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Abstract

Self-reliance in food production is an accomplishment that has fallen by the
wayside. As we rely more heavily on mass-produced food, we begin to lose touch with
one of the most basic needs of life: feeding ourselves. Few people in the world have the
luxury of tillable land, yet most of us fail to utilize our meager backyard plots to
supplement our diets. It can be a daunting task to till the land, fertilize the soil, and water
frequently. When the land is not fertile, as is the case in the desert, it may be an
impossible feat. This is where the hydroponic method of crop cultivation can help
provide the means to grow a garden. If people starving in third world countries could
grow plants out of water, they could be nourished on much more than cassava root or
rice.

Hydroponically-grown produce may be a way of helping to feed the world,
regardless of soil quality, space availability or climate. The objective of this study was to
determine whether hydroponically-grown lettuce contains as much ascorbic acid and
tocopherol as soil-grown lettuce.

We analyzed four varieties of lettuce, including: Waldmann’s Dark Green, Red
Lollo Antago, Red Romaine Annapolis, and Butterleaf. The first three were obtained
from the Mountain View Montessori of Reno’s greenhouse. Butterleaf was purchased
locally. Results suggest that selected hydroponically grown lettuce varieties are
significantly higher in both ascorbic acid and tocopherol content than their soil-grown
counterparts. This would imply that hydroponic gardening is a viable option for

producing nutritious fruits and vegetables.
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1. INTRODUCTION

This study was carried out to determine whether hydroponically-grown lettuce is
as nutritionally dense as soil-grown lettuce focusing on ascorbic acid and tocopherol
concentrations. Few studies have been conducted to compare these two growing
methods, and even fewer within the same species. Hydroponics offers a solution to a
multitude of world hunger issues, from lack of farmable land to lowering transportation
costs. Since the solution used to grow crops can be isolated and manipulated, the
varieties of crops that can be produced are limitless.

Bioactive compounds are a fast rising topic of study and the function of
flavonoids and other compounds that give plants color and protection may contribute
more to health than previously thought (Kris-Etherton, 2002). Bioactive compounds may
function as antioxidants and help protect against oxidation-causing diseases, including
cardiovascular disease and cancer (Kris-Etherton, 2002). Fruits and vegetables are more
important than ever to include in a healthy lifestyle, which is why it is imperative that
everyone in every part of the world has access to fresh sources of produce. The National
Aeronautics and Space Administration (NASA) began investigating the use of
hydroponics for cultivation of crops in space as far back as 1945 (Wheeler, 2010). Not
only are they useful for recycling oxygen, but can potentially be a food source for
humans on very long space voyages (Wheeler, 2010).

The vitamins ascorbic acid and tocopherol were specifically chosen for testing
because of their roles in antioxidant protection (Combs, 2008). Lettuce was chosen for
testing because it is one of the easier plants to grow in a greenhouse, and it was available

from both commercial and greenhouse sources. The method for testing was adapted from



procedures used to test the tocopherol and ascorbic acid concentrations in biological
samples (Desai, 1985; Omaye, 1979). Based on other studies that compared hydroponic
and soil conditions using basil (Sgherri, 2010) and lettuce (Nicola, 2005; Selma, 2012), I
hypothesized that hydroponically-grown lettuce would contain as much ascorbic acid and
tocopherol as soil-grown lettuce, if not more.

Significant differences were found between the hydroponic and soil conditions.
The hydroponic varieties obtained from the Mountain View Montessori greenhouse were
found to be more abundant in both tocopherol and ascorbic acid concentration than the
lettuces grown in potted soil. Differences in red and green lettuces were also observed,
with the red lettuces containing more of these vitamins than the green. The reds were
redder and the greens were darker in the hydroponic lettuces than the soil lettuces. No
significant differences were found in either ascorbic acid or tocopherol concentration

between the hydroponically-grown and soil-grown Butterleaf lettuces.



2. LITERATURE REVIEW

2.1 Hunger: A Worldwide Dilemma

In 2010, an estimated 925 million people worldwide were hungry, with poverty
and shortage of land as two of the most likely causes (World Hunger, 2011). A shortage
of farmable land requires a country to import food. This method of procuring food incurs
shipping expenses and losses due to spoilage (Fearnside, 2005). Deforestation is a
proposed solution for increasing the available farming land in some parts of the world
(Biello, 2009), but for many reasons, this resolution is not ideal. The negative
consequences of deforestation are difficult to reverse. Eventual degradation of soil, flash
flooding, and changed weather patterns can permanently transform the region (Fearnside,
2005). With changed weather patterns, areas of deforested Amazon are prone to
flooding. Displaced water causes drier trees near the edges of the forest, increasing the
risk for conflagration (Fearnside, 2005). Burning of trees contributes to unintentional
deforestation, greenhouse gasses, and carbon emissions (Fearnside, 2005). Although the
deforested area will be able to provide a few generations of usable crop, the long-term
outcome is land that will be exhausted of nutrients, yield few crops that are not
nutritionally ideal, and permanently change rainfall patterns (Fearnside, 2005).
Hydroponics offers a longer term and more minimal-impact solution to hunger when
compared to deforestation.

2.2 The Hydroponic Technique

2.2.1 History

“Hydroponic technique” and “soilless culture” are two terms that have been used

to describe a method of growing produce without the use of soil as the main mechanism



for nutrient delivery (Johnson, 2005). “Hydro” comes from the Greek word for “water,”
where “ponic” comes from the Greek word for “labor” (Jones, 1983). The hydroponic
technique has been in development for centuries. One of the great wonders of the world
is the floating gardens of Babylon. Although excavation of the palace has not revealed
physical evidence (Carroll, 2003), descriptions in various writings of the time portray it.
Berossus, a priest of Babylon at the time, explains the reason and construction (Finkel,
1988). Built for the Babylon ruler Nebuchadnezzar II’s wife, the gardens were designed
to imitate the fauna of Media, from which she came (Carroll, 2003). The gardens were
assembled such that water from the river could trickle down the tiers, which mimicked
the mountainside of Persia (Finkel, 1988). A hydroponic gardening method was
developed by the Aztecs for food production. A chinampa, or floating garden, was
created in a lake using a blend of soils to create raised beds (Tuerenhout, 2005). Soil
from the lake and fertile soil composed the beds, and along with the hydroponic watering
method and use of seed beds, the Aztecs were able to develop a reliable food source
(Tuerenhout, 2005). A similar method for growing rice was used by the Chinese as early
as the 13" century (Resh, 1989). In the 1600s, Jan Von Helmont was the first to
document water as an important nutrient for plant growth (Resh, 1989). Helmont noted
that the soil in which a willow sapling is grown loses very little mass as the tree grows
(Foth, 1997). He deduced that water must be responsible for contributing to a plant’s
increase in mass (Foth, 1997). Hydroponics and soilless culture are not mutually
exclusive terms; hydroponics refers to the use of water to aid in the delivery of nutrients,
whereas soilless culture utilizes an inert medium in which to stabilize growing plants

(Gericke, 1944). The first documented instance of plants grown in only water was



documented by Robert Boyle, an Irish scientist (Cooper, 1979). He successfully grew
spearmint in simply water. Later, scientists began to experiment with hydroponics in
order to determine plant nutrition. Knop and Sachs worked together to establish a list of
elements required for plant growth (Gericke, 1944). Knop experimented with the nutrient
solution, while Sachs, a botanist, studied the effect of element elimination on a plant’s
lifecycle (Gericke, 1944). The experiments were largely conducted to explore plant
biology, not to find a replacement for soil. The adaptation of these experiments from
purely scientific to agricultural implementation is credited to W.F. Gericke (Cooper,
1979). Gericke registered a hydroponic patent for Nutrient Film Technique (NFT), an
agricultural application of hydroponics in which the plant is suspended above a
continuous flow of nutrient solution (Gericke, 1930). The hydroponic method for
gardening was confined to private gardens until World War II, at which point it was
implemented on a larger scale (Cooper, 1979). This application was necessary to create a
reliable source of fresh produce for soldiers displaced overseas. Hydroponics continues
to endure breakthroughs and experimentation because the ideal system is difficult to
describe. As the research advances, so too does the system.

2.2.2 Types of Hydroponic Systems

A medium of sand, vermiculite, pearlite, volcanic cinders, woods, foam, plastic,
gravel or other suspension is used to station plants in a position that allows the roots to be
exposed to the nutrient solution (Hudson, 1975). The medium has one primary function:
to keep a plant stable in or above a nutrient solution. Different mediums are useful for
controlling the amount of moisture required by different species of plant, yet still allow

complete drainage for proper aeration of the roots (Johnson, 2005). The medium must be



inert to prevent toxic reaction to nutrient solution or unplanned nutrient acquisition by the

plant (Hudson, 1975).

The nutrient solution can be modified to optimize plant growth at specific stages
in the lifecycle or select for a specific nutrient or characteristic desired in the plant
(Hudson, 1975). Early experimentation by Knop and Sach confirmed that there are nine
essential elements required by plants including: nitrogen (N), calcium (Ca), magnesium
(Mg), phosphorus (P), potassium (K), sulfur (S), and iron (Fe) (Gericke, 1944). In
addition to these, there exist seven elements that are required in trace amounts including:
boron (B), chlorine (Cl), copper (Cu), manganese (Mn), molybdenum (Mb), and zinc
(Zn) (Jones, 1983). William Gerick’s Soilless Gardening recommends the following
makeup of a basic nutrient solution: 40 pounds potassium nitrate, 7 pounds calcium
nitrate, 10 pounds treble superphosphate, 10 pounds Epsom salts, 5.4 pounds (3 pints)
sulfuric acid, 1 pound iron sulfate, 2.4 ounces manganese sulfate, 2 ounces borax, 1
ounce zinc sulfate, and 2/3 ounce copper sulfate (Gericke, 1944). Individual elements
are expensive and difficult to obtain in small quantities in isolated form, therefore it is
recommended that nutrient solution be purchased in a concentrated pre-formulated form
and diluted for growing purposes (Jones, 1983). There are different nutrient solution
formulations for every type of plant. A few of the popular ones having been developed
by universities and patented: University of Florida, circular #192-B, Hydroponic culture
of vegetable crops; University of Illinois Circular #844, Hydroponics as a hobby;
University of Massachusetts Pub #41, Nutriculture. Research has shown that crop yields

of potatoes and rocket lettuce can be increased using hydroponic growing conditions,



most likely due to optimal exposure to nutrients (Correa, 2008; Muro, 1997; Nicola,
2005). Some studies have found that butter head lettuce and basil grown under
hydroponic conditions acquire higher levels of ascorbic acid and other antioxidants when
compared to those grown in a comparable soil-based system (Frezza, 2005; Selma, 2012;
Sgherri, 2010). Nitrogen concentration of the nutrient solution can impact the amount of
ascorbic acid produced by the plant (Lee, 2000; Mozafar, 1996). The more nitrogen
contained therein, the less ascorbic acid a plant will contain (Lee, 2000; Mozafar, 1996).
Increased nitrogen causes plant matter to be increased, causing the ascorbic acid to be
diluted (Lee, 2000). Conversely, decreasing the nitrogen in the nutrient solution will
increase the ascorbic acid concentration of a plant (Mozafar, 1996). Mozafar et al.
speculate that nitrogen increases the amount of plant mass that is formed during the
growth phase, and that this causes the ascorbic acid to be diluted in the plant tissues
(Mozafar, 1996). Nutrient composition for patented nutrient solutions is rarely published,
so it would be difficult to determine the effects of certain nutrient quantities on plant
growth unless the solution is created especially for the experiment. Nutrient concentration
values are available from William Gericke’s Soilless Gardening publication; from there,
successful nutrients are patented and formulas protected (Gericke, 1944). One of the
greatest benefits of a hydroponic system is the ability of a cultivator to have complete
control of plant nutrition due to the use of nutrient solution as the delivery of nutrients.
For large scale operations, this can be as simple as altering a main tank that feeds
hundreds of plants. The nutrient solution must always be monitored to keep the pH
optimal. As plants use nutrients, the solution becomes more alkaline (Hudson, 1975).

The ideal pH range for a nutrient solution is 5.5-6.5 (Hudson, 1975). Optimizing the



light, temperature and nutrient solution for each plant can be a daunting task and an

intimidating downside to hydroponic farming (Gericke, 1944).

The hydroponic technique can be dichotomized into two basic categories: either
the nutrient solution remains static or it is allowed to circulate around the roots (Johnson,
2005). A static system is the standard framework for simple, lower scale operations. The
plant is suspended in or above the nutrient solution (Johnson, 2005). Root access to
oxygen is paramount. Constant contact with only the nutrient solution causes plants to
become water logged and roots become rotten (Johnson, 2005). A static system must
provide oxygen via an aerator or root exposure. An aerator bubbles oxygen into the
solution in the way one does in a fish tank (Johnson, 2005). A plant suspended above the
nutrient solution can absorb the nutrient solution via root tips submerged in the solution
(Kratky, 2009). This method takes advantage of plant and root growth being inversely
proportional to the amount of nutrient solution available (Kratky, 2009). A plant
suspended in a 4-liter bottle is a simple example of this model (Kratky, 2009). As the
plant uses the nutrient solution, the roots grow longer. The level of the nutrient solution
in the bottle drops, allowing the middle section of roots to be exposed to oxygen while
only the tips of the roots are submerged. Static systems require nutrient solution
adjustment for each body of water, which keeps it from being a suitable method for large
growing operations. It is a very simple model, though, which makes it ideal for a

gardener who is testing the waters of the hydroponic technique (Kratky, 2009).

A circulating system is ideal for a large scale operation because it permits the

cultivator to monitor and modify nutrient solution that is collected in one large vessel



(Johnson, 2005). Solution is then circulated from one location to all plants (Johnson,
2005). This model must be frequently monitored for system failures (Hudson, 1975). If
a pump becomes too clogged to properly circulate water, for example, all the crops that
system fed could be lost. Nutrient film technique is a form of circulating hydroponics
that suspends plants above nutrient solution and exposes the tips of the plant roots to a

flow of nutrient solution, allowing other exposed root access to oxygen (Cooper, 1979).

Both static and circulating systems face difficulties with pest control (Jones, A
Guide for the Hydroponic and Soillless Culture Grower, 1983). Soil pests are traded for
algae, which can overcome the nutrient solution if not properly controlled by blocking the
nutrient solution from sunlight (Jones, 1983). Whether grown outside or in a greenhouse,
plants are susceptible to the same pests that feed on plant material; soil or no soil, aphids

and other insects must be considered (Jensen, 1995).

The hydroponic technique is undergoing maturation with the addition of fish
farming. The combination of the two is called “aquaponics,” which utilizes nitrogen
from fish excrement to nourish the plants (Tyson, 2011). At the time of harvest, not only
does the cultivator harvest plants, but also fish (Tyson, 2011). An aquaponic system
requires diligent monitoring, arguably more than hydroponic systems. Water oxygen
levels must be adequate to support fish respiration. In addition to a background in
produce, the farmer must understand the input needs and output waste from the fish, so
that nitrogen does not overwhelm the plants or the fish (Jones, 2002). The advantage of
adding fish to the hydroponic equation is that nitrogen output from fish is consistent,

allowing the farmer to rely on a steady source within their system (Jones, 2002) Lettuces



10

require a consistent level of nitrogen throughout the growth process, whereas fruiting
plants’ requirements change (Tyson, 2011). This aspect can restrict the variety of crops
one can grow using aquaponics. The method of farming fish for consumption is
environmentally sustainable, as wild populations are preserved. As the technique

undergoes experimentation, the trend toward moving away from soil continues.

2.2.3 Advantages and Disadvantages of the Hydroponic Method

One of the greatest benefits of a hydroponic farm or garden is the ability to turn
any kind of land into farmable land. As long as there is access to light, sunlight or
artificial, areas with no soil or bad soil become excellent places to garden. Climate is no
longer an issue for a greenhouse hydroponic garden. Karlsson et al describes their
hydroponic garden in Alaska, which utilizes a greenhouse and geothermal energy to
accommodate plant growth in their cold climate (Karlsson, 2009). Artificial lighting
compensates for limited sunlight during short winter days (Karlsson, 2009). In Reno,
latitude 39.3°, the shortest day during winter generates 9.2 hours of sunlight. (Astronomy
Simulations and Animations, 2010). Very little fresh produce can be obtained during
these short days. Artificial lighting and geothermal energy modifications would allow
produce to be grown locally. The ability to quarantine a hydroponic growing area from
native soil is an attractive aspect because not all soil is nutrient rich or pathogen free
(Jensen, 1995). In tropical climates, growing produce can be a difficult undertaking.
Opportunistic soil pathogens and insects make crop cultivation difficult (Jensen, 1995).
Sterilization and sequestering of soil can be a laborious task, required because the climate

provides the best conditions for continuous pest life cycles (Jensen, 1995). Although all
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negative factors of soil growing cannot be eliminated, hydroponics does offer a workable

solution to many of the difficulties therein.

An article published December 9, 2010 by The Economist outlines the advantages

of growing hydroponically. Since a hydroponic garden can be grown anywhere, people
are able to eat foods grown closer to home. When conditions can be controlled in a
greenhouse, a larger variety of foods can be grown, not just foods that are well suited to a
particular area’s climate (Vertical Farming: Does it really stack up?, 2010). “Locavore”
is a term used to describe the consumption of food grown as close to home as possible
(Locavore, 2010). Reducing expenditures in transportation and storage of produce help
to keep costs low for both farmers and consumers. Since food has a shorter distance from
farm to table, the carbon footprint of local consumption is smaller, and the likelihood of
spoilage is reduced (Locavore, 2010). Gardening provides a person with the opportunity
to become self-sustainable, to use the land to provide for the table. “As a means of
providing subsistence to those thrown out of employment by recurring economic
depressions, hydroponics deserves the upmost consideration from government.”

(Gericke, 1944)

Hydroponically grown lettuce scores similarly or higher in texture, color, taste,
and aesthetics when compared to soil-grown lettuce over a period of 7 days, and it is the
most marketable looking lettuce after 1 week (Amaral, 2008). In a recent study,
hydroponically grown lettuce was found to be comparable to organically grown store-
bought lettuce in aesthetic, olfactory and gustatory qualities (Murphy, 2011). The tightly

controlled variables of growing hydroponically allow farmers to monitor and potentially
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eliminate the need for excessive use of pesticides and other substances used to protect
plants. The system is kept closed and contained. Water is re-used and re-circulated,
reducing water waste. The recycling of water prevents run-off contamination of the

environment (Vertical Farming: Does it really stack up?, 2010).

Our supplier of lettuce, the Mountain View Montessori School, utilizes
hydroponic conditions to grow different varieties of leaf lettuces in a greenhouse on the
premises. The students are taught about the life cycle of the plant. Lettuce is harvested
by clipping the outer leaves, which allows the plant to continuously produce more leaves.
The collected lettuce is served at a salad bar at lunch, providing fresh produce to the
student population. Not only are these students receiving a hands-on learning experience,

they are enjoying the fruits of their labor.

2.3 Lettuce

2.3.1 Lactuca sativa, Waldmann’s Dark Green

Waldmann’s Dark Green is a variety of Lactuca savita having long, dark green
leaves, as shown in Figure 4(a) and (b). This is a loose leaf variety that is ideally grown
in late spring or fall (Johnny's Selected Seeds). As with most lettuces, it grows best at a
temperature between 16-18°C. Johnny’s Selected Seeds has listed this variety as one that
performs well in a greenhouse.

2.3.2 Lactuca savita, Red Lollo Antago

Red Lollo Antago is another variety of Lactuca savita, but this one forms wide,

rippled, red leaves. It too has an ideal growing temperature between 16-18°C and grows
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well in a greenhouse. These leaves are advised by Johnny’s Selected Seeds to be
harvested at the baby greens stage, and form a beautiful red color even when grown in
low light conditions, as shown in Figure 4 (b).

2.3.3 Lactuca savita, Red Romaine Annapolis

Red Romaine Annapolis forms a red colored leaf (pictured in Figure 4 (e)), but is
different from Red Lollo Antago in that it forms longer, more slender leaves like the
Waldmann’s Dark Green. The ideal growing temperature is 16-18°C, and this specific
variety can only be obtained through Johnny’s Selected Seeds.

2.3.4 Lactuca savita, Butterleaf lettuce, Boston Bibb

Butterleaf lettuces, also known as Boston Bibb, are a light green and mild
flavored lettuce. The thick leaves form a more tightly packed head than those of the
other three varieties listed herein. Figure 4(g) illustrates the tightly-packed nature of the
lettuce head. Nutritional density is sacrificed for flavor in this variety (USDA, 2012).

2.4 Bioactive Compounds

2.4.1 Definition

In addition to ascorbic acid and tocopherol, which are explored herein, there are
other compounds in lettuce and produce that are of importance. Bioactive compounds are
formed to defend a plant against sunlight and other pathogens, and are found in fresh
fruits and vegetables, nuts, oils, and certain beverages like tea, coffee, and wine (Kris-
Etherton, 2002). Though the function of these compounds requires more study, the

association between them and health benefits makes them an important area of research.

2.4.2 Relationship to Health
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Bioactive compounds are associated with protective effects against diseases, such
as cardiovascular diseases and cancers (Kris-Etherton, 2002). While not much is known
about the mechanisms by which they act, it is assumed that these bioactive compounds
work in conjunction with other compounds in food to have an overall protective effect
(Kris-Etherton, 2002; Selma, 2012). This is why fresh fruits and vegetables are necessary
for a healthy diet and should be made available to everyone.

2.5 Ascorbic Acid (Vitamin C)

2.5.1 Food Sources

Ascorbic acid is primarily found in fresh produce (Combs, 2008). In addition to
the citrus fruits, it can be found in tangy fruits and various leafy greens (Combs, 2008). It
is most readily available in the matrix of formation, namely fresh, unprocessed flesh of
fruit and vegetables (Combs, 2008). Once the matrix is broken and the vitamin is
released, the quantity of ascorbic acid decreases rapidly (Ezell, 1959). Ascorbic acid is
destroyed by alkaline conditions, heat or cooking, water leaching during boiling and
oxidation due to exposure to air (Combs, 2008). Ascorbic acid is water-soluble and is
easily released from a fruit or vegetable into cooking water, preventing boiling from
being a useful cooking method for its retention (Masrizal, 1997). A light steaming is
recommended in this case for foods such as broccoli and peppers (Masrizal, 1997). Stir-
fry and microwave techniques are the best recommendations for retaining ascorbic acid in
vegetables prepared by heating because these methods minimize the loss of vitamin C
(Masrizal, 1997).

Oxidation can occur due to exposure to oxygen or normal air (Combs, 2008). For

this reason, foods are ideally cut and cooked just before consumption (Masrizal, 1997).
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Manual tearing of lettuce is more likely to retain up to 8 mg of ascorbic acid per 100 g of
fresh weight lettuce compared to chopping with a knife (Barry-Ryan, 1999). When a
knife is used, Barry-Ryan et al. recommend a sharp knife over a dull one (Barry-Ryan,
1999). In an experiment comparing lettuce stored at 3°C and 8°C, Barry-Ryan et al
found that lettuce retained up to 25% more ascorbic acid in the 3°C condition after 10
days in storage (Barry-Ryan, 1999). Another study found that after 6 days in storage,
lettuce stored at 10°C loses 0.113 mg more ascorbic acid per gram of lettuce than lettuce
stored at 4°C (Spinardi, 2010).

2.5.2 Nutrition

The United States Department of Agriculture (USDA) Recommended Dietary
Allowances (RDA) of ascorbic acid for humans changes throughout life. Children’s
needs increase every few years, from 15 mg/day (age 1-3) to 25 mg/day (age 4-8) and
finally to 45 mg/day (age 9-13). In adolescence (age 14-18), gender requirements
increase differently for males and females. Adolescent males require more, at 75 mg/day,
whereas female adolescents require less at 65 mg/day. Adults’ needs are also dependent
on gender, with women requiring 75 mg/day and men requiring 90 mg/day (National
Academic Press, 2000). Certain medical conditions require a higher intake of this
antioxidant, including pregnancy (National Academic Press, 2000) (Xu, 2009) and
diseases that may develop or proliferate as a result of excessive reactive oxygen species,
such as Human Immunodeficiency Virus (HIV), cancer, and heart disease (Allard, 1998)
(Li, 2007).

Ascorbic acid is a heterocyclic compound containing six carbon and six oxygen

atoms. It shares this similarity to glucose, which also contains six carbon and six oxygen



16

atoms. Other species are able to convert glucose to ascorbic acid because they still have
an active L-gulonolactone oxidase (GULO) enzyme, thus eliminating the need for
consumption (Combs, 2008). Ascorbic acid enhances the absorption of non-heme iron
when consumed in the same meal (Combs, 2008). This vitamin also reduces ferric iron
(Fe’™) to ferrous iron (Fe*"), causing iron to be more easily dissolved and then absorbed
in the small intestine (Combs, 2008). There are two methods by which ascorbic acid can
pass across the intestinal membrane to be absorbed. In times of deficiency, ascorbic acid
can passively transport via diffusion (Combs, 2008). This method requires less energy
and allows for rapid absorption (Combs, 2008). When the intake of ascorbic acid is
steady, the body preferentially uses active transport to regulate the amount of vitamin C
allowed to enter the system (Combs, 2008).

As a bioactive compound, ascorbic acid plays an important role in the function of
all tissues. It is involved with connective tissue homeostasis as a necessary compound
for proper collagen formation (Combs, 2008). Chronic deficiency of ascorbic acid can
lead to a breakdown of these tissues and more specifically a condition called
“scurvy.” This disease is marked by bleeding from the gums and other mucosal
orifices (Combs, 2008). Ascorbic acid is also involved in the reduction of histamines and
other immune functions, including increasing interferon production and reducing
inflammation (Combs, 2008). Excess intake of ascorbic acid does not lead to overdose,
because surplus ascorbic acid is excreted in urine (Combs, 2008). There is evidence to
suggest that increased ascorbic acid can reduce the symptoms and duration of a cold
(Combs, 2008), especially when taken with zinc (Maggini, 2012). Accumulation of the

oxalate, a byproduct of ascorbic acid’s reaction with cadmium, is a potential risk due to
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mega-dosing (Rivers, 1988). Oxalate may increase the risk of developing calculi and
subsequent stones in the urinary system, though the mechanism is not well understood
(Rivers, 1988).

After dehydroascorbic acid is taken up into cells, it is reduced to ascorbic acid by
either glutathione (GSH) or glutaredoxine reductase (Combs, 2008). After it is reduced
to ascorbic acid, it is then bioavailable. The method utilized in this study to isolate
ascorbic acid also measures dehydroascorbic acid, which is useful because the body is
capable of recycling the oxidized form. For analysis, formation of a colored product and
reading via spectrophotometry is a cost-effective method for measuring and comparing
large samples of lettuce (Figure ). Utilization of a spectrophotometer is a relatively easy
task with a short learning curve. This technique was chosen to establish a technique for
measuring both the ascorbic and dehydroascorbic acid content of lettuce that can be

reproduced in a relatively uncomplicated fashion.

2.6 o-Tocopherol (Vitamin E)

2.6.1 Food Sources

Vitamin E is an umbrella term used to refer to the family of tocopherols and
tocotrienols. Alpha-Tocopherol is the most bioavailable form in plant sources (Combs,
2008), although y-tocopherol is available in Butterleaf lettuce (USDA, 2012). The most
common form found in foods are a- and y-tocopherols (Combs, 2008).

Tocopherols are naturally found in leafy green vegetables and foods containing
natural oils, such as nuts (Combs, 2008). Tocopherol supplements primarily contain the

a-tocopherol isomer (Combs, 2008). Breakfast cereals are fortified with vitamins,
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including a-tocopherol, making deficiency uncommon for the United States population
(Leonard, 2004). Tocopherol has three conditions that keep it from being an issue for
malnutrition for the majority of the population. First, it is a fat soluble vitamin, and
unlike ascorbic acid, a-tocopherol is stored in adipose tissue or cell membranes (Bieri,
1972). Second, it is regenerated by ascorbic acid. Third, it is abundantly found in many
dietary sources.

Prolonged exposure to air will cause tocopherol in oils and foods to oxidize and
become rancid (Combs, 2008), leading to a decrease in availability. Irradiation, the
process used in canning, most heating methods, and acids containing carbon can also lead
to a decrease in the bioavailability of tocopherol in foods due to heating and
rearrangements caused under these conditions (Leskova, 2006). The higher the
temperature at which a meat is cooked, the less tocopherol that food will retain (Leskova,

2006).

2.6.2 Nutrition

The RDA for tocopherol increases only by a few milligrams between childhood
and adulthood. Both male and female children require only 6-7 mg/day, whereas male
and female adults (aged 19 and older) require 15 mg/day (National Academic Press,
2000).

Tocopherols require micelle formation during digestion for proper absorption
(Combs, 2008). Micelles cross the intestinal lumen by passive diffusion, then enter
circulation in the lymphatic system through incorporation into chylomicrons. Other fatty

acids may compete with tocopherols for incorporation into chylomicrons (e.g. n-3
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polyunsaturated fatty acids, other polyunsaturated fatty acids) (Combs, 2008). Alpha-
tocopherol is the circulating form of tocopherol in blood and is utilized by tissues and
cells (Combs, 2008). Individuals who are predisposed to low levels of circulating
tocopherol require more consumption from dietary sources to compensate for dietary
deficiencies (Combs, 2008).

Individuals who become deficient tend to have complications with lipid digestion,
absorption, and/or transport as the underlying cause (Combs, 2008). Decreased
production of bile due to pancreatic disease, for example, or a defect in the production of
a-Tocopherol Transfer Protein or lipoproteins can inhibit uptake and circulation of
tocopherol. A consequence of deficiency is excessive free-radical damage to cell
membranes, tissues, reproductive organs and nerve pathways (Combs, 2008; Traber,
1990).

Toxicity of tocopherol is rare, but can occur with mega-dose supplementation
(Combs, 2008). The USDA has set the upper limit for adults to 1000 mg/d (National
Academic Press, 2000). Studies warn that people are at a higher risk for all-cause
mortality with supplementation of as little as half that (Bjelakovic, 2007; Miller, 2005).
Increased doses are common recommendations for smokers because of the oxidative
stress resulting from smoking cigarettes (Stolzenberg-Solomon, 2009). A topical
application can be prescribed for individuals with skin issues, such as psoriasis (Combs,
2008). Due to its involvement in gene transcription, signal transduction and free-radical
scavenging, adequate or higher dosages of tocopherol are thought to have a protective
effect against cataracts, diabetes, neurodegenerative diseases, preeclampsia and other

oxidative stress-induced conditions (Combs, 2008).
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The assay used to measure tocopherol first extracts tocopherols from the sample
using xylene. Ferric iron (Fe’") is introduced to the extract and is reduced to ferrous iron
(Fe*") by tocopherol. Ferrous ions react with bathophenanthroline to form an orange
byproduct, as illustrated in Figure . The colored solution absorbance is measured at 536

nm using spectrophotometry.

This method is adapted from the method for testing tocopherol content of
biological samples to a suitable method for testing the tocopherol content in lettuce
(Desai, 1985). As with ascorbic acid analysis, there is potential for this assay to be a cost
effective and an easily reproducible means of comparing these bioactive compounds

between species and growing systems.

2.7 Metabolic Interactions: Ascorbic Acid and Tocopherol

Ascorbic acid is crucial in the regeneration of a-tocopherol and the scavenging
of free radicals. Alpha-tocopherol ceases to be a functional antioxidant if it accepts two
electrons from free radical scavenging (Figure 6). Ascorbic acid donates an electron to
the a-tocopheroxyl radical to regenerate a-tocopherol (Niki, 1995).

Tocopherols are an important antioxidant in the body, particularly because of their
involvement in free radical protection (Combs, 2008). They help prevent free radicals
from wreaking havoc on the body by donating one electron from the chromanol ring to
form a tocopheroxyl radical (Combs, 2008). The heterocyclic structure helps stabilize the
single electron left behind (Combs, 2008). The tocopheroxyl radical is unique in that it
can be re-generated via electron interaction with ascorbic acid (Combs, 2008). Without

regeneration after the first electron donation, a-tocopherol may undergo an additional
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reduction to form a-tocopheryl quinone, which cannot be recycled and must be
eliminated from the body as waste (Combs, 2008). Alpha-tocopherol is most commonly
found incorporated into the membrane, nearer to the hydrophilic surface than other

liposomal membrane components, such as f-carotene (Niki, 1995).
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3. MATERIALS AND METHODS

3.1 Hydroponic Lettuce

Waldmann’s Dark Green, Red Lollo Antago, and Red Romaine Annapolis
lettuces were obtained from the Mountain View Montessori School located in Reno, NV
on May 17, 2012. All lettuces were grown at an altitude of 1398 meters (4587 feet) in a
greenhouse using a static solution and aerators to provide oxygen to the roots (Figure 1a).
Fox Farm Instant Concentrated Grow Big Liquid Plant Food (Figure 2) was diluted to
create the nutrient solution. Fox Farm Soil and Fertilizer Company is located in Arcata,
CA. Their nutrient solution is proprietary, and no information was found about the
concentrations of each mineral contained therein. The greenhouse temperature varied
from 10°C at night to 32°C during the day. Nutrient solution was kept at 18°C. A
household air circulator was used to provide agitation to the leaves. The outer leaves of
the lettuce heads were harvested by this researcher and the students of the Mountain
View Montessori School. The outermost leaves were removed from the head of the
lettuce using scissors. The lettuce plants closest to the walkway were harvested by the

students, as they were not able to reach the lettuces furthest from the walkway.

Butterleaf lettuce from Costco (Warehouse #25, located in Reno, NV) was
purchased on May 18, 2012. The lettuce was grown in California, USA by Indoor Farms
with an Enjoy By date of May 27, 2012. The lot number was 12BL0307X. Indoor Farms

determines the Enjoy By date as 15 days after harvest.

3.3 Soil Grown Lettuce
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Waldmann’s Dark Green, Red Lollo Antago, and Red Romaine Annapolis
lettuces were obtained from the Mountain View Montessori School located in Reno, NV
on May 17, 2012. All lettuces were grown at an altitude of 1398 meters (4587 feet) in a
greenhouse in pots of soil (Figure 1b). The greenhouse temperature varied from 10°C at
night to 32°C during the day. Plants were watered as the soil dried out and soil was

allowed to become dry between watering.

Butterleaf lettuce from the Great Basin Community Co-op (GBCFC) was
purchased on May 18, 2012. The lettuce was grown in California at Cal Organic, and
distributed by Veritable Vegetable. Shipment was received at GBCFC on Tuesday of

that week, just three days prior to purchase.

3.5 Preparation of Lettuce for Analysis

The outer leaves of lettuce were harvested by hand using scissors to separate
leaves from the stem. Once leaves were harvested, they were immediately transported to
the laboratory in plastic grocery bags. They were stored no longer than 1 week in a
Roper RTI8DKXWWOO refrigerator at 4° C in dark conditions between layers of paper
towels in a Ziplock® plastic freezer bag. Leaves obtained from Butterleaf head lettuce
plants were all separated from the core by hand and randomized before rinsing.
Randomization of inner and outer leaves is important because the a-tocopherol content of
lettuce leaves vary between outer, central and inner leaves (Szymanska, 2008).

Leaves were rinsed with tap water to maximize ascorbic acid retention (Kenny,
2009) and then spun in a commercial salad spinner to dry. One-hundred grams of lettuce

was torn into approximately 2 inch x 2 inch pieces and tossed in a plastic bowl. Tearing
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of lettuce is a more effective method for retaining antioxidant content than cutting with a
sharp knife (Lee, 2000). A randomized sample of 10 g lettuce was selected from the
bowl and used for experimentation. This is necessary due to differences in ascorbic acid
content in old leaves and new leaves as well as base and tip of leaf (Mozafar, 1996).
Three 10 g samples were used. Photographs were taken of one measured sample from
each variety, as shown in Figures 3 and 4 using an iPhone 4S with Horizontal and

Vertical resolution of 72 dpi, /2.4, ISO-80, under a normal exposure program.

3.6 Ascorbic Acid Analysis

Chemicals and Reagents
Trichloroacetic acid, thiourea, copper sulfate, and sulfuric acid were purchased from
Fisher Scientific, Fair Lawn, NJ. L-ascorbic acid and 2,4-dinitrophenylhydrazine were

purchased from Sigma Chemical Company, St. Louis, MO.

Ascorbic Acid Analysis

Samples were homogenized with 10 mL cold 10% Trichloroacetic acid (TCA)
using a Brinkmann Instruments Polytron homogenizer to maintain a cold and acidic
condition to retain ascorbic acid in the samples. Ice was utilized to maintain a cold
environment when the samples were not in the centrifuge or laboratory refrigerator.
Samples were then centrifuged in a Sorvall RT6000B refrigerated centrifuge for 20
minutes at 3500 rpm and 7° C, then in a Sorvall Legend Micro 17 Centrifuge at 4000g for
20 minutes. A stock solution of ascorbic acid was created using L-ascorbic acid and

standards ranging from 0-60 pg/mL were created using serial dilution. One-hundred pL
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of supernatant was removed and added to new test tubes containing 900uL of 10% cold
TCA. The colorimetric procedure first oxidized ascorbic acid to dehydroascorbic acid by
reaction with copper. Addition of 0.2 mL dinitrophenylhydrazine (DNPH) and 0.2 mL
thiourea in the presence of sulfuric acid to all samples, blanks, and standards yielded a
colored product with little interference from other chromogens (Omaye, 1979). Samples
were incubated for 3 hours at 37° C along with all of the blank and standard solutions in a
Lab-Line Instruments Model 120 Incubator.

After 3 hours, 1.5 mL of ice cold 65% sulfuric acid was added to all solutions.
After standing 30 minutes at room temperature (25° C), the color stabilized and
absorbances of all solutions were read at 520 nm in a Perkin Elmer UV/VIS lambda Bio
40 Spectrometer. A calibration curve was created from the linear regression
(y=0.01668x+0.1399) of the graph of known standards, against which samples were
compared (Figure 3a). This method measures both ascorbic acid and dehydroascorbic
acid (Rahman, 2007). The reproducibility of spectrophotometry was determined by
adding 300 pL of a standard to a sample and determining the percent recovery (Khan,
2006). Percent recovery was determined using the following equation:

|Ce_|(ge_cf)|| X 100

e

% recovery =

where C. is the expected concentration and Cr is the found concentration. C, was
determined using the following equation:

_ (Cstandard x 300 HL) + Csample X 300 uL)

Ce 600 pL

where Cgandard 18 the concentration of the standard and Cgample is the concentration of the

sample.
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Percent recovery of ascorbic acid was 136.68+1.31%.

3.7 Tocopherol Analysis

Chemicals and Reagents

4,7-diphenyl-1,10-phanthroline (bathophenanthroline) was purchased from Aldrich,
Milwaukee, WI. Ferric chloride, mixed xylenes and (+) a-tocopherol was purchased
from the Sigma Chemical Company, St. Louis, MO. Orthophosphoric acid (85%) was
purchased from Fisher Scientific, Fair Lawn, NJ. Absolute ethanol (200 proof, ACS/NSP

grade) was purchased from pharmco-AAPER, Kentucky.

A-Tocopherol Analysis

Samples were homogenized with 10 mL absolute ethanol using a Brinkmann
instruments Polytron homogenizer. Samples were then centrifuged in a Sorvall RT6000B
refrigerated centrifuge for 20 minutes at 35000 rpm and 7°C. Samples were kept cool in
the laboratory refrigerator between preparation and tocopherol assay. A stock solution of
tocopherol was created using a-tocopherol and standards ranging from 0-30 ng/mL were
created using serial dilution. One-hundred pL of supernatant was removed and added to
new test tubes containing 900uL of absolute ethanol and 1.2 mL of xylene to extract
tocopherols from all samples, blank, and standards. After centrifugation at 3500 rpm for
5 minutes, 0.8 mL of the organic layer was collected and added to new tubes containing
0.4 mL of bathophenanthroline. Using bathophenanthroline prevented reaction of the
carotenoids with ferric chloride, which could have interfered with absorption readings.

0.4 mL ferric chloride was added and the sample was agitated using a vortex blender to
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promote oxidation of a-tocopherol and the subsequent reaction with bathophenanthroline,
producing an orange product. Addition of 0.4 mL of orthophosphoric acid helped
stabilize the color by preventing additional color reactions with ferric chloride. The tubes
were allowed to stand for 3 minutes before absorbance measurements were taken at 536
nm. The absorbance of each tube was read twice at 536 nm on a Perkin Elmer UV/VIS
Lambda Bio 40 Spectrophotometer. The color was stable up to an hour and a half

(Tutem, 1997).

The concentration of tocopherol was determined using a linear regression
(y=0.008996x-0.001946) of the standard curve created from standards (Figure 3b). This
method of using Fe(IlI)-bathophenanthroline spectrophotometry (Fabianek, 1968) is
slightly less reproducible when compared to HPLC methods (Tutem, 1997), but the
abundant sampling and standardization of this method allows for it to be satisfactory
comparing hydroponic and soil growing conditions. The reproducibility of
spectrophotometry was determined by the percent recovery method described above, with

a tocopherol percent recovery of 88.74+2.07%.

3.8 Statistical Analysis

Statistical analyses were conducted using Prism® for Windows, version 4.00
(GraphPad Software, Inc. La Jolla, CA). To determine significance between varieties,
one-way analysis of variance was performed using Bonferroni as a post-test when
significance was observed. To determine significance between hydroponic and soil
conditions, Student t-test was used. A probability value of p<0.05 was used to determine

significance. Results are expressed as mean + standard deviation (S.D.).
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4. RESULTS

Qualitative Evaluation of Lettuce

Red Lollo Antago and Red Romaine Annapolis are red-leafed lettuces found to be
redder in the hydroponic condition than the soil condition (Figure 2). Waldmann’s Dark
Green is a green-leafed lettuce and was found to be a darker green when hydroponically-
grown than when soil-grown. No physical differences were observed between the
butterleaf lettuces. Hydroponically-grown Waldmann’s Dark Green, Red Lollo Antago,
and Red Romaine Annapolis displayed edges of leaves that were more scalloped than the

soil-grown plants.

Quantitative Evaluation of Lettuce

The percent difference in tocopherol between hydroponically-grown and soil-
grown Waldmann’s Dark Green was 108%, with the hydroponic lettuce being higher in
tocopherol than the soil lettuce. Hydroponically-grown Red Romaine Annapolis was
142% higher in tocopherol than soil-grown. Red Lollo Antago contained the most
tocopherol, with the hydroponically-grown at 150% more than soil-grown. These three
varieties were found to have a significant difference in total tocopherol concentration.
Soil-grown Butterleaf lettuce was found to have 59% more tocopherol than
hydroponically-grown Butterleaf; however, there was no significant difference between

the total tocopherol concentrations (Table 1).

A significant difference between the total ascorbic acid concentration of

hydroponic and soil growing conditions was found in the Waldmann’s Dark Green, Red
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Lollo Antago, and Red Romaine Annapolis varieties but not in the Butterleaf variety
(Table 2). Hydroponically-grown Red Romaine Annapolis, the lettuce with the highest
concentration of ascorbic acid, contained 104% more ascorbic acid than the soil-grown
Red Romaine Annapolis. Red Lollo Antago hydroponic lettuce had 92% more ascorbic
acid than soil lettuce of the same variety. Waldmann’s Dark Green contained 64% more
ascorbic acid in the hydroponically-grown lettuce. Butterleaf contained 96% more in the

hydroponic condition, but this difference was not found to be significant (Table 2).

No significant difference in total tocopherol concentration was found between
Red Lollo Antago and Red Romaine varieties of hydroponically grown lettuce. Nor was
there a difference between Waldmann’s Dark Green and Butterleaf of the hydroponic
condition. However, there was a significant difference in total tocopherol concentration
between the Red Lollo Antago and Red Romaine Annapolis versus Waldmann’s Dark
Green and Butterleaf (Table 3). The former varieties contained 164% more tocopherol

than the latter two varieties.

The soil-grown condition did not demonstrate any significant difference between
lettuces with respect to tocopherol concentration, but significant differences in total
ascorbic acid concentration were observed (Table 6). Waldmann’s Dark Green and Red
Lollo Antago were significantly higher in ascorbic acid than Butterleaf, at 97%. Red
Romaine Annapolis contained 27% more ascorbic acid than Waldmann’s Dark Green and

Red Lollo Antago, and 132% more than Butterleaf.

Total ascorbic acid concentration of all hydroponically grown lettuces was found

to be significantly different (Table 5). Waldmann’s Dark Green contained 85% more
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ascorbic acid than Butterleaf. Red Lollo Antago contained 40% more ascorbic acid than
Waldmann’s Dark Green, and Red Romaine Annapolis’ ascorbic acid concentration was
37% higher than Red Lollo Antago. The hydroponically-grown lettuce with the highest
total ascorbic acid concentration, Red Romaine Annapolis, contained 138% more
ascorbic acid than the hydroponically-grown lettuce with the lowest ascorbic acid

concentration, Butterleaf.
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Figure 1: Hydroponic and soil growth accommodations of Waldmann’s Dark Green, Red
Lollo Antago, and Red Romaine Annapolis (a) Nutrient film technique greenhouse
system utilized to grow hydroponic lettuces (b) Potted soil method utilized for growing
soil lettuces
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Figure 2: Foxfarm Grow Big liquid plant food was diluted to establish the nutrient
solution for Waldmann’s Dark Green, Red Lollo Antago, and Red Romaine Annapolis
hydroponically-grown lettuces.
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Figure 3: Standard curves of (a) ascorbic acid assay [y=0.01668x+0.1399] and (b)
tocopherol assay [y=0.008996x-0.001946].
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Figure 4: Comparison of size and color of hydroponic and soil grown lettuce varieties.
(a) Waldmann’s Dark Green, hydroponic, (b) Waldmann’s Dark Green, soil, (c) Red
Lollo Antago, hydroponic, (d) Red Lollo Antago, soil, (¢) Red Romaine Annapolis,
hydroponic, (f) Red Romaine Annapolis, soil, (g) Butterleaf, hydroponic, (h) Butterleaf,
soil
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Figure 5: Comparison of color, leaf shape, and texture of hydroponic and soil grown
lettuce varieties. (a) Waldmann’s Dark Green, hydroponic, (b) Waldmann’s Dark Green,
soil, (c) Red Lollo Antago, hydroponic, (d) Red Lollo Antago, soil, (¢) Red Romaine
Annapolis, hydroponic, (f) Red Romaine Annapolis, soil, (g) Butterleaf, soil on the left,
hydroponic on the right
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Figure 6: Reaction of dehydroascorbic acid and diketogulonic acid. Byproducts of
ascorbic acid reduction react with copper, with 2,4-dinitrophenylhydrazine to form bis-
2,4-dinitrophenylhydrazone, an orange colored solution. (Desai, 1985)
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Figure 7: Recycling of Tocopherol by Ascorbic Acid.1) Ascorbic acid can donate an
electron to become a radical. This reaction can occur two times, making dehydroascorbic
acid. 2) A tocopheroxyl radical accepts one of the donated electrons from ascorbic acid
to regenerate tocopherol. 3) If a tocopheroxyl radical undergoes one more reduction
reaction, it becomes tocopherol hydroquinone, which is irreversible. (Combs, 2008)
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Figure 8: Production of a colored byproduct in Tocopherol Analysis. The tocopheroxyl
radical reduces ferric iron (Fe*") to ferrous iron (Fe*"), which then reacts with
bathophenanthroline to produce an orange colored solution. (Omaye, 1979)
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Table 1. Total Tocopherol concentration in hydroponically- and soil-grown lettuce

varieties (mean = S.D.)

Hydroponically-grown Soil-grown lettuce

Variety of lettuce lettuce (mg/100g fresh . t p
weight) (mg/100g fresh weight)
Waldmann's Dark
1.412+0.144 0.428 +0.230 7.747  0.0015%*
Green
Red Lollo Antago 7.168+0.662 1.028 £0.208 14.24  0.0001*
Red Romaine
) 9.586+1.949 1.617 £0.725 5962  0.004*
Anapolis
Butterleaf 0.256+0.193 0.469 + 0.338 0.8687  0.434

N=3 with 2 replicates
*P<0.05, determined using student t-test
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Table 2. Total Ascorbic Acid concentration in hydroponically- and soil-grown lettuce
varieties (mean = S.D.)

Hydroponically-Grown Soil-Grown Lettuce

Variety of lettuce Lettuce (mg/100g fresh ) t p
weight) (mg/100g fresh weight)

Waldman's Dark

3.382+0.178 1.751+0.023 17.6  <0.0001*
Green
Red Lollo Antago 5.075+0.471 1.872 +0.035 445  <0.0001%*
Red Romaine

7.413+0.256 2.347 +0.390 29.04  <0.0001%*
Anapolis
Butterleaf 1.365+0.483 0.482+0.141 2.637 0.0578

N=3 with 3 replicates
*P<0.05, determined using student t-test
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Table 3. Total Tocopherol concentration of hydroponically-grown lettuce varieties (mean

+S.D.)

Variety of lettuce Tocopherol (mg/100g fresh weight)
Waldmann’s Dark Green 1.412 +0.144°
Red Lollo Antago 7.168 £ 0.662°
Red Romaine Annapolis 9.586 + 1.949"
Butterleaf 0.256 £0.193*

N=3 with 2 replicates
®Values for each lettuce followed by different subscripts are different at p<0.05.
Bonferroni utilized as post-test for ANOVA
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Tocopherol Concentrations of Various Hydroponically Grown Lettuces
12.5+

10.0+
7.5+
5.0~

254

0.0-

mg/100g fresh weight lettuce

<
o
o)
=

Variety

Figure 9: Tocopherol concentrations of various hydroponically grown lettuces. Lettering
ab indicates significance at p<0.05, with Bonferroni used as a post-test for ANOVA.



Table 4. Total Tocopherol concentration of soil-grown lettuce varieties (mean + S.D.)

Variety of lettuce Tocopherol (mg/100g fresh weight)
Waldmann’s Dark Green 0.428 £ 0.230
Red Lollo Antago 1.028 + 0.208
Red Romaine Annapolis 1.617 £0.725
Butterleaf 0.469 +0.338

N=3 with 2 replicates
No significant differences were found at p<0.05
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Figure 10: Tocopherol concentrations of various soil grown lettuces.
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Table 5. Total Ascorbic Acid concentration of hydroponically-grown lettuce varieties
(mean = S.D.)

Variety of lettuce Ascorbic Acid (mg/100g fresh weight)
Waldmann’s Dark Green 3.382+0.178%
Red Lollo Antago 5.075+0.471°
Red Romaine Annapolis 7.413 £ 0.256°
Butterleaf 1.365 + 0.483¢

N=3 with 3 replicates
wedyalues for each lettuce followed by different subscripts are different at p<0.05.
Bonferroni utilized as post-test for ANOVA
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Ascorbic Acid Concentrations of Various Hydroponically Grown Lettuces

mg/100g fresh weight lettuce

RRA (H)

Variety

Figure 11: Ascorbic Acid concentrations of various hydroponically grown lettuces.
Lettering abcd indicates significance at p<0.05, with Bonferroni used as a post-test for
ANOVA.
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Table 6. Total Ascorbic Acid concentration of soil-grown lettuce varieties (mean + S.D.)

Variety of Lettuce Ascorbic Acid (mg/100g fresh weight)
Waldmann’s Dark Green 1.751 £ 0.023*
Red Lollo Antago 1.872 £ 0.035%
Red Romaine Annapolis 2.347 + 0.390°
Butterleaf 0.482 +0.141°

N=3 with 3 replicates
®eyalues for each lettuce followed by different subscripts are different at p<0.05.
Bonferroni utilized as post-test for ANOVA
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Ascorbic Acid Concentrations of Various Soil Grown Lettuces
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Figure 12: Ascorbic Acid concentrations of various soil grown lettuces. Lettering abc
indicates significance at p<0.05, with Bonferroni used as a post-test for ANOVA.
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Figure 13: Chemical structures of anthocyanin and alpha-tocopherol. (ChemDraw, Ultra
Version 7.0.0. CambridgeSoft; Cambridge, MA)
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5. DISCUSSION

5.1 Qualitative Evaluation of Lettuce

Hydroponically grown lettuces obtained from Mountain View Montessori were
slightly larger and more richly colored than their soil-grown counterparts. Waldmann’s
Dark Green was greener whereas the Red Lollo Antago and Red Romaine Annapolis
were redder. The color differences between hydroponic lettuces and soil lettuces may be
due to a difference in maturation at time of harvest. Hydroponically-grown leaves were
sturdier than soil-grown leaves, the latter of which felt thin and papery. After transport,
the interior of the hydroponically-grown lettuce bags contained more condensation from

the lettuce than the soil-grown lettuce bags.

The hydroponically-grown and soil-grown purchased Butterleaf varieties were
similar in texture and color. Indoor Farms, which produced the hydroponic Butterleaf,

left the roots intact for transport and sale, which they attribute to lengthening freshness.

5.2 Quantitative Evaluation of Lettuce

The hydroponically-grown lettuce varieties Waldmann’s Dark Green, Red Lollo
Antago, and Red Romaine Annapolis contained significantly higher concentrations of
tocopherol and ascorbic acid than their soil counterparts (Table 1). This suggests that a
hydroponic growing condition can significantly increase the nutrient density of lettuce.
While there was no significant difference between varieties of soil-grown lettuces (Table
4, Figure 10), hydroponically-grown Waldmann’s Dark Green and Butterleaf varieties

showed significantly lower levels of tocopherol than hydroponically-grown Red Lollo
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Antago and Red Romaine Annapolis (Table 3, Figure 9). These findings indicate that the
latter two of the varieties are higher in tocopherol concentration than the former, though

only when grown in hydroponic conditions.

A similar trend was seen in the Waldmann’s Dark Green, Red Lollo Antago, and
Red Romaine Annapolis lettuces when comparing ascorbic acid concentration in
hydroponic to soil grown varieties (Table 2). These three hydroponic lettuces were
significantly higher in ascorbic acid than those grown in soil, with p values <0.0001.
Significant differences were seen between all varieties of hydroponic lettuce (Table 5,
Figure 11). Soil-grown Waldmann’s Dark Green and Red Lollo Antago were
significantly different than the other varieties (Table 6, Figure 12). Red Romaine
Annapolis displayed the highest concentrations of ascorbic acid in both hydroponic and
soil grown conditions (Table 2). These data suggest that the red-leafed lettuces are richer

in ascorbic acid than their green-leafed relatives.

This study is limited by the method used to obtain lettuces. Mountain View
Montessori hydroponic lettuces were grown next to the window of the greenhouse,
whereas the soil lettuces were grown on a bench on the other side of the walkway, further
from the window. The circulating fan provided wind agitation to the hydroponic lettuces,
but not the soil lettuces, which could be a factor in the strength of the leaves. These two
aspects of growth accommodations could have contributed to the differences seen in the
data collected. The composition of the soil utilized in the soil-grown condition was not
analyzed for nutrient contained therein, making the comparison of the two growing

methods difficult at this time. The difference in transportation times between MVM
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lettuces (2 hours) and Butterleaf lettuces (5-6 days) makes comparison of the data more
difficult. Without knowing exactly how each of the Butterleaf lettuces were transported
and stored, it is difficult to recreate those conditions in the MVM lettuce. By growing all
of the lettuce samples in a controlled laboratory setting, I believe these variables could be

more tightly controlled.

Limited data exist comparing hydroponic and soil growing methods of the same
lettuce varieties, but our findings are similar to what little previous research has been
conducted. Sgherri et al. found that 20-day old hydroponically-grown basil was higher in
both ascorbic acid and tocopherol concentration than 35-day old soil-grown basil
(Sgherri, 2010). Under our conditions, hydroponic lettuces were available for harvest
earlier than the soil grown lettuces. This is consistent with the findings of Nicola et al.,
who found that the growth period of their hydroponic lettuces was shorter than their soil
lettuces (Nicola, 2005). Since our hydroponic and soil grown lettuces were harvested on
the same day, the hydroponic lettuces were further along in development than the soil

lettuces, attributing to the richer red color of the hydroponic lettuces.

A study by Selma et al. compared ascorbic acid concentration in hydroponic and
soil cultures of Red Lollo Rosso, Red Oak Leaf, and Butterleaf lettuces. At harvest (day
0), only Red Lollo Rosso had a significantly higher ascorbic acid concentration than soil-
grown Red Lollo Rosso (Selma, 2012). They found no significant difference between
their Butterleaf lettuces, which is similar to what we found (pascorbic acid = 2.637, Procopherol
=0.839). There was no significant difference between hydroponically-grown and soil-

grown Butterleaf lettuces (Table 1, Table 2). These findings are consistent with the
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nutritional information for soil-grown Butterleaf lettuce previously published (USDA,
2012) and another study comparing hydroponically- and soil-grown butterleaf lettuces
(Frezza, 2005). Both conditions were still significantly lower in ascorbic acid and

tocopherol regardless of growing method.

Before this study was conducted, few studies had been published comparing
growing methods. This thesis contributes more data to the comparison of
hydroponically- and soil-grown lettuces. The data support the hypothesis that selected
hydroponically-grown lettuce varieties are just as nutritious, if not more nutritious, than
the same lettuces grown in soil when grown using Fox Farm Grow Big nutrient solution
diluted according to the directions on the bottle. The nutrient solution was not
manipulated to alter the ascorbic acid or tocopherol concentration in the lettuces. It is
important to establish nutritional information for hydroponically-grown foods to validate

the growing method.

5.3 Influence of Growing Condition on Ascorbic Acid

Nitrogen is an important building material for plant growth. When a hydroponic
system was used to optimize a plant’s access to nutrients, larger crops were obtained
hydroponically compared to soil grown systems (Coronel, 2009; Broadley, 2003). This
phenomenon can be explained by Seginer’s Nicolet Model (Seginer, 2003), which
predicts that when nitrogen and carbon uptakes are equal, there will be leaf expansion.
Excess carbon, which does not occur when the nitrogen uptake is high in a hydroponic
system, leads to leaf thickening. This increase in plant leaf expansion leads to a dilution

effect of ascorbic acid and therefore a decrease in concentration (Mozafar, 1996).
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The US Agricultural Research Station experimented in prying apart the leaves of
iceberg lettuce during growth. They found that keeping such a tight leaf head from
forming allowed more leaf surface to be exposed to the sun, which in turn increased the
nutritional density of the plant (US-ARS, 2008). This doubled iron and calcium and
quintupled the ascorbic acid concentration of the plant. Increasing light intensity has
already been shown to increase the amount of ascorbic acid a plant can instill in its leaves
(Lee, 2000). Ascorbic acid is a product of the conversion of sugars created during
photosynthesis; therefore, increasing sunlight increases photosynthetic processes and

provides more starting material to create ascorbic acid (Lee, 2000).
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6. CONCLUSIONS

These data indicate that hydroponic gardening can produce a more nutrient dense lettuce
than the same lettuce grown in soil. The seeds used for three of the four varieties of both
hydroponic and soil growing conditions were obtained from the same distributer of seeds
and grown in the same location, yet the hydroponic system produced an arguably better
lettuce when considering the higher ascorbic acid and tocopherol concentrations.
Variation in the concentrations of tocopherol and ascorbic acid between varieties implies
that certain varieties of lettuce are more nutrient rich. We are confident in concluding
that utilizing a hydroponic method of crop farming is sufficient for producing nutritious

produce.
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7. SUGGESTIONS FOR FUTURE STUDIES

Although speculative, the higher concentration of ascorbic acid and tocopherol
found in Red Lollo Antago and Red Romaine Annapolis may be due to interference from
anthocyanin, which is composed of benzene rings in is chemical structure (Figure ).
However, use of bathophenanthroline as a reducing agent was purposeful to keep
carotenoids from interfering with the test. More research is required to determine
interference from anthocyanin, and if so, how to remove it from the samples. It is this
scientist’s belief that the decreased length of the hydroponic growth phase is what has
caused the hydroponic MVM lettuces to be redder than the soil MVM lettuces, based on
the findings of Nicola et al (Nicola, 2005).

Future studies may consider the effect growing conditions have on lettuce by
growing the plants to be used in testing in close proximity to the laboratory. This allows
the scientist to optimize growing conditions. Growing lettuce in a greenhouse allows for
control over atmosphere and nutrient solution temperature. Future comparisons of
hydroponically-grown to soil-grown lettuces should consider the shortened growth phase
of hydroponic lettuces. Hydroponic lettuces should be harvested at a similar maturity
stage as the soil-grown lettuce, meaning that it will have to be harvested and examined
for nutrient content before soil-grown lettuce will be ready for harvest. Having a short
time between sample harvest and testing diminishes the chance of ascorbic acid loss due
to storage and transport. Different lettuce varieties, different vitamins, and aquaponics

are variables that require more research as well. Since the hydroponic method of farming
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can be a cost-effective, space-effective, and time-effective way to provide produce
locally, it is imperative that future experimentation consider this aspect.

Hydroponic gardening has not yet taken root in every household and it is
important for more studies to be conducted on the quality of hydroponic lettuces grown in
a large-scale operation then transported large distances. The use of Modified
Atmospheric Packaging (MAP) to transport spinach has been shown to preserve vitamin

C, as opposed to air (Gil, 1999).
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