts differ p < 0.05.  AB Means within a cultivar with different  
                       superscripts differ across time p < 0.05.   
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 Figure 3.23.    Mean nitrogen percentage ± SEM of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an environmental growth  
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                        chamber and harvested repeatedly at 35, 42, 49, and 56 days after planting (dap; n=24).  ab Means within a day with  
                        different superscripts differ p < 0.05.  AB Means within a cultivar with different superscripts differ across time p < 0.05.   
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Figure 3.24.  Mean flavonols on a wet matter basis in bulb and shoot material of ‘Purplette’, ‘Kinka’, and ‘Staro’ cultivars  
                           grown in an environmental growth chamber and harvested at 70 days after planting (dap; n=6).   
 



95

 

P la n t  M a t e r ia l

B u lb S h o o t

Fl
av

on
ol

s 
(m

g/
kg

)

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0
1 0 - m m  
1 5 - m m  
2 0 - m m  

 

2013.5
1833.1

1771.4 

 1602.4
 1464.2

 1306.7

Figure 3.25.  Mean flavonols on a wet matter basis in bulb and shoot material of Allium cultivars planted at 10-, 15-, and 20-mm  
                     densities grown in an environmental growth chamber harvested at 70 days after planting (dap; n=6).   
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Figure 3.26.  Mean flavonols on a wet matter basis in bulb and shoot material of Allium cultivars grown in an environmental  
                     growth chamber at ambient (400 ppm) and elevated (1200 ppm) CO2 and harvested at 70 days after planting (dap;  
                     n=4).   
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Figure 3.27.  Contents of potassium, sodium, calcium, and magnesium in shoots of ‘Purplette’, ‘Kinka’, and ‘Staro’ cultivars  
                     grown in an environmental growth chamber and harvested at 70 days after planting (dap; n=12). 
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 Figure 3.28.  Contents of potassium, sodium, calcium, and magnesium in shoots of Allium cultivars grown in an environmental  
                     growth chamber and planted at 10-, 15-, and 20-mm planting densities and harvested at 70 days after planting (dap;  
                     n=12). 



99

 

M in e r a l

P o ta s s iu m S o d iu m C a lc iu m M a g n e s iu m

M
in

er
al

 C
on

te
nt

 (m
g/

10
0 

g)

0

1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

A m b ie n t  
E le v a te d  

 

       442.4

       276.9

        51.1 

       33.4         34.5         37.8         45.9
        14.0

Figure 3.26.  Contents of potassium, sodium, calcium, and magnesium in shoots of Allium cultivars grown in an environmental  
                     growth chamber at ambient (400 ppm) and elevated (1200 ppm) CO2 in the once-harvest experiment and harvested at    
                     70 days after planting (dap; n=
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      APPENDIX A 
 

RANDOM PLACEMENT OF TREATMENTS IN THE
  

               ENVIRONMENTAL GROWTH CHAMBERS 
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Figure A.1.  Randomly assigned placement of treatments ('Staro', 'Purplette', and 'Kinka' at 10-, 15-, and 20-mm  Figure A.1.  Randomly assigned placement of treatments ('Staro', 'Purplette', and 'Kinka' at 10-, 15-, and 20-mm  

        spacings) within blocks in the environmental growth chamber with elevated CO2 during the first         spacings) within blocks in the environmental growth chamber with elevated CO2 during the first 
                    replication for the multiple-harvest experiment.                     replication for the multiple-harvest experiment. 
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  Figure A.2.  Randomly assigned placement of treatments ('Staro', 'Purplette', and 'Kinka' at 10-, 15-, and 20-   Figure A.2.  Randomly assigned placement of treatments ('Staro', 'Purplette', and 'Kinka' at 10-, 15-, and 20- 

          mm spacings) within blocks in the environmental growth chamber with elevated CO2 during the            mm spacings) within blocks in the environmental growth chamber with elevated CO2 during the  
          second replication for the multiple-harvest experiment.           second replication for the multiple-harvest experiment. 
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 Figure A.3.  Randomly assigned placement of treatments ('Staro', ' Purplette', and 'Kinka' at 10-, 15-, and 20-  Figure A.3.  Randomly assigned placement of treatments ('Staro', ' Purplette', and 'Kinka' at 10-, 15-, and 20- 

            mm spacings) within blocks in the environmental growth chamber with ambient CO2 during the              mm spacings) within blocks in the environmental growth chamber with ambient CO2 during the  
            first replication for the multiple-harvest experiment.             first replication for the multiple-harvest experiment. 
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  Figure A.4. Randomly assigned placement of treatments ('Staro', 'Purplette', and 'Kinka' at 10-, 15-, and 20-   Figure A.4. Randomly assigned placement of treatments ('Staro', 'Purplette', and 'Kinka' at 10-, 15-, and 20- 

             mm spacings) in the environmental growth chamber with ambient CO2 during the second                mm spacings) in the environmental growth chamber with ambient CO2 during the second   
             replication for the multiple-harvest experiment.              replication for the multiple-harvest experiment. 
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     Figure A.5.  Randomly assigned placement of treatments ('Staro', 'Purplette', and 'Kinka'  at 10-, 15-, and 20-       Figure A.5.  Randomly assigned placement of treatments ('Staro', 'Purplette', and 'Kinka'  at 10-, 15-, and 20-  
                     mm spacings) within blocks in the environmental growth chamber with ambient CO2 during the                       mm spacings) within blocks in the environmental growth chamber with ambient CO2 during the  

                                               once-harvest experiment.                                                once-harvest experiment. 
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Figure A.6.  Randomly assigned placement of treatments ('Staro', 'Purplette', and 'Kinka' at 10-, 15-, and 20- Figure A.6.  Randomly assigned placement of treatments ('Staro', 'Purplette', and 'Kinka' at 10-, 15-, and 20- 
                     mm spacings) within blocks in the environmental growth chamber with elevated CO2 during the                       mm spacings) within blocks in the environmental growth chamber with elevated CO2 during the  

                                               once-harvest experiment                                                once-harvest experiment 
  

  

 



 
APPENDIX B 

 
 COMPOSIITON OF HYDRO-SOLTM SOLUTION 

 
  

Table B.2. Chemical composition of Hydro-SolTM (J.R. Peters Classic, Earth City, Mo, USA).   
Chemical Consituent       Concentration (%) 
Nitrogen (total)- (nitrate nitrogen)       5.000 
Available Phosphate (P2O5)      11.000 
Soluble potash (K2O)       26.000 
Magnesium (total) water soluble (Mg)      3.110 
Sulfur combined (S)         4.040 
Boron (B)          0.050 
Copper chelated (Cu)         0.015 

  Iron chelated (Fe)          0.300 
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  Manganese chelated (Mn)                             0.050 
        Molybdenum (Mo)                 0.050 

                        Zinc potentially chelated (Zn)                              0.015 
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APPENDIX C 
 

SENSORY EVALUATION FORMS 



 

 

ATTRIBUTES 317 241 721 495 513 171 
1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7

AROMA No                          Very    
trace                   Intense 

No                       Very       
trace                   Intense   

No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

No                         Very    
trace                   Intense 

No                          Very    
trace                   Intense 

1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 4 5 62 3 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7ONION 
FLAVOR No                          Very    

trace                   Intense 
No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 4 5 62 3 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7
PUNGENCY No                          Very    

trace                   Intense 
No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

No                          Very    

 
 

109 trace                   Intense 
No                          Very    
trace                   Intense 

1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 4 5 62 3 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7
OFF 

FLAVORS No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

No                         Very    
trace                   Intense 

No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7AFTER 
TASTE No                          Very    

trace                   Intense 
No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

1 6 2 3 4 5 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 3 5 62  4 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7   
SWEETNESS No                          Very    

trace                   Intense 
No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

No                          Very    
trace                   Intense 

                                     

 

      
BITTERNESS No                          Very    

trace                   Intense 
No                          Very    
trace                   Intense 

No                          Very    No                          Very    No                          Very    No                          Very    
trace                   Intense trace                   Intense trace                   Intense trace                   Intense 

 
Figure C1.  Sensory evaluation form for a single session where 3-digit random numbers were assigned to each treatment  
                   within a cultivar. 
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                         AROMA                                                                                    ONION FLAVOR 
 

7     Very Intense  7     Very Intense  
6     Moderately Intense  6     Moderately Intense  
5     Slightly Intense  5     Slightly Intense  
4     Neither intense nor  weak  4     Neither intense nor  weak  
3     Slightly weak  3     Slightly weak  
2     Modearately weak  2     Modearately weak  
1     Very weak  1     Very weak   

 
                        PUNGENCY                                                                              OFF FLAVORS 
 

7     Very Intense  7     Very Intense 
6     Moderately Intense  6     Moderately Intense 
5     Slightly Intense  5     Slightly Intense 
4     Neither intense nor  weak  4     Neither intense nor  weak 
3     Slightly weak  3     Slightly weak 
2     Modearately weak  2     Modearately weak 
1     Very weak  1     Very weak 

 
                            AFTER TASTE                                                                                    
 

7     Very Intense 
6     Moderately Intense 
5     Slightly Intense 
4     Neither intense nor traceable 
3     Slightly traceable 
2     Moderately traceable 
1     No trace 
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APPENDIX D 
 

FLAVONOL STANDARD CURVE 
 
 
 

A standard curve was developed by Lombard (2000) by using isoquercetrin (Extrasynthese, Geney, France) stock 

solution.  TF concentrations (mg/ml) were calculated in a 2 g sample of onion extracted with 8 ml of 80% EtOH.   

 

Table D.1.  Isoquercitrin (Q) calculations1 for standard curve 
100 mg Q x  1 kg          =       1 mg Q        

   kg fwt      1000 g                  10 g 
 
           =       0.2 mg Q    
                        2 g 
 
           =       0.2 mg Q    
        8 ml EtOH 
 
              =      0.025 mg Q      x   5 stock solutions = 0.125 mg/ml 
          1 ml EtOH 

1 Calculations completed by Lombard (2000) 
 
 

Table D.2.  Concentration of isoquercitrin standards 
Dilution Factor   Stock Solution (mg/ml)            mg standard/ml 
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0.05   x  0.125    = 0.00625 
0.10   x  0.125    =  0.0125 
0.20   x  0.125    =  0.025 
0.30   x  0.125    = 0.0375 
0.40   x  0.125    = 0.05  
0.50   x  0.125    = 0.0625  
0.70   x  0.125    = 0.0875 
0.80              x  0.125                          = 0.10 
1.00              x             0.125               =          0.125 
   A stock solution of isoquercitrin was prepared by dissolving 62.5 mg of isoqercitrin in 500 ml of 80% 

EtOH.  Eight     
                       dilutions (100-ml each) were prepared from the sock solution and the absorbance of each was determined 
10 separate        
             times on a spectrophotometer.  The average absorbance for each dilution was taken.   
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Table D.3.  Preparation of isoquercitrin standards 
Dilution Factor     Amount (ml) of     EtOH (ml) 

                                        0.125 mg/Q ml stock         
0.05        x              5   in  95 
0.10   x             10   in  90 
0.20   x             20   in  80 
0.30   x             30   in  70 
0.40   x             40   in  60 
0.50   x             50   in  50  
0.70   x             70   in  30 
0.80              x             80   in   20 

                        1.00              x             100   in     0     
 
             Linear regression was then used to develop the standard curve from the absorbance readings of the 

standards.   
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APPENDIX E 
 

MULTIPLE-HARVEST EXPERIMENT 
 
 

Table E. 1-9 presents the plant composition of shoots, which were repeatedly harvested at 35, 42, 49, and 56 dap, of 
‘Purplette’, ‘Kinka’, and ‘Staro’ cultivars planted at 10-, 15-, and 20-mm planting densities and grown at elevated (1200 
ppm) and ambient (400 ppm) CO2 in environmental growth chamber



 

Table E.1-Mean and SEM of percentage moisture of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an environmental 
growth chamber and repeatedly harvested at 35, 42, 49, and 56 days after planting (dap). 
DAP  Cultivar  Mean1   Planting Density Mean2   CO2 Level3

       Mean4   
35 Purplette 67.3 ± 10.87 a,B  10-mm   68.9 ± 11.08 a,B Ambient      52.8 ± 10.33 b,B 
 Kinka  69.8 ± 10.46 a,B 15-mm   68.7 ± 10.18 a,B Elevated      84.8 ±   3.11 a,B 
 Staro  69.4 ± 10.93 a,B 20-mm   68.7 ± 11.47 a,B   
 
42  Purplette 93.2 ± 0.07 a,A 10-mm   92.5 ± 0.20 a,A Ambient      92.5 ± 0.25 a,A 
 Kinka  92.8 ± 0.33 a,A 15-mm   92.8 ± 0.22 a,A Elevated      92.7 ± 0.16 a,A 
 Staro  91.8 ± 0.13 b,A 20-mm   92.5 ± 0.20 a,A 
 
49        Purplette 93.3 ± 0.17 a,A 10-mm              92.6 ± 0.27 a,A Ambient      92.5 ± 0.20 a,A 
     Kinka     92.7 ± 0.18 a,A     15-mm      92.5 ± 0.23 a,A     Elevated          92.7 ± 0.19 a,A 
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     Staro     91.8 ± 0.22 b,A    20-mm      92.6 ± 0.22 a,A 
 
56 Purplette 93.3 ± 0.14 a,A 10-mm   92.6 ± 0.26 a,A Ambient       92.5 ± 0.21 a,A 
 Kinka          92.8 ± 0.24 ab,A 15-mm                         92.7 ± 0.28 a,A Elevated       93.0 ± 0.24 a,A 
 Staro             92.1 ± 0.36 bA 20-mm              92.9 ± 0.31 a,A 

 
abc Means among cultivars within a harvest date with different superscripts differ p < 0.05 
AB Means within a cultivar with different superscripts are different across time p < 0.05 
1    n for cultivar per day  = 9 
2    n for planting density per day = 9 
3    Ambient CO2 = approx 400 ppm; Elevated CO2 = approx 1200 ppm 
4      n for CO2 concentration per day = 6 

 
 
 

 



 

Table E.2- Mean and SEM of percentage crude fat of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an environmental 
growth chamber and repeatedly harvested at 35, 42, 49, and 56 days after planting (dap). 
DAP  Cultivar  Mean1   Planting Density Mean2   CO2 Level3

      Mean4   
35 Purplette 0.48 ± 0.03 a,A  10-mm   0.50 ± 0.02 a,A Ambient      0.58 ± 0.02 a,A 
 Kinka  0.54 ± 0.03 a,A 15-mm   0.55 ± 0.03 a,A Elevated      0.48 ± 0.03 b,A 
 Staro  0.58 ± 0.04 a,A 20-mm   0.55 ± 0.05 a,A    
 
42  Purplette 0.38 ± 0.03 a,AB 10-mm   0.43 ± 0.05 a,A Ambient      0.45 ± 0.03 a,B 
 Kinka  0.44 ± 0.05 a,AB 15-mm   0.41 ± 0.05 a,A Elevated      0.41 ± 0.03 a,A 
 Staro  0.47 ± 0.05 a,A 20-mm   0.46 ± 0.05 a,A  
 
49        Purplette 0.32 ± 0.07 a,BC         10-mm              0.39 ± 0.05 a,A Ambient      0.41 ± 0.04 a,BC 
                Kinka     0.46 ± 0.06 a,A     15-mm      0.43 ± 0.06 a,A     Elevated          0.43 ± 0.04 a,A 
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     Staro     0.46 ± 0.04 a,A      20-mm                 0.43 ± 0.06 a,A  
 
56 Purplette 0.23 ± 0.02 c,C 10-mm   0.29 ± 0.01 a,B Ambient      0.33 ± 0.02 a,C 
            Kinka              0.32 ± 0.02 b,B 15-mm                         0.32 ± 0.03 a,B Elevated      0.31 ± 0.02 a,B 
            Staro                0.39 ± 0.03 a,B 20-mm                         0.34 ± 0.03 a,B  
 
abc Means among cultivars within a harvest date with different superscripts differ p < 0.05 
AB Means within a cultivar with different superscripts are different across time p < 0.05 
1    n for cultivar per day  = 9 
2    n for planting density per day = 9 
3    Ambient CO2 = approx 400 ppm; Elevated CO2 = approx 1200 ppm 
4 n for CO2 concentration per day = 6 

 
 
 

 



 

Table E.3- Mean and SEM of percentage ash of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an environmental growth 
chamber and repeatedly harvested at 35, 42, 49, and 56 days after planting (dap). 
DAP  Cultivar  Mean1   Planting Density Mean2   CO2 Level3

      Mean4   
35 Purplette 1.06 ± 0.09 a,AB  10-mm   0.96 ± 0.08 a,B Ambient      1.12 ± 0.02 a,B 
 Kinka  0.97 ± 0.08 a,A 15-mm   0.99 ± 0.09 a,A Elevated      0.85 ± 0.06 b,B 
 Staro  0.93 ± 0.07 a,B 20-mm   1.01 ± 0.09 a,A     
 
42  Purplette 1.26 ± 0.04 a,A 10-mm   1.25 ± 0.06 a,A Ambient      1.31 ± 0.04 a,A 
 Kinka  1.11 ± 0.04 b,A 15-mm   1.18 ± 0.04 a,A Elevated      1.11 ± 0.03 b,A 
 Staro  1.26 ± 0.06 a,A 20-mm   1.90 ± 0.05 a,A   
 
49         Purplette        1.22 ± 0.05 a,AB         10-mm              1.11 ± 0.06 a,AB        Ambient      1.28 ± 0.04 a,A 
      Kinka    1.06 ± 0.07 a,A     15-mm      1.22 ± 0.06 a,A     Elevated               1.07 ± 0.05 a,A 

117

      Staro    1.20 ± 0.06 a,A     20-mm      1.17 ± 0.07 a,A  
 
56 Purplette 1.03 ± 0.08 a,B 10-mm   1.16 ± 0.11 a,AB Ambient       1.11 ± 0.06 a,B 
 Kinka             1.06 ± 0.10 a,A 15-mm                         1.03 ± 0.10 a,A Elevated       1.02 ± 0.10 a,AB 
 Staro                1.10 ± 0.12 a,AB 20-mm                         1.00 ± 0.09 a,A  
abc Means among cultivars within a harvest date with different superscripts differ p < 0.05 
AB Means within a cultivar with different superscripts are different across time p < 0.05 
1    n for cultivar per day  = 9 
2    n for planting density per day = 9 
3    Ambient CO2 = approx 400 ppm; Elevated CO2 = approx 1200 ppm 
4      n for CO2 concentration per day = 6 

 
 
 
 
 

 



 

Table E.4- Mean and SEM of magnesium content (mg/100 g) of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an 
environmental growth chamber and repeatedly harvested at 35, 42, 49, and 56 days after planting (dap). 
DAP  Cultivar  Mean1   Planting Density Mean2   CO2 Level3

      Mean4   
35 Purplette 38.73 ± 1.96 b,A  10-mm   51.27 ± 4.03 a,A Ambient     55.10 ± 4.11 a,A 
 Kinka  64.06 ± 3.98 a,A 15-mm   56.48 ± 5.02 a,A Elevated     54.25 ± 3.48 a,A 
 Staro  61.01 ± 2.86 a,A 20-mm   56.31 ± 4.94 a,A     
 
42  Purplette 43.11 ± 1.87 b,A 10-mm   49.96 ± 2.54 a,A Ambient     51.00 ± 2.60 a,A 
 Kinka  57.19 ± 2.50 a,A 15-mm   49.87 ± 2.13 a,A Elevated     51.30 ± 2.00 a,A 
     Staro     53.35 ± 3.17 a,AB      20-mm      53.52 ± 3.45 a,A  
  

   49         Purplette     37.81 ± 1.49 c,A         10-mm      50.40 ± 3.55 a,A        Ambient         51.63 ± 3.08 a,A 
 Kinka             62.25 ± 1.48 a,A 15-mm              50.91 ± 3.16 a,A        Elevated               51.71 ± 2.65 a,A 
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Staro             54.56 ± 1.75 b,AB       20-mm             53.71 ± 3.88 a,A  
 
56       Purplette          38.39 ± 3.32 a,A 10-mm              52.35 ± 4.88 a,A         Ambient     49.07 ± 4.43 a,A 
            Kinka  54.34 ± 6.49 a,A 15-mm   43.99 ± 5.68 a,A Elevated     45.39 ± 4.00 a,A 
 Staro  48.96 ± 4.29 a,B 20-mm   45.35 ± 4.87 a,A  
abc Means among cultivars within a harvest date with different superscripts differ p < 0.05 
AB Means within a cultivar with different superscripts are different across time p < 0.05 
1    n for cultivar per day  = 9 
2    n for planting density per day = 9 
3    Ambient CO2 = approx 400 ppm; Elevated CO2 = approx 1200 ppm 
4      n for CO2 concentration per day = 6 

 
 
 
 
 

 



 

 
Table E.5- Mean and SEM of calcium content (mg/100 g) of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an 
environmental growth chamber and repeatedly harvested at 35, 42, 49, and 56 days after planting (dap). 
DAP  Cultivar1  Mean   Planting Density1 Mean   CO2 Level2

      Mean   
35 Purplette 30.00 ± 4.13 b,B  10-mm   35.41 ± 3.70 a,B Ambient      43.36 ± 2.53 a,A 
 Kinka  38.44 ± 3.98 ab,B 15-mm   38.47 ± 4.48 a,A Elevated      31.80 ± 3.61 b,B 
 Staro  44.29 ± 2.94 a,A 20-mm   38.85 ± 4.30 a,A     
 
42  Purplette 33.04 ± 1.94 b,AB 10-mm   41.08 ± 2.29 a,AB Ambient      42.70 ± 2.79 a,A 
 Kinka  44.08 ± 2.40 a,AB 15-mm   40.59 ± 3.28 a,A Elevated      40.01 ± 2.00 a,A 
 Staro  47.32 ± 2.75 a,AB 20-mm   42.21 ± 3.38 a,A   
 
  49          Purplette    31.17 ± 1.53 b,AB        10-mm       40.11 ± 3.22 a,AB      Ambient              39.63 ± 2.28 a,A   
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            Kinka             44.84 ± 1.96 a,AB       15-mm   41.52 ± 2.68 a,A         Elevated     42.84 ± 2.24 a,A 
 Staro  47.69 ± 2.02 a,AB 20-mm                          42.07 ± 2.59 a,A  
 
56        Purplette          37.43 ± 1.52 b,A 10-mm                          47.99 ± 2.78 a,A         Ambient      46.06 ± 2.48 a,A 
 Kinka  48.28 ± 2.33 a,A 15-mm    46.14 ± 2.47 a,A  Elevated      45.90 ± 1.83 a,A 
 Staro  52.23 ± 1.90 a,A 20-mm    43.82 ± 2.72 a,A  
abc Means among cultivars within a harvest date with different superscripts differ p < 0.05 
AB Means within a cultivar with different superscripts are different across time p < 0.05 
1    n for cultivar per day  = 9 
2    n for planting density per day = 9 
3    Ambient CO2 = approx 400 ppm; Elevated CO2 = approx 1200 ppm 
4 n for CO2 concentration per day = 6 

 
 
 
 

 



 

 
Table E.6- Mean and SEM of sodium content (mg/100 g) of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an environmental 
growth chamber and repeatedly harvested at 35, 42, 49, and 56 days after planting (dap). 
DAP  Cultivar1  Mean   Planting Density1 Mean   CO2 Level2

      Mean   
35 Purplette 62.19 ± 6.65 a,A  10-mm   47.97 ± 6.15 a,A Ambient      49.07 ± 5.85 a,A 
 Kinka  42.72 ± 4.77 ab,A 15-mm   42.66 ± 5.87 a,A Elevated      40.02 ± 2.10 a,A 
 Staro  34.42 ± 2.24 b,A 20-mm   44.47 ± 5.90 a,A     
 
42  Purplette 28.37 ± 2.40 a,B 10-mm   26.65 ± 2.52 a,B Ambient      28.48 ± 1.81 a,B 
 Kinka  25.62 ± 1.34 a,B 15-mm   28.37 ± 2.05 a,B Elevated      24.69 ± 1.22 a,B 
 Staro  26.90 ± 2.09 a,B 20-mm   25.72 ± 1.57 a,B   
 
49        Purplette 30.00 ± 2.85 a,B 10-mm              32.51 ± 2.79 a,B  Ambient      20.49 ± 2.30 a,B             
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                Kinka     32.96 ± 2.50 a,AB       15-mm                 30.57 ± 2.71 a,B     Elevated          30.65 ± 1.31 a,B 
     Staro                34.12 ± 1.60 a,A      20-mm      34.00 ± 1.92 a,AB  
56 Purplette 31.72 ± 2.56 a,B 10-mm              32.22 ± 3.43 a,B Ambient       31.29 ± 2.79 a,B 
            Kinka             31.64 ± 5.33 a,AB 15-mm                         31.62 ± 3.58 a,B Elevated       29.62 ± 2.79 a,B 
 Staro  38.89 ± 2.38 a,AB 20-mm   31.41 ± 4.44 a,B  
abc Means among cultivars within a harvest date with different superscripts differ p < 0.05 
AB Means within a cultivar with different superscripts are different across time p < 0.05 
1    n for cultivar per day  = 9 
2    n for planting density per day = 9 
3    Ambient CO2 = approx 400 ppm; Elevated CO2 = approx 1200 ppm 
4 n for CO2 concentration per day = 6 

 
 
 
 
 

 



 

Table E.7- Mean and SEM of potassium content (mg/100 g) of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an 
environmental growth chamber and repeatedly harvested at 35, 42, 49, and 56 days after planting (dap). 
DAP  Cultivar1  Mean   Planting Density1 Mean   CO2 Level2

      Mean   
35 Purplette 188.4 ± 13.2 a,B 10-mm    207.6 ± 13.1 a,C Ambient      224.8 ± 15.2 a,C 
 Kinka  211.4 ± 16.0 a, B         15-mm    186.8 ± 18.2 a,B Elevated               182.0 ± 11.8 B,C 
 Staro  213.2 ± 23.5 a,B  20-mm    225.2 ± 21.5 a,B     
 
42  Purplette  321.1 ± 19.0 a,A 10-mm    284.0 ± 20.4 a,B Ambient      312.8 ± 13.4 a,B 
 Kinka   245.9 ± 17.8 b,AB 15-mm    287.2 ± 21.9 a,A Elevated      239.5 ± 18.8 b,B 
 Staro   267.8 ± 24.8 ab,B 20-mm    265.1 ± 25.0 a,AB   
 
49        Purplette  342.0 ± 22.4 a,A        10-mm               300.8 ± 15.0 a,B         Ambient               333.9 ± 17.1 a,B    

                        Kinka              295.0 ± 13.4 a,A        15-mm               324.6 ± 17.0 a,A Elevated                295.7 ± 10.2 a,A       
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                        Staro              316.2 ± 14.8 a,A        20-mm               324.3 ± 20.6 a,A  
 
56 Purplette  374.0 ± 25.1 a,A 10-mm    374.1 ± 27.0 a,A Ambient     388.1 ± 25.3 a,A 
 Kinka                294.8 ± 28.6 a,A 15-mm                          319.0 ± 34.2 a,A Elevated     296.1 ± 17.0 b,A 
 Staro              316.2 ± 14.8 a,A 20-mm                          329.6 ± 24.9 a,A  
abc Means among cultivars within a harvest date with different superscripts differ p < 0.05 
AB Means within a cultivar with different superscripts are different across time p < 0.05 
1    n for cultivar per day  = 9 
2    n for planting density per day = 9 
3    Ambient CO2 = approx 400 ppm; Elevated CO2 = approx 1200 ppm 
4 n for CO2 concentration per day = 6 

 
 
 
 

 



 

Table E.8- Mean and SEM of percentage carbon of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an environmental growth 
chamber and repeatedly harvested at 35, 42, 49, and 56 days after planting (dap). 
DAP  Cultivar  Mean   Planting Density Mean   CO2 Level      Mean   
35 Purplette 39.9 ± 0.26 a,A  10-mm   40.6 ± 0.47 a,A Ambient     40.6 ± 0.18 a,A 
 Kinka  40.6 ± 0.37 a,A 15-mm   40.3 ± 0.45 a,A Elevated     40.4 ± 0.40 a,A 
 Staro  39.9 ± 0.26 a,A 20-mm   40.6 ± 0.25 a,A   
 
42  Purplette 40.7 ± 0.87 a,A 10-mm   41.5 ± 0.72 a,A Ambient      41.3 ± 0.49 a,A 
 Kinka  41.2 ± 0.53 a,A 15-mm   41.5 ± 0.39 a,A Elevated      41.3 ± 0.57 a,A 
 Staro  42.1 ± 0.75 a,A 20-mm   40.7 ± 0.94 a,A 
 
49        Purplette 41.8 ± 1.03 a,A 10-mm              40.9 ± 0.63 a,A           Ambient      40.2 ± 0.76 a,A 
 Kinka             39.7 ± 0.48 a,A 15-mm              40.8 ± 0.42 a,A           Elevated               40.8 ± 0.47 a,A 
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Staro             39.7 ± 0.65 a,A 20-mm              39.6 ± 0.85 a,A 
 
56 Purplette 39.1 ± 0.18 b,A 10-mm   39.8 ± 0.37 a,A Ambient      39.8 ± 0.39 a,A 
 Kinka              39.6 ± 0.33 b,A 15-mm                         39.9 ± 0.30 a,A Elevated      40.1 ± 0.28 a,A 
 Staro                41.2 ± 0.41 a,A 20-mm                         40.0 ± 0.74 a,A 
abc Means among cultivars within a harvest date with different superscripts differ p < 0.05 
AB Means within a cultivar with different superscripts are different across time p < 0.05 
1    n for cultivar per day  = 9 
2    n for planting density per day = 9 
3    Ambient CO2 = approx 400 ppm; Elevated CO2 = approx 1200 ppm 
4 n for CO2 concentration per day = 6 

 
 
 
 
 

 



 

 
Table E.9- Mean and SEM of percentage nitrogen of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an environmental 
growth chamber and repeatedly harvested at 35, 42, 49, and 56 days after planting (dap). 
DAP Cultivar  Mean   Planting Density Mean   CO2 Level      Mean   
35 Purplette 5.0 ± 0.12 c,A   10-mm   5.7 ± 0.20 a,A  Ambient      5.5 ± 0.19 a,A 
 Kinka  5.6 ± 0.17 b,A  15-mm   5.4 ± 0.25 a,AB Elevated      5.6 ± 0.14 a,A 
 Staro  6.3 ± 0.16 a,A  20-mm   5.5 ± 0.23 a,A   
 
42  Purplette 4.9 ± 0.09 c,A  10-mm   5.6 ± 0.21 a,A  Ambient      5.6 ± 0.22 a,A 
 Kinka  5.5 ± 0.18 b,A  15-mm   5.7 ± 0.23 a,A  Elevated      5.6 ± 0.17 a,A 
 Staro  6.4 ± 0.19 a,A  20-mm   5.3 ± 0.24 a,A 
 
49        Purplette           4.4 ± 0.30 b,A             10-mm  5.0 ± 0.30 a,B            Ambient      4.9 ± 0.30 a,A                            
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            Kinka              4.8 ± 0.30 ab,A           15-mm  4.9 ± 0.32 a,B             Elevated                4.9 ± 0.24 a,A 
            Staro             5.7 ± 0.34 a,A             20-mm              4.8 ± 0.38 a,A 
 
56  Purplette   4.6 ± 0.10 c,A 10-mm              5.2 ± 0.21 a,A              Ambient     5.2 ± 0.18 a,AB 
  Kinka               5.2 ± 0.17 b,A 15-mm              5.3 ± 0.20 a,A              Elevated     5.2 ± 0.17 a,AB 
  Staro    6.0 ± 0.10 a,A           20-mm   5.1 ± 0.25 a,A 
abc Means among cultivars within a harvest date with different superscripts differ p < 0.05 
AB Means within a cultivar with different superscripts are different across time p < 0.05 
1    n for cultivar per day  = 9 
2    n for planting density per day = 9 
3    Ambient CO  = approx 400 ppm; Elevated CO  = approx 1200 ppm 2 2

  4      n for CO2 concentration per day = 6 
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APPENDIX F 

 
ONCE-HARVEST EXPERIMENT 

 
 

Table F. 1- presents the plant composition of shoots, which were harvested 70 dap, of 
‘Purplette’, ‘Kinka’, and ‘Staro’ cultivars planted at 10-, 15-, and 20-mm planting 
densities and grown at elevated (1200 ppm) and ambient (400 ppm) CO2 in 
environmental growth chambers. 
 



Table F.1- Mean and SEM of flavonol content in shoots of ‘Purplette’, ‘Kinka’, and ‘Staro’ shoots grown in an environmental growth 
chamber and harvested at 70 days after planting (dap). 

 
                 Total Flavonols (mg/kg) 
        ______________________________________________________ 
 
Cultivar    Density   Ambient CO2     Elevated CO2

Purplette    10     2310.7      3469.3 
 
Purplette    15     2920.0      2715.5 

 
Purplette    20     2116.5                            3521.7 
 125 Kinka                10                  644.4                 1833.1 
 
Kinka                15      487.5                           1703.3 
 
Kinka     20       602.2                            2131.3 
 
Staro     10       825.1      1546.0 
 
Staro     15       996.1      2165.3 
 
Staro     20     1220.5      2488.7 

 



Table F.2- Mean and SEM of flavonol content of ‘Purplette’, ‘Kinka’, and ‘Staro’ bulbs grown in an environmental growth chamber 
and harvested at 70 days after planting (dap). 

                 Total Flavonols (mg/kg) 
        ______________________________________________________ 

 
Cultivar   Density   Ambient CO2     Elevated CO2

Purplette   10     2283.3                3798.1 
 
Purplette   15     3295.6                3760.0 
 
Purplette   20     3348.7                4825.6 
 
Kinka                          10                         472.2                  651.9 126  
Kinka               15       366.2                  649.3 
 
Kinka    20       293.3      581.3 
 
Staro    10       304.3      330.3 
 
Staro    15       332.1      381.9 
 
Staro    20       311.0      254.5 
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Table F.3- Mean and SEM of percentage moisture in shoots of ‘Purplette’, ‘Kinka’, and ‘Staro’ grown in an environmental 
growth chamber and harvested at 70 days after planting (dap). 
                        %Moisture 
        ______________________________________________________ 
 
Cultivar    Density   Ambient CO2     Elevated CO2

Purplette    10     93.77      93.28 
 
Purplette    15     92.20      93.92 
 
Purplette    20     94.06      93.73 
 
Kinka                10                92.68                 92.92 
 
Kinka                15     93.16                            94.25 
 
Kinka     20     93.21      92.65 
 
Staro     10     94.20      92.30 
 
Staro     15     92.84      92.93 
 
Staro     20     92.34      67.11 



Table F.4- Mean and SEM of percentage crude fat in shoots of ‘Purplette’, ‘Kinka’, and ‘Staro’ grown in an environmental 
growth chamber and harvested at 70 days after planting (dap). 
                        %Crude Fat 
        ______________________________________________________ 
 
Cultivar    Density   Ambient CO2     Elevated CO2

Purplette    10     0.64      0.42 
 
Purplette    15     0.57      ----- 
 
Purplette    20     0.36      0.46 
 
Kinka                10                0.40                 0.46 128  
Kinka     15     0.53      0.35 
 
Kinka                           20     0.51      0.42 
 
Staro                10     0.49                            0.38 
 
Staro     15     0.50      0.65 
 
Staro     20     0.51      0.28 
 
 
 
 
 
 
 

 



Table F.5- Mean and SEM of percentage ash in shoots of ‘Purplette’, ‘Kinka’, and ‘Staro’ bulbs grown in an environmental 
growth chamber and harvested at 70 days after planting (dap).  
 
                              %Ash 
        ______________________________________________________ 
 
Cultivar    Density   Ambient CO2     Elevated CO2

Purplette    10     1.22      1.10 
 
Purplette    15     ------      1.09 
 
Purplette    20     1.52      1.06 
 129 Kinka                10                0.87                 0.96 
 
Kinka                           15     0.79      0.86 
 
Kinka                                      20     1.08      0.87 
 
Staro                10     1.06                            1.16 
 
Staro     15     0.72      1.08 
 
Staro     20     0.83      1.10 

 
 
 
 
 
 

 



Table F.6- Mean and SEM of magnesium content (mg/100 g) in shoots of ‘Purplette’, ‘Kinka’, and ‘Staro’ bulbs grown in an 
environmental growth chamber and harvested at 70 days after planting (dap). 
                  Mg (mg/100 g) 
        ______________________________________________________ 
 
Cultivar    Density   Ambient CO2     Elevated CO2

Purplette    10     14.30      52.95 
 
Purplette    15     13.99      38.57 
 
Purplette    20     11.67      38.22 
 
Kinka                10                14.56                            41.56 130  
Kinka                           15                11.56                           ------- 
      
Kinka                           20     19.73                  51.70 
 
Staro                10     11.83                  30.99 
 
Staro     15     13.27      32.97 
 
Staro     20     15.11      34.80  

 
 
 
 
 
 

 



Table F.7- Mean and SEM of calcium content (mg/100 g) in shoots of ‘Purplette’, ‘Kinka’, and ‘Staro’ bulbs grown in an 
environmental growth chamber and harvested at 70 days after planting (dap). 
                  Ca (mg/100 g) 
        ______________________________________________________ 
 
Cultivar    Density   Ambient CO2     Elevated CO2

Purplette    10     54.78      47.00 
 
Purplette    15     38.27      46.07 
 
Purplette    20     44.25      49.76 
  
Kinka                10                67.20                            38.93 131  
Kinka                           15     36.38                17.06 
 
Kinka                           20     60.85                            40.80 
 
Staro                10     47.05                 31.73 
 
Staro     15     52.68      31.26 
 
Staro     20     58.83      37.26 
  

 
 
 
 
 

 



Table F.8- Mean and SEM of sodium content (mg/100 g) in shoots of ‘Purplette’, ‘Kinka’, and ‘Staro’ bulbs grown in an 
environmental growth chamber and harvested at 70 days after planting (dap). 
                  Na (mg/100 g) 
        ______________________________________________________ 
 
Cultivar    Density   Ambient CO2     Elevated CO2

Purplette    10     20.69      46.69 
 
Purplette    15     27.71      50.15 
 
Purplette    20     20.29      39.03 
 
Kinka                10                15.60                  ------ 132  

            Kinka                          15     16.12                            ------ 
      

Kinka                           20     31.30                            23.02 
 
Staro                10     16.93                 32.91 
 
Staro     15     18.87      33.03 
 
Staro     20     18.34      36.84  

 
 
 
 
 
 

 



Table F.9- Mean and SEM of potassium content (mg/100 g) in shoots of ‘Purplette’, ‘Kinka’, and ‘Staro’ bulbs grown in an 
environmental growth chamber and harvested at 70 days after planting (dap). 
                  K (mg/100 g) 
        ______________________________________________________ 
 
Cultivar    Density    Ambient CO2    Elevated CO2

Purplette    10     18.65      52.83 
 
Purplette    15       7.54      55.45 
 
Purplette    20                18.55                                       37.37 

 
            Kinka                           10                16.74                   8.10 133  

Kinka     15     13.33        4.69 
            
Kinka                20       8.56                  24.49 
 
Staro               10     21.23                 30.93 
 
Staro     15     14.98      34.22 
 
Staro     20     16.66      38.27  

 
 
 
 
 
 
 

 



Table F.10- Mean and SEM of percentage crude fiber in shoots of ‘Purplette’, ‘Kinka’, and ‘Staro’ bulbs grown in an 
environmental growth chamber and harvested at 70 days after planting (dap). 
            %Crude Fiber 
         ______________________________________________________ 
 
Cultivar    Density    Ambient CO2     Elevated CO2

Purplette     10     0.20      14.57 
 
Purplette     15     3.70      15.28 
 
Purplette     20                0.90      15.18 
 
Kinka                        10                4.49                 11.39 134  
Kinka                15                0.89                 14.04  
 
Kinka     20     4.01      14.42 
 
Staro     10     3.48                 14.49 
 
Staro     15     1.42      16.34  
 
Staro     20     0.08      16.76 
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