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ABSTRACT
This research evaluated the effect of carbon dioxide (CO2) level, plant density, Allium
species phenology, and harvest scheme on edible biomass of green salad onions. The ontogeny
of A. fistulosum, A. cepa, and A. schoenoprasum grown at 10, 15, and 20-mm spacings harvested
weekly and bi-monthly was compared to plants harvested once at 70 days after planting (DAP).
Plants were grown in ambient (~400 µL•L-1) or elevated (1200 µL•L-1) CO2 levels. Weekly
removal of shoots began 28 DAP with leaves removed 5-cm above planting surface; destructive
harvest was 70 DAP. Leaves harvested from Allium grown in 1200 µL•L-1 weighed more at 28
DAP than leaves grown in ~400 µL•L-1 CO2; there was no difference in leaf weight of Allium
grown in ~400 µL•L-1 and 1200 µL•L-1 CO2 for the remaining harvests. At 20-mm spacings,
leaves harvested from A. cepa weighed the most; leaves harvested from chives weighed the least.
The species and spacing producing a large amount of biomass at one harvest is A. fistulosum
harvested 70 DAP; the species and spacing selected is A. cepa grown at 20-mm for biomass
desired over time.
It has been observed in our research that plants grown in elevated CO2 have initial
increase in shoot biomass, but as plants age, chlorosis and necrosis was evident on leaves.
Allium fistulosum was grown in 400, 1200, and 2000 µL•L-1 CO2 in the same manner above.
Leaves from four harvests were analyzed for photosynthetic efficiency (fluorescence yield),
photosynthetic pigments (chlorophyll a, b, and carotenoids), and C:N. Leaves from plants grown
in each treatment were photosynthetically efficient; chlorophyll was higher in leaves grown in
1200 and 2000 rather than 400 µL•L-1 CO2 at 28 DAP. Chlorophyll amounts decreased in plants
viii
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grown in both elevated CO2 levels over 70 days while it increased in leaves grown in ambient at
35 and 49 DAP, then decreased at 70 DAP. A. fistulosum plants grown in elevated CO2 levels,
although photosynthetically efficient, had reduction of N and an increase of carbohydrate
accumulation in the leaves. Elevated CO2 levels do not increase biomass of Allium, but do not
cause decreases in biomass weight; however, plants grown in elevated CO2 appeared more
chlorotic due to reduced N in leaves.
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CHAPTER I
REVIEW OF THE LITERATURE
Introduction
The genus Allium is in the class Monocotyledones in family Alliaceae (Hanelt,
1990). Allium phenology (growth) varies within the 1400 species and species’ synonyms
(Gregory et al., 1998). Onion is the primary Alliaceae crop consumed, but other species
are important for consumption, medicinal, and ornamental value (Jones and Mann, 1963).
The seven Allium species cultivated for consumption are A. cepa L. (bulbing onion), A.
chinense G. (rakkyo), A. fistulosum L. (Japanese bunching onion), A. porrum L. (leek
and kurrat), A. sativum L. (garlic), A. schoenoprasum L. (common chives), and A.
tuberosum Rottler ex Sprengel (Chinese chives) (Jones and Mann, 1963). Of these, the
three most important Allium species are A. cepa, A. fistulosum, and A. schoenoprasum
(Fritsch and Friesen, 2002).
The edible biomass of A. cepa, A. fistulosum, and A. schoenoprasum suitable for
human consumption are leaves, pseudostem, and bulb. Allium has shoot regrowth
capacity from a single planting. Green shoots (leaves) that proliferate and grow from the
bulb can be harvested over time providing edible biomass for extended periods. This
unique accumulation of edible biomass in A. cepa leaves and bulb make Allium a
versatile candidate for fresh consumption.
Bulb development of Allium crops is dependent on the environmental factors of
light including spectral quality, spectral intensity and duration (photoperiod). Planting
density, or the spacing between plants, impacts the spectra available in the crop canopy
(McGeary, 1985); generally, sizes of bulbs of onion grown at high densities (small
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spacings) are smaller and irregular in shape (McGeary, 1985; Bleasdale, 1966). An
efficient production system will generate maximum amount of product for the least
amount of input in the growing space allotted for a crop; this may be in the field,
greenhouse, or plant growth chamber. Altering plant densities may result in more
efficient use of raw materials (water, fertilizer, equipment, energy) and space.
Onions and chives do not branch but rather produce lateral shoots or multiple
stems from the basal plate. Production of multiple stems, or tillers, in relation to planting
density is interesting to study in members of the Allium family because from one seed,
multiple plants form. For example, morphology of maize (Zea mays L.) (Wu et al., 2003;
Tetio-Kagho and Gardener,1988) grown at high plant spacing, compared to other
monocots, onion and chive, indicate these Allium would produce fewer leaves from
lateral meristematic tissue and fewer tillers at more dense plantings.
Photosynthesis, the chemical process of converting CO2 to sugars, is generally
increased at elevated CO2 levels because there is more carbon for carboxylation reactions
necessary for CO2 fixation (Hopkins and Huner, 2004). There is evidence that plants
grown under elevated CO2 have initial increased growth but plants acclimate over time
and growth slows as the crop ages, especially if the plant is sink limited (Arp, 1991); this
has been found true for bulb onions (Wheeler et al., 2004). Carbon reduction in plant
biomass can lead to decreased amounts of plant pigments, chlorophyll a and b, and
photosynthetic apparatus. Wheat, a monocot, when grown at elevated CO2 (~700 µL·L-1)
had a large shoot biomass in juvenile growth stages, but over time acclimated to the
environment due to a decrease in the photosynthetic activity and subsequently there was a
decrease in biomass (Del Pozo et al., 2005; Mitchell et al., 1999). The same study on
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wheat exhibited lower chlorophyll and a decrease in photosynthesis (Del Pozo et al.,
2005); this is significant because if a plant is limited in the photosynthetic pigment
chlorophyll, there is a reduction at the cellular level in biomass accumulation. A different
field crop cotton grown in elevated CO2 (1000 µL·L-1) exhibited a decrease in
chlorophyll content and net photosynthesis (Delucia et al., 1985). In the same study,
cotton plants grown in elevated CO2 weighed more than those grown in ambient CO2,
attributed to starch accumulation in the leaves. A study on acclimation of tomato grown
under high CO2 (1400 µL·L-1) resulted in a lower chlorophyll a/b ratio and a decrease in
photosynthetic gain on fully expanded leaves (Van Oosten et al., 1995). Arp (1991)
suggests that the reduction in photosynthetic gain of plants grown in high CO2 levels is
related to increased accumulation carbohydrates in leaves which can damage chloroplasts
and reduce chlorophyll. In addition, slow saturation of carbohydrate sinks over time
exposed to elevated CO2 levels can explain a decrease in additional plant growth (Arp,
1991). Carbohydrate sinks are especially of interest in green salad onion harvested over
time and grown in elevated CO2 levels; this growing strategy could result in green salad
onion to produce less biomass in elevated CO2 levels compared to ambient levels.

History and Culture
Allium species have been found to grow in arid climates in dry, open grasslands,
hillside cliffs, and river banks (Hanelt, 1990). The genus is diverse and has adapted to
environmental conditions ranging from the Mediterranean basin, Iran, Afghanistan,
Turkey, Pakistan, China, Japan, and North America (Hanelt, 1990).

3
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Allium cepa
Bulb onions originated in central or southwest Asia and were brought to the
United States by Spanish explorers in the 1600’s (Swiader and Ware, 2002); early
reference to onion dates from Biblical times involving Israelites and Egyptians
(McCollum, 1976). Within A. cepa, three groups are cultivated: Common Onion Group,
containing salad and pickling bulb onion; Aggregatum Group containing smaller onion
bulbs (potato onion) and shallots that divide laterally; and Proliferum Group (ever-ready
onion) which produces an inflorescence bearing seed or bulbs (Jones and Mann, 1963).
The primary portion of onion consumed is the bulb, but the green shoots can also be
consumed either fresh or cooked. In the United States, southern and southwestern states
produce a spring onion crop which is sold fresh, and northern and western states grow a
summer crop for direct market processing (onion rings) and storage (frozen) (Swiader
and Ware, 2002; Corgan et al., 2000). According to the National Onion Association
(2004), there are an estimated 1,000 onion farmers growing on a combined 145,000 acres
in the United States. Tons produced per acre range from 10 to 35 depending on location
and time of year onions are grown (Swiader and Ware, 2002).
As discussed previously, bulb size of A. cepa varies according to the quality,
intensity, and photoperiod of light which has a direct impact on environmental
temperature (Yamaguchi, 1983). Bulb onion can be grown in photoperiods of long,
intermediate, or short days, depending on the type of bulb desired. Latitude and season
determine length of photoperiod and type of onion suitable for a certain area (Brewster,
1990b). Field-grown conditions for onion include temperatures from 13 - 24°C, a sandy
loam or peat soil that is fertile, well-drained (Yamaguchi, 1983) and a pH of 6.0 - 6.8
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(McCollum, 1976). Onions may be planted in the field by direct seed, transplants, or sets
(Jones and Mann, 1963) and, depending upon photoperiod and temperature, will produce
normal (single) or multiple bulbs (Butt, 1968).
Direct seeding in the field is the accepted practice and least expensive way to
grow commercial onions, while transplants and sets allow for a shorter growing season
and better establishment in the field (Brewster, 1990b). Usual field practices are to sow
seed on raised beds varying depending upon soil and grower. Transplants are onions that
have been seeded in a controlled environment and grown to a determined size before
transplanted to the field. Transplanting onions allows more growing time before the
longer days or increasing photoperiod initiate bulbing in warmer days (Jones and Mann,
1963). Sets are small onion bulbs that are grown to about 21-mm wide and set shallowly
in the field (Brewster, 1990b). Sets mature earlier by three to four weeks than direct
seeded plants (Swiader and Ware, 2002).
Allium fistulosum
Japanese bunching onion, A. fistulosum, originated in China and is also known as
Welsh onion. It has been cultivated for more than 2000 years and is produced year-round
in China (Xu et al., 1994) and Japan (Peters, 1990). A. fistulosum is grown for its thick
pseudostem and green shoots and does not form a bulb (DeMason, 1990). The slight
bulb and pseudostem are consumed fresh or cooked; and the green leaves are eaten fresh
in salads (Fritsch and Friesen, 2002).
A. fistulosum has been classified into four groups using a Japanese system: Kaga,
little tillering (plant division), grown for pseudostems; Senju, little tillering, grown for
pseudostems throughout winter; Kujyo, prominent tillering, grown for green leaves; and
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Yagura negi, prominent tillering, grown for green leaves but not commercially produced
(Inden and Asahira, 1990). A. fistulosum can also be grouped into summer and winter
harvest types for seed production. Summer types are sown in September and transplanted
in April for commercial and breeding purposes, while winter types are sown in
September or February through March and transplanted in June (Peters, 1990). There are
tillering (divisions) or non-tillering A. fistulosum; of the tillering types, seed is
commercially sown at 20 – 25 cm spacings (Peters, 1990). A. fistulosum can also be
propagated by dividing the rhizomatous clumps. The large blanched pseudostems are
popular for consumption, made by mounding soil around the plants (Inden and Asahira,
1990). A. fistulosum grown perennially produces green shoots that can be harvested
multiple times; the basal plate is left intact for additional tillering and growth to occur
(Inden and Asahira, 1990). Hydroponic systems have been used to grow fresh leaves of
A. fistulosum ranging from 15 to 30 cm in length at harvest (Inden and Asahira, 1990);
varieties specific for hydroponic culture includes ‘Kinka’, ‘Choetsu’, and ‘Choho’
(Shimazaki, 2004).
Allium schoenoprasum
Chives have been grown in Eurasia and North America for the edible green
leaves since the 16th Century (Poulson, 1990). Green shoots can be continually cut and
harvested for consumption as a garnish or condiment. Chives are dormant in winter and
develop green shoots and flowers in spring and through the summer. Chives can be
subjected to induced dormancy and forcing to produce green leaves under greenhouse
conditions (Krug and Folster, 1976), (Folster and Krug, 1977). A. schoenoprasum has
aesthetic value because of the purple flowers and clumping, slender leaves (Jones and
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Mann, 1963). Chives can be grown commercially and in home gardens under many
growing conditions (Jones and Mann, 1963). Tillers (rhizomatous clumps of narrow,
hollow leaves) form from axillary buds located on A. cepa sides of the main axillary bud
as chive matures (Poulson, 1990). New plants and can be propagated by dividing the
clumps of slight bulbs and tillers (Jones and Mann, 1963). Chives are started from seed
and grown in clumps or rows for commercial production and can be harvested for several
years from the same field planting (Peters, 1990).

Allium Species Biology
Allium cepa
Onion planted from seed develops in a succession of stages (Jones and Mann,
1963). At germination the hypocotyl elongates, giving rise to the ‘loop’ stage; the root
grows down and the cotyledon elongates, forming a ‘knee’. The cotyledon straightens
and the first true leaf forms, the ‘flag’ stage. The stem of an onion is the basal plate
located at the underside of the bulb; the center of the basal plate contains the shoot apex
where leaves emerge in an opposite, alternate growth (Brewster, 1994). A leaf is made
consisting of a blade that emerges through a hole in the sheath; new leaves emerge
through a hole in the previous leaf. At leaf three, the cotyledon senesces and at leaf four,
the neck of the plant thickens. The first true leaf completely senesces and leaves five,
six, and seven develop. At the formation of leaves eight through 18, the bulb swells and
forms a dry skin; at maturity the hollow pseudostem, or false stem, collapses from the
weight of the shoots.
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Onion generally has a high ratio of edible plant weight to total plant biomass
(harvest index), i.e., a large bulb with small, fibrous root system. There are hundreds of
cultivars of A. cepa in commerce, each bred for specific environmental adaptations and
distinguished by bulb color, shape and uniformity.
Onion bulbs are physiological carbon sinks, or carbon storage structures. Leaves
accumulate photosynthates and then over time senesce. Carbon is transferred to the bulb
when changes in osmotic potential occur, bulb dormancy is initiated, and leaf production
is inhibited (Butt, 1968), therefore it is beneficial to have a proliferation of leaves before
the onset of bulbing as this can determine bulb size. Damage to onion leaves can cause
more leaf production and failure to bulb (Brewster, 1994), a result of photosynthates
being removed from the plant canopy in the form of green shoots.
Bulb formation in onion depends on three main factors: photoperiod, ratio of red
to far-red light (R: FR), and temperature. These factors can interact, i.e., onion bulbs will
form when grown under a long photoperiod at high temperatures with a low ratio of R:
FR light. These factors can impact bulbing independently of one another (Brewster,
1990a). Onions will bulb depending on the duration of light and dark in which they are
grown. Garner and Allard (1920) termed “long-day” to describe plants grown to
physiological maturity in light for twelve hours or more, while “short-day” describes
plants grown to physiological maturity in light for less than twelve hours. Onions are
generally classified as “long-day”, “intermediate”, or “short-day” varieties.
Phytochrome, a pigment present in plants, has two forms in equilibrium: Pr
(inactive red absorbing) and Pfr (active far-red absorbing) (Devlin et al., 2003). The
phytochrome pigment in the plant canopy detects far-red light. Leaves in the upper
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canopy absorb red light more strongly than far-red light resulting in a decreased R: FR
ratio at lower canopy levels. Bulbing and leaf elongation are affected by the amount of
R: FR spectra available in the plant canopy. Bulbing is accelerated as the ratio of R: FR
decreases (Brewster, 1990a). A low R: FR ratio causes etiolated (elongated, yellowing
leaves) growth because Pr is favored causing a shade avoidance in the leaf canopy
(Devlin et al., 2003).
Allium fistulosum
A. fistulosum is a perennial plant grown for the long, green shoots arising from
the lateral meristem that develop into tillers, or divisions (Jones and Mann, 1963). Like
bulbing onion, A. fistulosum has hollow leaves but are more circular in shape than the
flattened bulbing onion leaves (Inden and Asahira, 1990). There are many cultivars of A.
fistulosum either grown for the edible green shoots or thick pseudostem; varieties grown
for shoot consumption generally tiller more readily than others (Inden and Asahira,
1990). Although a bulb is not produced, A. fistulosum will flower dependent on
photoperiod and temperature. The duration of flowering can fluctuate greatly among
cultivars from 41 days to 240 days (Inden and Asahira, 1990).
Allium schoenoprasum
Chives are different from bulbing onion because, like A. fistulosum, they develop
tillers rather than bulbs. Chives produce tillers more vigorously than A. fistulosum (Jones
and Mann, 1963). Tillering is increased when chives are grown in a less dense seeding
rate (Rodkiewicz and Tendaj, 1994).
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Density Studies
Field Crop Experiments
Planting density is the total plant population per unit area and can have direct
impact on plant biomass. Total biomass is the below- and above-ground portions of the
plant. Edible biomass is the consumed portion. Various authors have focused on plant
spacing in predicting the biomass of a crop at lower or higher densities (Bleasdale, 1967;
Frappell, 1973; Rogers, 1977, Brewster and Salter, 1980); these authors suggest ontogeny
of plant biomass can be altered by planting density.
An efficient production system will generate maximum amount of product for the
least amount of input in the growing space allotted for a crop; this may be in the field,
greenhouse, or plant growth chamber. Planting area by altering plant densities may utilize
efficient use of raw materials (water, fertilizer, equipment) and space.
Field crops grown at high densities (high plant populations) were shown to result
in lowered yield in pickling cucumber (Cucumis sativus L.) (Widders and Price, 1989),
sorghum (Sorghum bicolor L.) (Caravetta et al., 1990b), and cayenne pepper (Capsicum
annuum var. annuum L.) (Decoteau and Hatt Graham, 1994). In these studies, carA.
cepan sink (fruit/grain) production was limited as plants competed for light in a dense
canopy. In contrast, increasing crop planting density was beneficial to biomass
production in soybean (Glycine max L.) (Egli, 1988).
Canopy light interception was reduced at high density plantings resulting in stem
elongation in tobacco (Nicotiana tabacum L.) (Ballare et al., 1994) and maize (Zea mays
L.) (Tetio-Kagho and Gardner, 1988; Kasperbauer and Karlen, 1994). Leaf diameter of
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sorghum grown at a low density planting was wider due to less competition among
neighboring plants (Caravetta et. al 1990a).
Field crop studies have demonstrated that axillary growth is affected by planting
density. At dense spacings okra (Abelmoschus esculentus L.) produced few lateral
branches (Wu et al. 2003). Maize (Tetio-Kagho and Gardener, 1988) and sorghum
(Caravetta et al., 1990a; Jones and Johnson, 1991) planted at high plant densities
produced fewer tillers. This observed change in growth was attributed to high plant
competition in the canopy.
Onion Experiments
Sink yield of onion is the bulb and edible green shoots. Bulb development is
dependent on planting density (McGeary, 1985). Generally, size of onion bulbs grown in
high densities is smaller and irregular in shape (McGeary, 1985; Bleasdale, 1966). In
field-grown onions at three planting densities more bulbs were produced at the highest
density (80 plants m2) but individual bulbs weighed less than bulbs grown at lower
densities (26.6 or 40 plants m2) (Dellacecca and Lovato, 2000). Similarly, super colossal
garlic cloves were largest at less dense plantings, while yield of smaller cloves (40-45
mm) increased at a higher density (Castellanos et al., 2004).
Onions and chives do not branch but rather produce lateral shoots or multiple
stems from the basal plate. Production of multiple stems, or tillers, in relation to planting
density is interesting to study in members of the Allium family because from one seed,
multiple plants form. Morphology of maize (Wu et al., 2003; Tetio-Kagho and Gardener,
1988) grown at high plant populations compared to other monocots, onion and chive,
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indicate these would produce fewer leaves from lateral meristematic tissue and fewer
tillers at more dense plantings.
Spectral Absorbance
Primary factors involving light that affect plant growth are intensity, quality, and
duration (Garner and Allard, 1920). Biomass per unit area and biomass allocation are
altered at high density planting because light spectra availability changes. High density
plantings cause shading and change the R:FR ratio (Garner and Allard, 1920; Ballare et
al., 1994) because light can be absorbed by leaves, transmitted, or reflected in the canopy
(Casal and Smith, 1989). Photosynthesis occurs in the region of PAR (photosynthetically
active radiation) reading 400-700 nm. Planting density can directly impact the amount of
light in a plant canopy because light intensity and distribution change with competition
from neighboring plants. Light can penetrate less dense canopies, reaching the plant
growth surface. Garlic (A. sativum) grown in high light intensity exhibits shorter and
smaller leaves and cells (Rahim and Fordham, 1990).
Leaves at the top of a densely planted canopy primarily absorb red (600 – 700
nm) and blue (400 – 500 nm) light while far-red light is transmitted to leaves in the lower
portion of the plant canopy. The quality of light changes in the shaded canopy because
the R: FR ratio decreases. Sinapis alba and Datura ferox (mustard and pasture weed)
exposed to FR light exhibited an increase in stem elongation but when grown in
environments that synthetically filtered out FR radiation, reduced stem elongation
resulting from high R:FR ratio was observed (Ballare et al., 1990). Wild-type tobacco
(Nicotiana spp.) grown at high plant densities exhibited stem elongation as a result of
plants exposed to R:FR changes and light quality through phytochrome (Ballare et al,
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1994). In contrast, bulb yield in onion is dependent upon light interception by the leaf
canopy (Mondal et al., 1986). A low R:FR, low light intensity, and long photoperiod
result in slower bulb initiation (Wright and Sobeih, 1986).
The amount of blue and green (500 – 600 nm) light spectra is also important for
plant growth. Lettuce grown in only red light had reduced amounts of chlorophyll and
lodged, while lettuce grown in blue light exhibited decreased stem length and produced
shorter plants (Dougher et al., 2003). Green light can also penetrate into lower portions
of the plant canopy, similarly to FR light (Klein, 1992). However, higher amounts of
supplemental green light decreased biomass of lettuce due to reduction of leaf area (Kim
et al., 2006). In the same study, lettuce grown under a combination of red, blue, and
green fluorescent light exhibited a larger leaf area allowing more light penetration in the
canopy. The available spectra are therefore dependent on the planting density of a
species in a crop canopy.

Plant Growth in Response to Elevated CO2 levels
Growth and chemical processes of plants can be altered depending on the CO2
environment in which plants are grown. There are many studies in literature reporting on
the effects of elevated levels of CO2 on plant growth. Growth and biomass of crops in
elevated CO2 environments has been studied to estimate future global food supply
(Leakey et al., 2006; Maroco et al., 1999). This is relevant as research on global food
supply provides information on the phenology of plants grown in elevated CO2 in regard
to accumulation of carbohydrates in the sink, or carbon storage, of plants. The sink in a
plant is a site of active growth with carbohydrates imported from fully expanded source
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leaves (McMahon et al., 2007). In an experiment on shoot biomass and pollen of
ragweed (Ambrosia artemisiifolia L.), plants grown in elevated CO2 (700 µL·L-1)
exhibited higher (61%) amounts of pollen (plant sink) and shoot biomass (63%)
compared to plants grown at ambient CO2 (350 µL·L-1) (Wayne et al., 2002). The above
studies on plants grown in elevated CO2 environments show sinks of maize and ragweed
yielded more biomass than those grown in ambient CO2 environments.
Crop yield has been shown to increase when grown in elevated CO2
environments, but plant ontogeny can also be altered. Biomass and tiller number
increased in wheat plants grown in elevated CO2 at 1200 µL·L-1 (Monje and Bugbee,
1998). In the same study however, the harvest index remained unchanged due to
increased seed yield and seed heads, i.e. an increase in sink strength. The sink in onion is
the bulb storage unit, an interesting contrast to studies in maize and wheat where the sink
is the seed.

Biomass Effects
Carbon dioxide is required for photosynthesis (McMahon et. al, 2002); the carbon
entering in a plant leaf will form glucose, then pyruvic acid, where it is fixed in the
photosynthetic carbon reduction cycle (PCR) to make triose sugar-phosphate (G3P), and
is exported as a six-carbon sugar to the cytoplasm for plant growth processes (Hopkins
and Huner, 2004). A CO2 deficiency can result when drought conditions initiate stomatal
closure. Simultaneously, light absorbed at PS II cannot be used for CO2 fixation, thus
causing a decrease in plant photosynthetic activity (Durchan et al, 2001; Hymus et al.,
2001). A study by Hymus et al. (2001) on plant growth in elevated CO2 (650 µL L-1)
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showed that photosynthesis can increase when there are no plant environmental stressors,
but when plants were grown in low nitrogen with elevated CO2, plant recovery slowed.
The flow of electrons through the electron transport chain (ETC) has been linked to CO2
fixation in maize plants (Krall and Edward, 1992); utilizing chlorophyll fluorescence to
measure plant biomass response to elevated CO2 can indicate the efficiency at which
electrons are utilized in the ETC. Elevated levels of CO2 (700 µL L-1) can cause a
reduction in photosynthetic efficiency of sorghum plants measured for chlorophyll
fluorescence, showing the internal CO2 concentration was low and therefore less CO2
was fixed (Watling et. al, 2000). In addition to a reduction in photosynthetic efficiency,
plants grown under elevated CO2 (1790 µL L-1) exhibited a reduction in chlorophyll
concentrations and therefore lessening the productivity of light harvesting reaction
centers in photosystem II (Ormord, 1999). It is important to note the age of plants when
measurements are taken on plants grown under elevated CO2. Cotton plants were grown
for 28 days and then tested for the effects of CO2 enrichment (675 and 1000 µL L-1);
plants exhibited an increase in total biomass and a decrease in chlorophyll content
(Delucia et al., 1985). However, plants grown long term in elevated CO2 have been
shown to acclimate over time, even after 60 days (Murchie and Horton, 1997). Also,
studies on elevated CO2 vary in the elevated CO2 concentrations, where some studies
include double ambient, 600 µL L-1, for the elevated concentration, and other research
choose 1000 µL L-1 or higher for the elevated CO2 concentration.
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Quantification
Chlorophyll Fluorescence
Chlorophyll fluorescence results from the emission of a photon of light that
excites either PSII or PSI in the electron transport train (ETC); that photon is not used in
the ETC or lost as heat, but fluoresced. Located in the thylakoid membranes of
chloroplasts, the ETC purpose is to use light energy (photons) and H2O to form
carbohydrates and produce energy, NADPH and ATP (Hopkins and Huner, 2004). The
ETC consists of two complexes, Photosystem I (PSI) and Photosystem II (PSII) and are
joined by the cytochrome complex (Hopkins and Huner, 2004). The photosystems are
composed of antenna and reaction center; the antenna chlorophyll molecules absorb the
photons of light and the excitation energy is transferred to the reaction center where the
photochemical oxidation-reduction reactions occur (Hopkins and Huner, 2004).
The process of the ETC is described by Hopkins and Huner (2004) below; this
process takes place if the ETC is not damaged. Light excites PSII and chlorophyll P680
passes an electron to pheophytin (form of chlorophyll a), shuttling energy from the lumen
to the stroma causing PSII to open. Pheophytin then passes an electron to quinine
electron acceptor (QA) causing the PSII to close. The electron is them passed to
plastoquinone (PQ) which is then reduced to plastoquinol (PQH2) and is released to the
PQ pool and after, the cytochrome b6 f complex. At the same time, the pheophytin is
reduced to the cytochrome b6 f complex, electrons reducing the P680 are surrounded by
four manganese ions in the OEC (oxygen-evolving complex); this complex splits water
during four cycles of opening and closing PSII to release one oxygen molecule and four
H+ into the lumen. The PQH2 is diffused through the thylakoid membrane and an
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electron is passed to FeS and Cyt f, and then picked up by plastocyanin (PC). PSI is
excited at P700 and the electron is passed to ferredoxin and P700+ accepts the electron
from PC. Ferredoxin reduces NADP+ with the addition of H+ to NADPH in the stroma.
The coupling factor ATP (CF0-CF1) synthase utilizes protons in the lumen side of the
thylakoid membrane produced from the OEC and the PQ pool; this proton pump allows
ATP synthase to convert ADP with inorganic phosphate to ATP on the stromal side of
the thylakoid membrane (Campbell and Farrell, 2006). The ATP produced by the proton
pump is then utilized by the plant to fix CO2 in the tricarboxylic acid cycle (TCA)
(Campbell and Farrell, 2006). During the process of photosynthetic electron transport,
each CO2 molecule fixed in photosynthesis yields one O2 molecule and four electrons;
these electrons are shuttled through PS II and PS I generating two NADPH (Krall and
Edwards, 1992).
If the ETC is damaged and prevents an electron from being processed, then the
electron can either be lost as heat or fluoresced. The percentage of heat that is lost is
usually low, therefore, if the fluorescence from a plant is measured, the efficiency of the
ETC chain can be determined. If a plant is damaged and the fluorescence percentage is
high, then further analysis can be conducted to determine areas of the ETC that are not
functioning.

Photosynthetic Pigments
Chlorophyll a and b, and carotenoids are major photosynthetic pigments;
chlorophyll a is a primary pigment and chlorophyll b is an accessory pigment (See
Appendix A) (Lichtenthaler, 1987). These pigments belong to isoprenoid plant lipids, or
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prenyl lipids (Lichtenthaler, 1987), therefore they are fat soluble. The chlorophyll a/b
ratio occurs usually in 3 to 1, but growth parameters can alter the ratio (Lichtenthaler,
1987). These photosynthetic pigments absorb energy from light and convert photons into
chemical energy (Dere et al., 1997); chlorophyll a, b, and carotenoids are measured with
a spectrophotometer at 663.2, 646.8, and 470 nm respectively. The absorption spectra of
chlorophyll a and b have major peaks at 400, 625, 663, and 645 nm (Figure 1.1)
(Harborne, 1984).
Carotenoids (See Appendix A) are yellow or orange colored and are comprised of
xanothophylls and carotenes that absorb light energy for photosynthesis to occur.
Located in chromoplasts, plastids not green in color, these carotenoids protect
chlorophyll from damage by photons (Dere et al., 1997). A carotenoid found most often
in vegetables, β-Carotene (Figure 1.2) is a light-absorbing pigment that also protects
chlorophyll a from degradation through photooxidation (Harborne, 1984; Lichtenthaler,
1987). The β -Carotene visible spectrum peak is at 450 nm (Figure 1.2). There is
evidence that carotene levels in plants grown under stress conditions increase as an
abundance of carotenoids can prevent damage to the chlorophyll and thylakoid
membranes located in the chloroplasts (Dere et al., 1997).

Carbon/Nitrogen
The distribution of carbon to nitrogen (C:N) in younger plant tissue is contains
more nitrogen (lower C/N); older, browning vegetation contains more carbon (higher
C/N) (Morgan, 2001). Generally, plants grown in double-ambient CO2 levels have a
higher C:N because there is more carbohydrates or starch accumulation in the leaves, thus
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Figure 1.1. Absorption spectra of chlorophyll a and b, represented by A and B
respectively (Harborne, 1984).
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Figure 1.2. Visible spectrum of β-carotene (Harborne, 1984).
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diluting the percentage of N (Morgan et al., 2001; Arp, 1991). The C:N ratio of plants
grown in supra-elevated CO2 (1200 and 2000 µL L-1) coupled with long-term growth in
elevated CO2 can result in a reduction of N and an increase in C.

Hydroponics and Controlled Environment
Controlled Environment Agriculture (CEA) (Albright, 1990) allows for optimum
plant growth in an environment with specifically set parameters. CEA is important for
NASA because fresh produce grown in a controlled environment provides food for long
duration space flight (Salisbury, 1991). NASA is interested in plant growth response
under elevated CO2 levels because closed environments such as the International Space
Station or a Lunar or Mars outpost potentially have elevated CO2 levels with humans
living in closed quarters. It is crucial to investigate how plant growth is affected by
elevated CO2 if scientists grow food in space.
Two types of systems are used in CEA; plants grown in media (rooting medium)
or in water-nutrient solution (Swiader and Ware, 2002). Hydroponics is the culture of
plants grown without the use of soil which may be an open (non-recirculating) or closed
(recirculating) system allowing water and nutrients to flow through the plant root zone.
Benefits of hydroponic culture are that nutrients and pH can be accurately measured and
plant roots are consistently supplied with water and oxygen (Salisbury, 1991). Growing
media for hydroponic culture may be natural clay, sand, gravel, coconut coir and bark; or
artificial perlite, vermiculite, rockwool and Oasis© (Swiader and Ware, 2002). Oasis©
plant growth media provides aeration, high water holding capacity, a neutral pH and is
sterile (Resh, 1985). Oasis© is typically used commercially to grow starter plugs for
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hydroponic lettuce but because of its sponge-like texture, it can be easily cut into desired
shapes for research purposes to allow for efficient use of growth chamber space.

Research Objectives
The overall goal of this research was to investigate how elevated levels of CO2,
high plant densities, and harvest scheme influence biomass accumulation of three Allium
species, while further investigating the photosynthetic efficiency of Allium grown in
elevated CO2 levels. The purpose of this research was to understand how environmental
factors influence biomass accumulation in Allium during plant development when
harvested over time. Experiments were conducted for selection of Allium species and the
adjustment of environmental conditions under which they were grown. Carbon dioxide
levels, planting density, photosynthate removal/recovery, and spectral absorbance were
analyzed to recommend parameters that maximize edible biomass and plant quality while
maintaining ease of harvesting plant material grown in a small area.
Objectives of this research were to evaluate biomass responses of three Allium
species distinct in growth and development when grown in ambient CO2 levels (~400
µL•L-1) and elevated CO2 levels (1200 µL•L-1; 2000 µL•L-1) at three plant spacings (10,
15, and 20-mm), and harvested either weekly for seven weeks for a total of 70 days, bimonthly for 70 days, or one-time at 70 days. Biomass of plants harvested weekly and bimonthly will be compared with biomass of plants grown undisturbed and harvested at 70
DAP. Furthermore, photosynthetic efficiency of Allium will be investigated by
measuring fluorescence, photosynthetic pigments, and C:N content of plants grown at
each of three CO2 levels (400, 1200 and 2000 µL•L-1).

22

Texas Tech University, Amanda Broome, May 2009
LITERATURE CITED

Advanced Life Support Baseline Values and Assumptions Document (ALS, BVAD).
Crew and Thermal Systems Division, NASA-Lyndon B. Johnson Space Center,
Houston, Texas. May 2002.
Advanced Life Support Research and Technology Development Metric – Fiscal Year
2005 (ALS, Research and Technology Development Metric, FY 2005). A. J. Hanford,
Ph.D. Engineering and Science Contract Group Jacobs Sverdrup Houston, Texas
77058. October 2005.
Albright, L.D. 1990. Environment Control for Animals and Plants, ASAE TextA. cepaok
Number 4, The American Society of Agricultural Engineers, St. Joseph, Michigan.
Arp, W. J. 1991. Effects of source-sink relations of photosynthetic acclimation to
elevated CO2. Plant, Cell and Environment 14: 869-875.
Ballare, C.L., A.L. Scopel, and R.A. Sanchez. 1990. Far-red radiation reflected from
adjacent leaves: an early signal of competition in plant canopies. Science 247 (4940):
329-332.
Ballare, C.L., A.L. Scopel, E.T. Jordan, and R.D. Vierstra. 1994. Signaling among
neighboring plants and the development of size inequalities in plant populations.
Procedures of the National Academy of Science 91: 10094-10098.
Bleasdale, J.K.A. 1966. The effects of plant spacing on the yield of bulb onions (Allium
cepa L.) grown from seed. Journal of Horticulture Science 42: 51-58.
Bleasdale, J.K.A. 1967. The relationship between the weight of a plant part and total
weight as affected by plant density. Journal of Horticulture Science 41: 145-153.
Bornman, J.F., T.C. Vogelmann, and G. Martin. 1991. Measurement of chlorophyll
fluorescence within leaves using a fibreoptic microprobe. Plant, Cell and Environment
14: 719-725.
Brewster, J.L., and P.J. Salter. 1980. The effect of plant spacing on the yield and A.
cepalting of two cultivars of overwintered bulb onions. Journal of Horticulture Science
55 (2): 97-102.
Brewster, J.L. 1990a. Physiology and crop growth and bulbing. In: Onions and Allied
Crops, Volume I A. cepatany, Physiology, and Genetics, Rabinowitch, H.D. and J.L.
Brewster (ed.). CRC Press, Inc., Boca Raton, FL. 1: 53-88.

23

Texas Tech University, Amanda Broome, May 2009
Brewster, J.L. 1990b. Cultural Systems and Agronomic Practices in Temperate Climates.
In: Onions and Allied Crops, Volume II Agronomy, Biotic Interactions, Pathology, and
Crop Protection, Rabinowitch, H.D. and J.L. Brewster (ed.). CRC Press, Inc., Boca
Raton, FL. 1: 2-30.
Brewster, J.L. 1994. Onions and Other Vegetable Alliums, University press, Cambridge,
UK.
Butt, A.M. 1968. Vegetative Growth, Morphogenesis and CarA. cepahydrate Content of
the Onion Plant as a Function of Light and Temperature under Field- and Controlled
Conditions. Mededelingen LandA. cepauwhogeschool Wageningen (Communications
Agricultural University Thesis).
Campbell, M.K., and S.O. Farrell. 2006. Biochemistry 5th Edition, Thompson
Brooks/Cole, Belmont, CA.
Caravetta, G.J., J.H. Cherney, and K.D. Johnson. 1990a. Within-row spacing influences
on diverse sorghum genotypes: I. Morphology. Agronomy Journal 82: 206-210.
Caravetta, G.J., J.H. Cherney, and K.D. Johnson. 1990b. Within-row spacing influences
on diverse sorghum genotypes: II. Dry matter yield and forage quality. Agronomy
Journal 82: 210-215.
Casal, J.J., and H. Smith. 1989. The function, action and adaptive significance of
phytochrome in light-grown plants. Plant, Cell and Environment 12: 855-862.
Castellanos, J.Z., P. Vargas-Tapia, J.L. Ojodeagua, G. Hoyos, G. Alcantar-Gonzalez, F.S.
Mendez, E. Alvarez-Sanchez, and A.A. Gardea. 2004. Garlic productivity and
profitability as affected by seed clove size, planting density, and planting method.
HortScience 39 (6): 1272-1277.
Corgan, J., M. Wall, C. Cramer, T. Sammis, B. Lewis, and J. Schroeder. 2000. Bulb
Onion Culture and Management. Cooperative Extension Service, Circular 563, New
Mexico State University College of Agriculture and Home Economics.
Daymond, A.J., T.R. Wheeler, P. Hadley, R.H. Ellis, and J.I.L. Morison. 1997. The
growth, development and yield of onion (Allium cepa L.) in response to temperature
and CO2. Journal of Horticultural Science 72(1): 135-145.
Decoteau, D.R., and H.A. Hatt Graham. 1994. Plant spatial arrangement affects growth,
yield, and pod distribution of cayenne peppers. HortScience 29(3): 149-151.
Del Pozo, A., P. Perez, R. Morcuende, A. Alonso, and R. Martinez-Carrasco. 2005.
Acclimatory responses of stomatal conductance and photosynthesis to elevated CO2
and temperature in wheat crops grown at varying levels of N supply in a Mediterranean
environment. Plant Science 169: 908-916.
24

Texas Tech University, Amanda Broome, May 2009
Dellacecca, V. and A.F.S. Lovato. 2000. Effects of different plant densities and planting
systems on onion (Allium cepa L.) bulb quality and yield. Acta Horticulturae (ISHS)
533: 197-204.
Delucia, E.H., T.W. Sasek, and B.R. Strain. 1985. Photosynthetic inhibition after longterm exposure to elevated levels of atmospheric carbon dioxide. Photosynthesis
Research 7: 175-184.
Devlin, P.F., M.J. Yanovsky, and S.A. Kay. 2003. A Genomic analysis of the shade
avoidance fesponse in arabidopsis. Plant Physiology 133: 1617-1629.
DeMason, D.A. 1990. Morphology and Anatomy of Allium. In: Onions and Allied
Crops, Volume I A. Botony, Physiology, and Genetics, Rabinowitch, H.D. and J.L.
Brewster (ed.). CRC Press, Inc., Boca Raton, FL. 1: 27-51.
Dougher, T.A.O., C.L. Moore, and R.E. Gough. 2003. Effect of Light Quality on the
Growth of Lettuce in Low Light. Acta Horticulture Proc. XXVI IHC Environmental
Stress 618: 183-192.
Durchan, M., F. Vacha, and A. Krieger-Liszkay. 2001. Effects of severe CO2 starvation
on the photosynthetic electron transport chain in tobacco plants. Photosynthesis
Research 68: 203-213.
Egli, D.B. 1988. Plant density and soybean yield. Crop Science 28: 977-981.
Evans, J.R. 1999. Leaf anatomy enables more equal access to light and CO2 between
chloroplasts. New Phytology 143: 93-104.
Flexas, J., J.M. Escalona, S. Evain, J. Gulias, I. Moya, C.B. Osmond, H. Medrano. 2002.
Steady-state chlorophyll fluorescence (Fs) measurements as a tool to follow variations
of net CO2 assimilation and stomatal conductance during water-stress in C3 plants.
Physiologia Plantarum 114: 231 – 240.
Folster, E. and H. Krug. 1977. Influence of the environment on growth and development
of chives (Allium schoenoprasum L.) II. Breaking of the rest period and forcing.
Scientia Horticulturae 7: 213-224.
Frachebaud, Y., P. Haldimann, J. Leipner, and P. Stamp. 1999. Chlorophyll fluoresecne
as a selection tool for cold tolerance of photysnthesis in maize (Zea mays L.). Journal of
Experimental A. cepatany 50 (338): 1533-1540.
Frappell, B.D. 1973. Plant spacing of onions. Journal of Horticulture Science 48: 119-23.
Fritsch, R.M., and N. Friesen. 2002. Evolution, Domestication and Taxonomy. In:
Allium Crop Science: Recent Advances. H. D. Rabinowitch and L. Currah (ed.).
CABI, Wallingford, UK. 1: 5-30.
25

Texas Tech University, Amanda Broome, May 2009
Garner, W.W. and H.A. Allard. 1920. Effect of the relative length of day and night and
other factors of the environment on growth and reproduction in plants. Journal of
Agricultural Research 18: 553-606.
Gregory, M., R. M. Fritsch, N. W. Friesen, F. O. Khassanov, and D. W. McNeal. 1998.
Nomenclator Alliorum Allium names and synonyms – a world guide, Whitstable Litho
Printers Ltd., Whitstable, Kent, U.K.
Hanelt, P. 1990. Taxonomy, evolution, and history. In: Onions and Allied Crops,
Volume I A. cepatany, Physiology, and Genetics, Rabinowitch, H.D. and J.L. Brewster
(ed.). CRC Press, Inc., A. cepaca Raton, FL. 1: 2-26.
Harborne, J.B. 1984. Phytochemical Methods A guide to Modern Techniques of Plant
Analysis, 2nd Edition, Chapman and Hall, New York, New York.
Hiscox, J.D., and G.F. Israelstam.1978. A method for the extraction of chlorophyll from
leaf tissue without maceration. Canadian Journal of A. cepatany 57: 1332-1334.
Hopkins, W.G., and N.P.A. Huner. 2004. Introduction to Plant Physiology, 3rd Edition,
John Wiley & Sons, Inc., HoA. cepaken, New Jersey. p. 104.
Hymus, G.J., N.R. Baker, and S.P. Long. 2001. Growth in elevated CO2 can A. cepa
increase and decrease photochemistry and photoinhibition of photosynthesis in a
predictable manner. Dactylis glomerata grown in two levels of nitrogen nutrition. Plant
Physiology 127: 1204 – 1211.
Inden, H. and T. Asahira. Japanese Bunching Onion (Allium fistulosum L.) In: Onions
and Allied Crops, Volume III Biochemistry, Food Science, and Minor Crops, Brewster,
J.L. and H. D. Rabinowitch (ed.). CRC Press, Inc., A. cepaca Raton, FL. 8: 159-178.
Jones, H.A., and L.K. Mann. 1963. Onions and Their Allies, Interscience Publishers, Inc.
New York, NY.
Jones, O.R., and G.L. Johnson. 1991. Row width and plant density effects on Texas high
plants sorghum. Journal of Production Agriculture 4 (4): 613-619.
Kasperbauer,, M.J. and D. L. Karlen. 1994. Plant spacing and reflected far-red light
effects on phytochrome-regulated photosynthate allocation in corn seedlings. Crop
Science 34: 1564-1569.
Kim, H-H., R.M. Wheeler, and J.C. Sager. 2006. Evaluation of lettuce growth using
supplemental green light with red and blue light-emitting diodes in a controlled
environment – a review of research at Kennedy Space Center. Acta Horticulturae 711:
111 – 119.

26

Texas Tech University, Amanda Broome, May 2009
Klein, R.M. 1992. Effects of green light on biological systems. Biology Review 67: 199 –
284.
Krall, J.P., and G.E. Edwards. 1992. Relationship between photosystem II activity and
CO2 fixation in leaves. Physiologia Plantarum 86: 180-187.
Krug, H., and E. Folster. 1976. Influence of the environment on growth and development
of chives (Allium schoenoprasum L.) I. Induction of the rest period. Scientia
Horticulturae 4: 211-220.
Lazar, D. 2006. The polyphasic chlorophyll a fluorescence rise measured under high
intensity of exciting light. Functional Plant Biology 33: 9-30.
Leakey, A.D.B., M. Uribelarrea, E.A. Ainsworth, S.L. Naidu, A. Rogers, D.R. Ort, and
S.P. Long. 2006. Photosynthesis, productivity, and yield of maize are not affected by
open-air elevation of CO2 concentration in the absence of drought. Plant Physiology
140: 779-790.
Maroco, J.P., G.E. Edwards, and M.S.B. Ku. 1999. Photosynthetic acclimation of maize
to growth under elevated levels of carA. cepan dioxide. Planta 210 (1): 115-125.
Maxwell, K., M.R. Badger, and C.B. Osmond. 1998. Australian Journal of Plant
Physiology 25: 45-52.
McCollum, G.D. 1976. Onion and allies. In: Evolution of Crop Plants, Simmonds, N.W.
(ed.). Longman Inc., New York. 53: 186-190.
McGeary, D.J. 1985. The effects of plant density on the shape, size, uniformity, soluble
solids content and yield of onions suitable for pickling. Journal of Horticulture Science
60 (1): 83-87.
McMahon, M.J., A.M. Kofranek, and V.E. Rubatzky. 2002. Hartmann’s Plant Science,
3rd Edition, Pearson Education, Inc., Upper Saddle River, New Jersey.
McMahon, M.J., A.M. Kofranek, V.E. Rubatzky. 2007. Hartmann’s Plant Science
Growth, Development, and Utilization of Cultivated Plants, 4th Edition. Pearson
Prentice Hall, Upper Saddle River, New Jersey, p. 216.
Messinger, S.M., T.N. Buckley, and K.A. Mott. 2006. Evidence for involvement of
photosynthetic processes in the stomatal response to CO2. Plant Physiology 140: 771778.

27

Texas Tech University, Amanda Broome, May 2009
Mitchell, R.A.C., C.R. Black, S. Burkart, J.I. Burke, A. Donnelly, L. de Temmmerman,
A. Fangmeier, B.J. Mulholland, J.C. Theobald, M van Oijen. 1999. Photosynthetic
responses in spring wheat grown under elevated CO2 concentrations and stress
conditions in the European, multiple-site experiment ‘ESPACE-wheat’. European
Journal of Agronomy 10: 205-214.
Monje, O., and B. Bugbee. 1998. Adaptation to high CO2 concentration in an optimal
environment: radiation capture, canopy quantum yield and carA. cepan use efficiency.
Plant, Cell and Environment 21: 315-324.
Mondal, M.F., J.L. Brewster, G.E.L. Morris, and H.A. Butler. 1986. Bulb Development
in Onion (Allium cepa L.) II. The influence of Red: Far-red Spectral Ratio and of
Photon Flux Density. Annals of A. cepatany 58: 197-206.
Morgan, J.A., A.R. Mosier, D.R. Lecain, W.J. Parton, and D.G. Michunas. 2001.
Elevated CO2 enhances productivity and the CN ratio of grasses in the Colorado
shortgrass steppe. Proceedings of the XIX International Grassland Congress ID#27-01.
Murchie, E.H., and P. Horton. 1997. Acclimation of photosynthesis to irradiance and
spectral quality in British plant species: chlorophyll content, photosynthetic capacity
and habitat preference. Plant, Cell and Environment 20: 438-448.
NOA (2004) National Onion Association database, updated annually
http://www.onions-usa.org/index.asp
Ormrod, D.P., V.M. Lesser, D.M. Olszyk, and D.T. Tingey. 1999. Elevated temperature
and carbon dioxide affect chlorophylls and carotenoids in Douglas-Fir seedlings.
International Journal of Plant Science 160 (3): 529 – 534.
Peters, R. 1990. Seed Production in Onions and Some other Allium Species. In: Onions
and Allied Crops, Volume I A. cepatany, Physiology, and Genetics, Rabinowitch, H.D.
and J.L. Brewster (ed.). CRC Press, Inc., A. cepaca Raton, FL. 8: 161-176.
Poulson, N. 1990. Chives Allium schoenoprasum L. In: Onions and Allied Crops,
Volume III Biochemistry, Food Science, and Minor Crops, Brewster, J.L. and H. D.
Rabinowitch (ed.). CRC Press, Inc., A. cepaca Raton, FL. 12: 231-250.
Rabinowitch, H.D., and L. Currah. 2002. Allium Crop Science: Recent Advances CABI
Publishing, New York, New York.
Rahim, M.A., and R. Fordham. 1990. Effect of Shade on Leaf and Cell Size and Number
of Epidermal Cells in Garlic (Allium sativum). Annals of A. cepatany 67: 167-171.
Resh, H.M. 1985. Hydroponic Food Production Woodbridge Press Publishing Company,
Santa Barbara, California.

28

Texas Tech University, Amanda Broome, May 2009
Rogers, I.S. 1977. The influence of plant spacing on the frequency distribution of bulb
weight and marketable yield of onions. Journal of Horticultural Science 53 (3): 153161.
Rodkiewicz, T. , and M. Tendaj. 1994. The effect of different factors on growth and yield
of chive clusters. Acta Horticulturae 371: 169-174.
Sager, J.C., J.H. Norikane, A.J. Both, and T.W. Tibbitts. 2005. Quality assurance for
Environment of plant Growth Facilities. ASAE Paper No. 054137. Tampa, FL: ASAE.
Salisbury, F.B. 1991. Lunar Farming: Achieving Maximum Yield for the Exploration of
Space. HortScience 26 (7): 827-833.
Salisbury, F.B., and M.A. Clark. 1996. Choosing Plants to be Grown in a Controlled
Environment Life Support System (CELSS) Based upon Attractive Vegetarian Diets.
Life Support & Biosphere Science 2: 169-179.
Schwimmer, S., and W.J. Weston. 1961. Enzymatic development of pyruvic acid in
onion as a measure of pungency. Journal of Agricultural and Food Chemistry 9: 301304.
Shimazaki, S., Kyowa Seed Co., LTD. Personal communication, October 2004.
Swiader, J.M., and G.W. Ware. 2002. Producing Vegetable Crops, Fifth Edition,
Interstate Publishers, Inc., Danville, Illinois.
Tetio-Kagho, F., and F.P. Gardener. 1988. Responses of maize to plant population
density. I. Canopy development, light relationships, and vegetative growth. Agronomy
Journal 80 (6): 930-935.
Thompson, L., E. Peffley, C. Green, P. Pare, and D. Tissue. 2004. Biomass, flavonol
levels and sensory characteristics of Allium cultivars grown hydroponically at ambient
and elevated CO2. SAE International Paper No. 04ICES-136.
Van Oosten, J.-J., D. Wilkins, and R.T. Besford. 1995. Acclimation of tomato to different
carA. cepan dioxide concentrations. Relationships between biochemistry and gas
exchange during leaf development. New Phytol. 130: 357 – 367.
Watling, J.R., M.C. Press, and W. P. Quick. 2000. Elevated CO2 induces biochemical
and ultrastructural changes in leaves of the C4 Cereal Sorghum. Plant Physiology 123:
1143 – 1152.
Wayne, P., S. Foster, J. Connolly, F. Bazzaz, and P. Epstein. 2002. Production of
allergenic pollen by ragweed (Ambrosia artemisiifolia L.) is increased in CO2-enriched
atmospheres. Annals of Allergy, Asthma, & Immunology 88: 279-282.

29

Texas Tech University, Amanda Broome, May 2009
Wheeler, T.R., A.J. Daymond, J.I.L. Morison, R.H. Ellis, and P. Hadley. 2004.
Acclimation of photosynthesis to elevated CO2 in onion (Allium cepa) grown at a range
of temperatures. Annals of Applied Biology 144: 103-111.
Widders, I.E., and H.C. Price. 1989. Effect of plant density on growth and biomass
partitioning in pickling cucumbers. Journal of the American Society for Horticultural
Science 114 (5): 751-755.
Wright, C.J., and W.Y. Sobeih. 1986. The photoperiodic regulation of bulbing in onions
(Allium cepa L.) I. Effects of irradiance. Journal of Horticultural Science 61 (3): 331335.
Wu, Y., B.A. Kahn, N.O. Maness, J.B. Solie, R.W. Whitney, and K.E. Conway. 2003.
Densely planted okra for destructive harvest: II. Effects on plant architecture.
HortScience 38 (7): 1365-1369.
Xu, P., S. Huisheng, S. Ruijie, and Y. Yuanjun. 1994. Allium Production and Research in
China. Acta Horticulturae 358: 127-131.
Yamaguchi, M. 1983. World Vegetables. Principles, Production, and Nutritional Values.
Van Nostrand Reinhold Comp. Inc., New York, NY.

30

Texas Tech University, Amanda Broome, May 2009
CHAPTER II
BIOMASS OF AND PHENOLOGY OF ALLIUM SPECIES GROWN AT TWO
CARBON DIOXIDE LEVELS, THREE PLANT DENSITIES, AND THREE
HARVEST SCHEMES
Abstract
This research evaluated the effect of carbon dioxide (CO2) level, plant density,
Allium species phenology, and harvest scheme on edible biomass of green salad onions.
The ontogeny of Japanese bunching onion, A. fistulosum; bulbing onion, A. cepa; and
chives, A. schoenoprasum grown at 10, 15, and 20-mm spacings harvested weekly and
harvested bi-monthly was compared to the same species and plant density harvested one
time at 70 days after planting (DAP). Onions were grown hydroponically in
Environmental Growth Chambers (EGC’s) in ambient (~400 µL•L-1) or elevated (1200
µL•L-1) CO2 levels. Weekly removal of shoots began 28 DAP; destructive harvest was
70 DAP. Length and diameter of longest leaf, weight (g), number of leaves/tillers were
recorded weekly. Bulb caliper and weight were taken 70 DAP. Leaves harvested from
Allium species grown in 1200 µL•L-1 CO2 weighed more at 28 DAP than leaves from
Allium species grown in ~400 µL•L-1 CO2; however, there was no difference in leaf
weight of Allium species grown in ~400 µL•L-1 CO2 and 1200 µL•L-1 CO2 for the
remaining harvests. Bunching and bulbing onion leaves were longest at 28 DAP. Chives
were slower to germinate and establish but at 70 DAP had longest leaves of all species.
Leaf diameter of all species increased as spacing increased. At 56 DAP through 70 DAP,
chives grown at all spacings produced more leaves. Mean weight of shoots differed
significantly at the 20-mm spacing; leaves harvested from bulbing onion weighed the
most while leaves harvested from chives weighed the least. Bulb weight for bulbing
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onion and chives increased with increased spacing; bulbing onion weighed significantly
more at 15 and 20-mm compared to the other species and spacing. According to these
results, the species and spacing that would produce a large amount of biomass at one
harvest is A. fistulosum planted at 15-mm and grown for 70 days. However, if a
consistent amount of biomass was desired over a period of time, the species and spacing
selected would be A. cepa grown at 15 or 20-mm.

Introduction
This experiment investigated how elevated levels of CO2, high density plant
spacing, and harvest scheme influences biomass accumulation of three Allium species.
The purpose of this research was to understand how environmental factors influence
biomass accumulation in Allium during plant development when harvested over time.
Carbon dioxide levels, planting density, photosynthate removal/recovery, and spectral
absorbance were analyzed to recommend parameters that maximize edible biomass and
plant quality while maintaining ease of handling plant material grown in a small area.
Objectives of this research were to evaluate biomass responses of three Allium
species distinct in growth and development when grown in ambient CO2 levels (~400
µL•L-1) and elevated CO2 levels (1200 µL•L-1) at three plant spacings, and harvested
either weekly for seven weeks for a total of 70 days, bi-monthly for 70 days or one-time
at 70 days. Biomass of plants harvested weekly and bi-monthly were compared with
biomass of plants that grew undisturbed and were harvested at 70 DAP.
Green shoots of plants harvested multiple times provide edible biomass for
extended periods. This unique accumulation of edible biomass in leaves and bulb make
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onion a versatile candidate for fresh consumption. Plant species grown in elevated CO2
have an initial increase in growth and yield, but as plants age, long-term exposure can
cause reduction in photosynthesis by downregulation of photosynthetic apparatus. In
addition, plants grown in elevated CO2 showed damaged chloroplasts and reduced
chlorophyll (Arp, 1991).
Elevated levels of CO2 (700 µL L-1) can cause a reduction in photosynthetic
efficiency of sorghum plants measured for chlorophyll fluorescence, showing the internal
CO2 concentration was low and therefore less CO2 was fixed (Watling et. al, 2000). In
addition to a reduction in photosynthetic efficiency, plants grown under elevated CO2
(1790 µL L-1) exhibited a reduction in chlorophyll concentrations and therefore lessening
the productivity of light harvesting reaction centers in photosystem II (Ormord, 1999).
It is important to note the age of plants when measurements are taken on plants
grown in elevated CO2. Cotton plants were grown for 28 days and then tested for the
effects of CO2 enrichment (675 and 1000 µL L-1); plants exhibited an increase in total
biomass and a decrease in chlorophyll content (Delucia et. al, 1985). However, plants
grown long term in elevated CO2 have been shown to acclimate over time, even after 60
days (Murchie and Horton, 1997).
This research aims to provide biomass and phenological results on three Allium
species grown in elevated CO2, while leaves from those plants were harvested over time,
providing possible continual harvests. Furthermore, in a small growing area with Allium
growing in close plant spacings, the light quality can be altered. Light spectral
absorbance was measured to quantify light intensity and quality within plant canopy at
each of three plant spacings and three Allium species.
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Materials and Methods
Plant Media
Plants were grown hydroponically in Environmental Growth Chambers (EGCs),
model number GCW15 (Environmental Growth Chamber, Chagrin Falls, OH), using
porous, pH neutral Oasis© 2.54-cm Clean Start Horticubes, medium Thin-cut (CropKing,
Kent, OH) foam media. Oasis© was cut into 12- x 13- x 2-cm “cubes”. The media was
sterilized in a Market Forge autoclave (Everett, MA) for 20 minutes at 122 °C and 15
kg/cm2. After sterilization, the media was covered with aluminum foil to reduce algae
growth. Imprints of 10-, 15-, or 20-mm spacings were transferred onto the surface of the
foil using a template. Holes approximately 5-mm in diameter were torn using tweezers at
each imprint from the template, allowing plant emergence through the foil after
germination. Plant nutrient solution was 20 g 5-11-26 Peter’s Hydro-Sol (Hummert
International, Earth City, MO), 12 g Ca(NO3)2 (Sigma-Aldrich) , and 3.5 ml KOH
(Sigma-Aldrich) per 20 L double distilled H2O.

Plant Material
Seeds of three Allium species, A. cepa ‘Purplette’ (bulbing onion), A. fistulosum
‘Kinka’ (Japanese bunching onion), and A. schoenoprasum ‘Staro’ (common chives)
were double-sown into holes in prepared Oasis© media at 10-, 15-, and 20-mm spacings.
A. cepa and A. schoenoprasum were purchased from Johnny’s Selected Seeds (Albion,
ME, USA) and seeds of A. fistulosum were donated from Kyowa Seeds (Tokyo, Japan).
Approximately two weeks after germination, plants were thinned to one per hole.
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Sowing density at the three spacings were: 10 mm, 132 plants/cube; 15 mm, 52
plants/cube; and 20 mm, 25 plants/cube.

Media and Material Support
A PVC stand 134.62 x 78.74 x 50.80 cm was fit inside an EGC utilizing optimum
space. Planted seeds in Oasis© cubes were supported on 142.24 x 60.96 x 3.81 cm
customized 20 gauge stainless steel tray (TexCraft Inc., Lubbock, TX) that rested on the
PVC stand (See Appendix A- CAD drawing of tray). Each customized tray was
equipped on one 60.96-cm end, a drainage flap measuring 14.61-cm wide; the flap was
made by cutting and folding downward part of the 3.81-cm tray. The end opposite from
the drainage flap was elevated to provide a 2-3 % slope for water to drain across the tray
and out the drainage flap at 2 L/minute flow rate. Trays were lined with 6 ml white poly
plastic film using double-sided tape to ensure unrestricted water movement across tray
surface. The nutrient reservoir was a 75.71 L Rubbermaid© storage tub located under the
drainage spout. A submersible 816.9 L/hour pump (Beckett-Versa Gold brand, Ponds,
Plants, and More, Bentleyville, PA) inside the tub recirculated the solution. Attached to
the pump was an irrigation circuit. A 1.91-cm irrigation valve was attached to a 121.92cm long piece of poly-pipe irrigation tubing (Watermaster, Lubbock, TX). The opposite
end of the tubing, a 1.91-cm T-connector was used to attached to two 30.48-cm sections
of tubing; sides of this tubing were connected to a 6.35-cm long tubing with 1.91-cm
elbow connectors on all sides; the 6.35-cm tubing was then attached using 1.91-cm elbow
connectors to another 6.35-cm section of tubing to allow irrigation to rest on the plant
tray. Finally, the 6.35-cm tubing from the sides was connected with a 1.91-cm elbow to a
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single 60.96-cm tubing, completing the irrigation circuit. Sixteen 6.35-mm couplings
were fitted into the 60.96-cm piece of tubing facing the inside of the circuit; this portion
of the irrigation was positioned and attached on top of the elevated side of the tray using
two C-clamps (Home Depot, Lubbock, TX). Nutrient solution was pumped from the
reservoir through the irrigation tubing and out through the 6.35-mm couplings. The
recirculating process was complete when nutrient solution flowed length-wise across the
tray, out through the drainage flap and back into the reservoir.

Experimental Design
The experimental design was a Completely Randomized Block with a 3 x 3 x 2
factorial and repeated measures. Fixed factors were plant species, spacing, and CO2
level; blocks were random. Repeated measures were harvests. An experimental unit was
a 12- x 13- x 2-cm cube of Oasis© into which were planted A. cepa, A. fistulosum, or A.
schoenoprasum at 10-, 15-, or 20-mm spacing. Experimental units were placed on trays
inside the growth chamber. There were nine experimental units per block and three
blocks per chamber. Total number of experimental units per chamber was 27; there were
two chambers per trial, a total of 54 experimental units per trial. A trial consisted of
plants grown in two chambers: one with ~400 µL·L-1 CO2, the second with 1200 µL·L-1
CO2. An experiment was the sum of repeated trials. Three experiments of same design
with different harvest schemes were conducted. The first experiment was repeated three
times. The second and third experiments were each repeated twice.
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Sample Randomization
Established plants qualified as samples if they were completely surrounded by
neighboring plants on eight sides. Samples were chosen at random. The number of
samples per experimental unit depended on the number of qualifying plants. The
maximum number was ten samples per experimental unit. Qualifying plants were
marked with ballpoint push-pins (Hobby Lobby, Lubbock, TX) to ease identification
during data collection.

Growing Parameters
Growing parameters inside the chamber were recirculating nutrient solution with
flow rate of 2 L/minute, 16 hour light/ 8 hour dark photoperiod, 24 °C light and 20 °C
dark, 75% relative humidity (RH) light and 99% RH dark. Plants were grown in growth
chambers at two CO2 levels: ambient, ~400 µL·L-1 and elevated, 1200 µL·L-1. Elevated
CO2 levels were achieved using canisters of 50lb (256 ft3) CO2 (Airgas, Lubbock, TX)
injected through tubing into the EGC’s and regulated by a WMA-4 CO2 Analyzer (PP
Systems, Haverhill, MA). Light was set at ~550-600 µmol·m-2·s-1 and provided by
fluorescent bulbs (Phillips, 1500 F72T12/cw/VHO, 160W, Texas Tech University
Warehouse, Lubbock, TX) and compact fluorescent bulbs (Lights of America 120V,
60Hz, 14W, Wal-Mart, Lubbock, TX). Seeded cubes were hydrated with double-distilled
water for 24 hours and were then placed inside EGCs.
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Spectrometer Readings
Equipment
A USB2000 portable spectrometer (Ocean Optics, Inc., Dunedin, FL) fit with a
grating measuring best efficiency from 350-850 nm was used to measure spectral
absorbance. Attached to the spectrometer, a 600-micron Fiber (UV/VIS, 2-m) fit with an
irradiance probe and cosine corrector (opaline glass diffusing material) collected
radiation from a 180º field of view. Readings were calibrated weekly using LS-1-CAL
standard lamp, radiometrically calibrated for 300-1050 nm (Ocean Optics, Inc., Dunedin,
FL). Software installed on a Dell Inspiron 8000 for irradiance and color application
calibration was OOIIRRAD-C and OOIBase32 reading data from the USB2000.

Procedure
Spectrometer readings for each of three Allium species planted at 10-, 15-, or
20-mm spacings were taken during Experiment 2 for each of four harvests (28, 35, 49,
and 70 DAP). Data was taken using the USB2000 portable spectrometer for each
treatment prior to harvests. Calibration was performed weekly before utilizing the
spectrometer. The LS-1-CAL was plugged in and warmed for 20 minutes. After
connecting the spectrometer via USB to the laptop with installed OOIIRRAD-C software,
the program was opened and the fiber with cosine corrector end was blocked for a ‘scan
dark’ and inserted into the LS-1-CAL for a ‘scan light’. After calibration, the
OOIIRRAD-C software was closed and using the OOIBase32 software, absolute
irradiance data is collected by ‘scan’. Data were taken at three levels for each of the nine
experimental units (cubes) in a chamber. Scans measured wavelength and intensity. An
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above-canopy reference scan was taken using the ‘scope mode’. Plant canopy readings
were taken at the top one-third, middle two-thirds and a final reading at the base (media
surface) were taken in ‘absorbance mode’. Measurements were configured, plotting
wavelength by absorbance.

Harvests
Experiment 1 – Weekly Harvests - Green Allium shoots were harvested weekly
for a total of seven harvests over 70 DAP (days after planting). The first harvest was 28
DAP; plant leaves were severed with scissors 5-cm from the media surface. Shoots from
samples were collected before the entire cube was harvested. Data taken on severed and
removed leaves was fresh weight (g), width and length of longest leaf (mm), number of
leaves, and number of tillers/plant. Whole plants were harvested at 70 DAP; bulb and
pseudostem weights, diameter, and length were measured and number of leaves and
tillers per plant recorded.

Experiment 2 – Bi-monthly Harvests – Green Allium shoots were harvested bimonthly for a total of four harvests over 70 DAP. Harvests were conducted in the same
manner as Experiment 1, weekly harvests.

Experiment 3 – One-time Harvest – A third experiment with the same design as
Experiment 1 and 2 was conducted except that plants were grown undisturbed for 70
DAP and then whole plants were harvested during a one-time harvest.
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Data Analyses
Experiment 1 – Weekly Harvests - Analysis of Variance (n=10/treatment) was
performed in SAS Version 9.1 (Cary, NC) using Proc Mixed and general linear model
(Proc GLM). Means were separated by Fisher’s Protected Least Significant Difference
(LSD) test (P ≤ 0.05).

Experiment 2 – Bi-monthly Harvests and Experiment 3 – One-time Harvest Analysis of Variance (n=10/treatment) was performed in SAS Version 9.1 (Cary, NC)
using Proc Mixed and Proc GLM. Means were separated using adjusted Holm’s LSD
test (P ≤ 0.05).

Results and Discussion
Spectral Absorbance
Measurements were similar across A. cepa 400 and 1200 µL·L-1 CO2 treatments
and similar for each of the four harvests. Spectrometer readings for each of three Allium
species planted at 10, 15, or 20–mm spacings taken during Experiment 2 (1200 µL·L-1
CO2, 28 DAP) show changes in the spectral absorbance within plant canopy (Figure 2.1).
Each of the nine treatments have absorbance peaks in the blue (400 – 500 nm), green
(500 – 600 nm), and red (600 – 700 nm) PAR. Measurements for all treatments had
highest absorbance at the top portion of the plant canopy. The middle and base within
canopy measurements were similar for all treatments exhibiting very little spectral
absorbance. Leaves and leaf tips that are near the top portion of the plant canopy were
exposed to high amounts of spectra from the light source while middle and base portions
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of the plant canopy were exposed to low spectral absorbance. Plants growing in low
spectral absorbance levels can exhibit etiolated stems (Dougher et al., 2003), as there is
less available red and blue light in the middle and base portions of the canopy and more
green light (Klein, 1992). The available spectral absorbance within a crop canopy is
therefore not only dependent on the planting density but also the vertical distance from
the light source. All Allium species in our experiment grown at 10-mm densities
exhibited etiolated shoots prior to each harvest, as the spectral absorbance was very low
at the base of these dense canopies. In contrast, plants grown at 20-mm were not
etiolated, although A. cepa did not bulb, suggesting red light was limited at the base of
the canopy.
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Figure 2.1. Spectral absorbance of three Allium species grown at 10, 15, and 20-mm
spacings in elevated (1200 µL·L-1) CO2 and ~650 µmol m2 s-1.
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Weekly Harvests
Shoot Weight
Significant differences were found for CO2 x harvest (p=0.0001), species x harvest
(p=0.0001) and spacing x harvest (p=0.0001). Weight of shoots of plants grown at elevated CO2
was 22% higher than plants grown under ambient CO2 at 28 DAP (Figure 2.2). Shoots harvested
from plants grown in elevated CO2 weighed the same as those of previous week; however
regrowth of shoots from plants grown in ambient CO2 weighed more than the previous week’s
growth. Plants that have increased biomass when grown at elevated CO2 generally have a higher
carbon sink storage capacity (Arp, 1991). The sink of onion is both the bulb and shoots.
Photosynthetic capacity was reduced at higher CO2 levels with continued removal of shoots
because plants grown at elevated CO2 although were initially larger, acclimated over time
resulting in possible decreased photosynthetic activity. Additionally, the bulbs were small in all
three species, especially A. cepa, a bulbing onion; this is attributed to continual removal of
shoots over the course of the 70-day growing period. Wheat grown in elevated CO2 compared to
ambient CO2 showed increase in grain yield (sink capacity), but acclimated after physiological
maturity with no differences in yield (Mitchell et al., 1999). The CO2 level of our study was
three times that of ambient CO2 compared to wheat grown at twice that of ambient CO2 (Del
Pozo et al., 2005; Mitchell et al., 1999). One explanation for differences in biomass results could
be attributed to the continual removal and subsequent regrowth of leaves from plants grown in
elevated CO2. Renewal of biomass of plants grown in elevated CO2 is affected by source/sink
relationships; this may be exacerbated in high CO2 (Arp, 1991). Bulbing onion grown in
appropriate parameters will shuttle excess C in the leaves to the bulb and basal region of the
plant (Brewster, 1994). However, in our study, the onion leaves were removed weekly,
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continually removing regrowth consisting of C; this removal coupled with the elevated CO2 most
likely was the attributing factor to poor bulb development of the bulbing onion.
Weight of shoots of plants grown in ambient CO2 never surpassed the weight of those
grown at elevated CO2. Therefore, elevated CO2 appeared not to be a detriment to yield at any
harvest. Biomass was not significantly increased for plants grown in elevated CO2 because shoot
tips of plants were yellow and brown. Similarly, wheat grown at elevated CO2 had reduced
biomass and photosynthetic activity attributed to decreased chlorophyll and stomatal
conductance causing plants to overheat (Del Pozo et al., 2005). Weight of shoots declined for A.
cepa elevated and ambient CO2 after 49 DAP; plants weighed significantly less at 70 DAP than
at 28.
Weight of shoots of A. fistulosum and bulbing onion across all harvests had few
significant differences (Figure 2.3). A. cepa had a slight increase early and then regrowth of A.
cepa steadily declined. Weight of shoots of chive was significantly less than A. fistulosum and
bulbing onion until 49 DAP. Thereafter weight declined as in A. fistulosum and bulbing onion.
There was no significant difference in weight of shoots between the three species at 70 DAP.
The Baseline Values and Assumptions Document (BVAD) (2002) recommended bulb
onion as a candidate crop for consumption by NASA crew in space. Onion has been researched
in the Closed Ecology Experiment Facilities (CEEF) and in 2005 reported A. fistulosum as a
potential food crop for CEEF and NASA (Masuda et al., 2005). Onions grown in the CEEF at
10.8 plants m2 produced 32.69 g/d/m2 (fresh wt.) while A. fistulosum grown at 104.3 plants m2
produced 170.74 g/d/ m2 (fresh wt.). A. cepa and A. fistulosum grown in the Texas Tech
University (TTU) growth chambers grown at 1,600 plants/m2 could supply over 7 weeks more
fresh plant material without destructively harvesting the crop than onions grown in the CEEF
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experiments. Less crew time and resources could be used to produce edible biomass rather than
growing Allium to maturity. Additionally, there would be substantial plant material left to either
continue growing the crop or consume the bulb/pseudostems.
Means of plant shoot growth for spacing were not significantly different at the initial
harvest, 28 DAP (Figure 2.4). By 42 DAP, weight of shoots of plants harvested from 10-mm
weighed significantly less than 15-mm which weighed significantly less than 20-mm. Plants
grown at 20-mm weighed the most and plants at 10-mm weighed the least for the remainder of
the experiment. Plants grown at 10-mm at each harvest decreased in shoot weight.
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Figure 2.2 Allium shoot weights/plant grown in ambient and elevated (400 and 1200 µL·L-1)
CO2 at each of 7 harvests. CO2 level means followed by the same letter were not significantly
different across harvests (P>0.05, protected LSD), n = 54. Harvest 28 and 56 DAP are
significantly different (noted by *).
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Figure 2.3. Allium shoot weight/plant of three species (A. fistulosum, A. cepa, and A.
schoenoprasum) at each of 7 harvests grown at 400 and 1200 µL·L-1 CO2. Species means at a
harvest followed by the same letter were not significantly different (P>, protected LSD), n = 42.
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Figure 2.4 Allium shoot weight/plant of 3 spacings at each of 7 harvests averaged over 3 species
(A. fistulosum, A. cepa, and A. schoenoprasum). Spacing means at a harvest followed by the
same letter were not significantly different, (P>0.05), protected LSD).
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Bi-monthly Harvests
Shoot Weight
Significant differences were found for CO2 x species x harvest (p=0.0009) and species x
spacing x harvest (p=0.0026). Carbon dioxide level and harvest affected weight of shoots of A.
fistulosum and bulbing onion, but chive shoot weight was not affected (Figure 2.5). Weight of
shoots of A. fistulosum and bulbing onion grown at elevated CO2 weighed more at 28 and 42
days than plants grown in ambient CO2. A. fistulosum and bulbing onion grown in elevated CO2
exhibited an increase in shoot weight at 42 DAP but decreased in shoot weight after 42 DAP.
Both A. cepa and A. fistulosum can grow long leaves, up to 1 m (Inden and Asahira, 1990), while
chives have narrow leaves (Poulson, 1990) resulting in less biomass produced from shoot
weight.
Weight of shoots for A. fistulosum and A. cepa grown at 10-mm spacings on average
weighed significantly less across all harvests than those grown at 15- and 20-mm spacings
(Figure 2.6). For A. fistulosum, plants grown at 15- and 20-mm spacings weighed significantly
more than those of 10-mm at harvests 42, 56, and 70 DAP. Bulbing onion grown at 15 and 20mm spacings weighed significantly more than 10-mm spacings at harvest 42 and 56 but all three
spacings weighed the same at final harvest (70 DAP). The resulting reduction of weight grown
in more densely planted spacing regardless of plant species follows results from previous
research (Rodkiewicz and Tendaj, 1994; Caravetta et al., 1990a). A. cepa and A. fistulosum
exhibited an increase in shoot weight after the first harvest (28 DAP) with decreasing weight of
shoots after 42 DAP. Weight of chives was not different for the three spacings until 56 and 70
DAP, attributed to a proliferation of shoot growth; chive shoot weight for 20-mm increased at
each harvest and weighed more than shoots grown at 15 and 20-mm spacings (Figure 2.6).
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Figure 2.5. Weight of shoots (± SEM) harvested from Allium plants grown in ambient and
elevated (400 and 1200 µL·L-1) CO2 at each of 4 harvests, n = 48. JBO = A. fistulosum, BO = A.
cepa, and CC = A. schoenoprasum. Means followed by the same letter were not significantly
different at harvests (P > 0.05).
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Figure 2.6. Weight of shoots (± SEM) harvested from Allium plants (JBO = A. fistulosum, BO =
A. cepa, and Chive = A. schoenoprasum) grown at 10-, 15-, or 20-mm spacings at each of 4
harvests (n=54). Means followed by the same letter are not significantly different at harvests
(P>0.05, protected LSD).
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Number of Leaves
Significant differences were found for CO2 x harvest (p=0.0244) and species x spacing x
harvest (p<0.0001). Numbers of leaves of plants grown at elevated and ambient CO2 were not
significantly different until final harvest at 70 DAP where ambient plants had more leaves than
plants grown at elevated CO2 (Figure 2.7). The difference in leaf number at the final harvest
could be attributed to a visible reduction of N in the plant canopy of plants grown in elevated
CO2.
Number of leaves of A. fistulosum and A. cepa were not significantly different for each of
the three spacings or CO2 levels (Figure 2.8); this is consistent with data on maize grown at
elevated CO2 which exhibited no difference in leaf number compared to ambient CO2 levels
(Driscoll, et al., 2006). However, chive leaf number did increase at each harvest, and at 70 DAP,
plants grown at 20-mm had about 6 leaves per plant while 15-mm had less than 5 leaves per
plant and 10-mm had less that 4.5 leaves per plant. The increase in leaf number for chives is
attributed to chive ontogenical tillering (Jones and Mann, 1963; Rodkiewicz and Tendaj, 1994);
chives are perennial plants that clump and tiller as they age, therefore attributing to the increase
in leaf number in chive at 70 days.

52

Texas Tech University, Amanda Broome, May 2009

3.5
Elevated
Ambient
3.0

b
a

2.5
Number of Leaves/plant

a

a
a

a

a

a

2.0

1.5

1.0

0.5

0.0
28

42

56

70

DAP

Figure 2.7. Number of leaves per plant (± SEM) of Allium species grown in 400 and
1200 µL·L-1 CO2 at each of 4 harvests, n = 54. Carbon dioxide levels within a harvest
followed by the same letter were not significantly different, P>0.05, protected LSD.

53

Texas Tech University, Amanda Broome, May 2009

7
JBO 10-mm
JBO 15-mm
JBO 20-mm
BO 10-mm
BO 15-mm
BO 20-mm
CC 10-mm
CC 15-mm
CC 20-mm

Number of Leaves/plant

6

5

4

3

2

1
20

30

40

50

60

70

80

DAP

Figure 2.8. Number of leaves per plant (± SEM) at 28, 42, 56, and 70 days after planting
(DAP) for species and spacing, P>0.05, protected LSD), n = 72).

54

Texas Tech University, Amanda Broome, May 2009
Longest Leaf Length
Significant differences were found for CO2 x species x harvest (p<0.0001) and spacing x
harvest (p<0.0001). Similar to the number of leaves data above, A. fistulosum and A. cepa
grown at elevated CO2 had longer leaves compared to ambient CO2 at 28 and 42 DAP but at 56
and 70 DAP, leaves grown in ambient CO2were longer than those grown in elevated CO2 (Figure
2.9). It was observed in our research that shoot tips from Allium grown in elevated CO2 had
chlorotic and necrotic lesions, therefore reducing the length of shoots. Chives exhibited no
difference of leaf length between CO2 levels at 28 DAP, but for the remainder of the experiment,
chives grown in ambient CO2 were longer than those grown at elevated CO2 levels (Figure 2.9),
attributed to the natural growth habit of chive.
Longest leaf lengths for each spacing were not different at 28 DAP, but were
significantly different for the remainder of the experiment (Figure 2.10). On average, plants
grown at 20-mm spacings had longer leaves that plants grown at 15-mm which were longer than
plants grown at 10-mm. At 42 DAP, Allium plants for all species had the longest leaves, and
length decreased at 56 and 70 DAP for all three spacings, following natural senescence patterns.
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Figure 2.9. Length of longest leaf per plant harvested from Allium plants grown under
400 µL L-1 and 1200 µL L-1 CO2 grown at 10-, 15-, or 20-mm spacings at 4 harvests,
n = 72 (P>0.05, protected LSD).
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Figure 2.10. Individual longest leaf length (mm) of plants grown at 10-, 15-, and 20-mm
spacings at each of 4 harvests, n = 42. Spacing means within a harvest followed by the
same letter are not significantly different for each harvest (P>0.05), protected LSD).
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Longest Leaf Diameter
Significant differences were found for species (p<0.0001), CO2 x harvest (p<0.0001) and
spacing x harvest (p<0.0001). Leaf diameter of A. fistulosum and A. cepa were not significantly
different but chive leaf diameter was significantly less than A. fistulosum and A. cepa (Figure
2.11). Chive leaves are narrow (Poulson, 1990) and bunching onion and bulbing onion leaves
are much wider. Leaf diameter of plants grown in elevated CO2 was more than plants grown in
ambient CO2 at 28 and 42 DAP (Figure 2.12). There was no difference between leaf diameter of
elevated and ambient CO2 at 56 and 70 DAP. This data suggests that at the beginning of the
experiment, there was more growth in plants grown in elevated CO2; at 56 days leaves of plants
grown in ambient CO2 equaled the leaf diameter with plants grown in elevated CO2. At 56 and
70 DAP leaf diameter of plants grown at 20-mm was larger than plants grown at 15-mm which
were larger than plants grown at 10-mm (Figure 2.13). Leaf diameter was largest at 42 DAP and
decreased until 70 DAP.
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Figure 2.11. Individual longest leaf diameter per plant (± SEM) of three Allium species.
Species means with the same letter were not significantly different (P > 0.05 LSD).
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Figure 2.12. Diameter of longest leaf ( ±SEM) harvested from Allium plants grown under
400 µLL-1 (ambient = amb) and 1200 µL L-1 (elevated = elev) CO2 grown at 10-, 15-, or
20-mm spacings at 70 DAP, (P>0.05 protected LSD).
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Figure 2.13. Individual longest leaf diameter per plant (mm) of plants grown at 10-, 15-,
or 20-mm spacings at each of 4 harvests. Spacing means with the same letter were not
significantly different for each harvest (P.0.05, protected LSD).
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One-time Harvest
Shoot Weight
There were no significant differences for shoot weight among, 4-way, 3-way, or 2-way
interactions. Significant differences were found for the main effects of CO2 (p=0.0001), Species
(p=0.0001) and Spacing (p=0.0001). The main effect of CO2 shows plants grown under ambient,
400 µL L-1 CO2 weighed significantly more than plants grown under elevated, 1200 µL L-1 CO2
(Figure 2.14); this was true regardless of species or spacing. In both previous experiments,
plants grown in elevated CO2 weighed more at 28 days; however, there was no difference in
shoot weight of plants grown in elevated and ambient CO2 after the first harvest at 28 days.
Allium plants grown undisturbed in elevated CO2 grew rapidly at the beginning of the
experiment, following that of the bi-monthly and weekly harvests experiments. However, if
repeated harvests are not conducted, over the course of 70 days, Allium grown in elevated CO2
will not produce as much biomass as plants grown in ambient. Shoots harvested from A.
fistulosum and A. cepa weighed significantly more than chive harvested at 70 DAP (Figure 2.15).
Weight of shoots grown at 20- and 15-mm, less dense spacings, weighed significantly more than
shoots of plants grown at 10-mm, more dense spacings (Figure 2.16).
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Figure 2.14. Weight of shoots per plant harvested from Allium plants grown in 400
µLL-1 and 1200 µLL-1 CO2 grown at 10-, 15-, or 20-mm spacings harvested at 70 DAP,
(P>0.05, protected LSD), n = 36.
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Figure 2.15. Weight of shoots harvested from three Allium species grown in 400 µL L-1
and 1200 µL L-1 CO2 grown averaged across 10-, 15-, or 20-mm spacings harvested at
70 DAP, (P>0.05 LSD), n = 36.
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Figure 2.16. Weight of shoots at 10-, 15-, or 20-mm spacings harvested from Allium plants
grown in 400 µLL-1 and 1200 µLL-1 CO2 at 70 DAP, (P>0.05 LSD), n = 36.
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Number of Leaves
A significant differences was found for CO2 x species (p=0.0001), there were no
significant four-way or three-way interactions. Chives grown in ambient and elevated CO2
produced significantly more leaves than A. fistulosum and bulbing onion, which was not
significantly different in number of leaves produced (Figure 2.17). The data follows that of the
previous bi-monthly harvested experiment in which chive produced more leaves than bulbing
and bunching onion after 56 DAP.
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Figure 2.17. Number of leaves harvested from A. fistulosum, A. cepa, and A.
schoenoprasum plants (±SEM) grown under 400 µLL-1 (ambient) and 1200 (elevated)
µLL-1 CO2 grown at 10-, 15-, or 20-mm spacings harvested at 70 DAP, (P>0.05 LSD),
n = 36.
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Longest Leaf Length
There was a significant interaction of CO2 and species for longest leaf length (p=0.0001).
There was no difference of leaf length for plants grown at elevated CO2. However, the leaf
length of A. fistulosum and bulbing onion was significantly longer than chive when grown under
ambient CO2 (Figure 2.18).
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Figure 2.18. Individual longest leaf length per plant (± SEM) (mm) of Allium species
grown in elevated and ambient CO2 grown for 70 days. Species means, JBO, Bulbing,
and Chive, followed by the same letter are not significantly different for each CO2 level
(P>0.05), n = 36.
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Longest Leaf Diameter
There was a significant main effect of species and spacing effect for longest leaf diameter
(p=0.0001). The leaf diameter of A. fistulosum was significantly wider than bulbing onion,
which was wider than chive (Figure 2.19). Leaf diameter of plants grown at 20-mm spacing was
wider than plants grown at 15-mm which was wider than 10-mm (Figure 2.20).
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Figure 2.19. Individual longest leaf diameter (mm) of Allium species grown for 70 days.
Species means followed by the same letter are not significantly different (P>0.05),
protected LSD, n = 36.
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Figure 2.20. Individual longest leaf diameter (±SEM) (mm) of Allium grown at 10-, 15-,
or 20-mm spacings for 70 days. Spacing means followed by the same letter are not
significantly different (P>0.05, protected LSD), n = 36.

72

Texas Tech University, Amanda Broome, May 2009
Cumulative Harvests Comparison
Cumulative weight of shoots removed from plants weekly and bi-weekly weighed less
than those harvested one time (Table 2.1). Cumulative biomass was greater when grown under
ambient (400 µL L-1) CO2. This phenomenon has been observed in other crops (Del Pozo et al.,
2005; Mitchell et al., 1999). When shoots were harvested once at 70 days, the carbohydrates
were likely shuttled to the sink (bulb) in plants grown under elevated CO2. Two events led to the
observed lower weight of shoots of plants grown at elevated CO2. As onion matures, a bulb is
formed and carbohydrates are shuttled from the shoots to the bulb. In our study, if bulbs were
present at 70 DAP, many were hollow, suggesting reduced amount of shoot production
compared to a large bulb onion with shoots left intact. In this experiment, the carbohydrates
were removed repeatedly when the shoots were severed; carbohydrates were not present to be
shuttled to the bulb.
Cumulative edible plant weights (bulb, pseudostem, and cumulative shoot weight) were
analyzed over the three harvest schemes (Table 2.2). The results follow the same significant
differences in Table 2.1. When weights of bulb and pseudostem were added together, the
overall cumulative weights were not different.
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Table 2.1. Cumulative shoot weights per plant from each harvest of A. fistulosum, A. cepa, and
A. schoenoprasum grown in 400 and 1200 µL L-1 CO2 averaged across three spacings and
harvested one-time, bi-monthly, and weekly over 70 days. 1 Species means within a CO2 level
followed by the same lowercase letter are not significantly different (P>0.05). 2 CO2 means
within a species and harvest followed by the same uppercase letter are not significantly different
(P>0.05).
CO2 (µL L-1)

Species

400

A. fistulosum
A. cepa
A. schoenoprasum
A. fistulosum
A. cepa
A. schoenoprasum

1200

Cumulative Shoot Weight by Harvest
One-time
Bi-monthly
Weekly
5.826 (0.347) a1A2
5.169 (0.347) a A
1.654 (0.362) b A
4.148 (0.347) a A
3.006 (0.347) a A
1.718 (0.362) b B
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1.687 (0.347) a A
1.667 (0.375) a A
1.386 (0.347) b A
2.191 (0.347) a A
2.232 (0.347) a A
1.401 (0.347) b A

1.468 (0.291) a A
1.607 (0.284) a A
1.056 (0.354) b A
1.542 (0.291) a A
1.857 (0.291) a A
1.132 (0.284) b A
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Table 2.2. Cumulative edible plant weights (bulbs, pseudostems, shoot weights at each harvest)
per plant of A. fistulosum, A. cepa, and A. schoenoprasum grown in 400 and 1200 µL L-1 CO2
averaged across three spacings and harvested one-time, bi-monthly, and weekly over 70 days. 1
Species means within a CO2 level followed by the same lowercase letter were not significantly
different (P>0.05). 2 CO2 means within a species and harvest followed by the same uppercase
letter were not significantly different (P>0.05).

CO2 (µL L-1)

400

1200

Species
A. fistulosum
A. cepa
A. schoenoprasum
A. fistulosum
A. cepa
A. schoenoprasum

One-time
6.7133 (0.4123) a1A2
8.5211 (0.4123) a A
2.0656 (0.4291) b A
4.8306 (0.4123) a B
5.7139 (0.4123) a B
2.0911 (0.4291) b A
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Cumulative edible
plant weight by
Harvest
Bi-monthly
2.0656 (0.4123) a A
1.8922 (0.4453) a A
1.6983 (0.4123) b A
2.4233 (0.4123) a A
2.4878 (0.4123) a A
1.7489 (0.4123) b A

Weekly
1.7437 (0.3458) b A
1.9637 (0.3367) b A
1.3352 (0.4198) a A
1.7815 (0.3458) b A
2.2494 (0.3458) b A
1.4626 (0.3366) a A
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Conclusion
Shoots of A. fistulosum and A. cepa grown in elevated CO2 weighed significantly more
than those grown in ambient CO2 at the beginning of experiment; at 70 days, there was no
difference between shoot weights of plants grown at A. cepa CO2 levels. Shoots of A. fistulosum
and A. cepa at elevated CO2 levels weighed more at 28 and 42 days than A. schoenoprasum;
shoots of A. schoenoprasum weighed more than A. fistulosum and A. cepa at 70 days. Shoots of
A. fistulosum and A. cepa harvested at 28 days weighed more and had more leaves than A.
schoenoprasum regardless of density. A. schoenoprasum at 20-mm weighed significantly more
and had more leaves at 70 days. Shoots of A. fistulosum and A. cepa were significantly longer at
28 and 42 days when grown in elevated CO2; A. schoenoprasum grown in ambient CO2 had
longest leaves at 70 days. All of the Allium grown at 20-mm had significantly longer leaf length
and diameter at 42, 56 and 70 days.
The three species of Allium grown in ambient CO2 weighed significantly more than when
grown in elevated CO2. Shoots of A. fistulosum and A. cepa weighed more than A.
schoenoprasum; Allium grown at 20-mm weighed significantly more than at 10-mm spacing. A.
schoenoprasum had significantly more leaves than A. fistulosum and bulbing onion at A. cepa
elevated and ambient CO2. A. cepa and bulbing onion had significantly longer and wider leaves
than chive. Allium grown at 20-mm spacing had significantly wider leaves than 10-mm
spacings.
According to these results, the species and spacing that would produce a large amount of
biomass harvested one time is A. fistulosum planted at 15-mm and grown for 70 days. However,
if a consistent amount of biomass was desired over a period of time, the species and spacing
selected would be A. fistulosum or A. cepa grown at 15 or 20-mm.

76

Texas Tech University, Amanda Broome, May 2009
Literature Cited

Advanced Life Support Baseline Values and Assumptions Document (ALS, BVAD). Crew and
Thermal Systems Division, NASA-Lyndon B. Johnson Space Center, Houston, Texas. May
2002.
Arp, W.J. 1991. Effects of source-sink relations on photosynthetic acclimation to elevated CO2.
Plant, Cell and Environment 14: 869-875.
Clark, A.E., H.A. Jones, and T.M. Little. 1994. Inheritance of bulb color in the onion. Genetics
29: 569-575.
Del Pozo, A., P. Perez, R. Morcuende, A. Alonso, and R. Martinez-Carrasco. 2005. Acclimatory
responses of stomatal conductance and photosynthesis to elevated CO2 and temperature in
wheat crops grown at varying levels of N supply in a Mediterranean environment. Plant
Science 169: 908-916.
Driscoll, S.P., A. Prins, E. Olmos, K.J. Kunert, and C.H. Foyer. 2006. Specification of adaxial
and abaxial stomata, epidermal structure and photosynthesis to CO2 enrichment in maize
leaves. Journal of Experimental Sci. 57 (2): 381-390.
Mitchell, R.A.C., C.R. Black, S. Burkart, J.I. Burke, A. Donnelly, L. de Temmmerman, A.
Fangmeier, B.J. Mulholland, J.C. Theobald, and M van Oijen. 1999. Photosynthetic responses
in spring wheat grown under elevated CO2 concentrations and stress conditions in the
European, multiple-site experiment ‘ESPACE-wheat’. European Journal of Agronomy 10:
205-214.
Masuda, T., R. Arai, O. Komatsubara, Y. Tako, E. Harashima, and K. Nitta. 2005. Development
of a 1-week cycle menu for an advanced life support system (ALSS) utilizing practical biomass
production data from the closed ecology experiment facilities (CEEF). Habitation 10: 87-97.

77

Texas Tech University, Amanda Broome, May 2009
CHAPTER III
PHOTOSYNTHETIC EFFICIENCY AND PHOTOSYNTHETIC PIGMENTS OF ALLIUM
FISTULOSUM GROWN AT THREE CARBON DIOXIDE LEVELS HARVESTED BIMONTHLY

Introduction
It was observed in the previous chapter that plants grown under elevated CO2 have an
initial increase in shoot biomass, but chlorosis and necrosis became evident on the leaves as
those plants aged. In addition, plants grown under high CO2 also show damaged chloroplasts
and reduced chlorophyll (Arp, 1991). Slow saturation of carbohydrate sinks exposed to elevated
CO2 over time resulted in decreased growth (Del Pozo et al., 2005; Mitchell et al., 1999). This
phenomenon has been observed in this research.

Materials and Methods
Plant Media
Plants were grown hydroponically in EGCs in Oasis©, a porous, pH neutral foam media.
Oasis© 2.54-cm Clean Start Horticubes, medium Thin-cut (CropKing, Kent, OH) was cut into
19- x 6- x 2-cm “cubes" and sterilized in a Market Forge autoclave (Everett, MA) for 20 minutes
at 122 °C and 15 kg/cm2. After sterilization, the media was covered with aluminum foil to
reduce algae growth. Imprints of 20-mm spacings were transferred using a template onto the
surface of the foil. Holes approximately 5 mm in diameter were torn using tweezers at each
imprint from the template, allowing plant emergence through the foil after germination.
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Plant Material
Seeds of A. fistulosum ‘Kinka’ [Japanese bunching onion (A. fistulosum)] (Kyowa Seeds,
Tokyo, Japan) were double-sown into holes in prepared Oasis© media at 20 mm spacings.
Approximately two weeks after germination, plants were thinned to one per hole. Sowing
density at 20 mm resulted in 60 plants/cube. Seeded cubes were hydrated with double-distilled
water for 24 hours, placed inside growth chambers and covered with plastic until germination.

Material and Media Support
A PVC stand 134.62- x 78.74- x 50.80-cm was fit inside EGC's, utilizing optimum space.
Planted seeds in Oasis© cubes were supported on 142.24- x 60.96- x 3.81-cm customized 20
gauge stainless steel tray (TexCraft Inc., Lubbock, TX) that rested on the PVC stand. Each
customized tray was equipped on one 60.96-cm end, a drainage flap measuring 14.61-cm wide;
the flap was made by cutting and folding downward part of the 3.81 cm tray. The end opposite
from the drainage flap was elevated to provide a 2-3 % slope for water to drain across the tray
and out the drainage flap at 2L/minute flow rate. Trays were lined with 6 ml white poly plastic
film using double-sided tape to ensure unrestricted water movement across tray surface. The
nutrient reservoir was a 75.71 L Rubbermaid© storage tub located under the drainage spout. A
submersible 816.9 L/hour pump (Beckett-Versa Gold brand, Ponds, Plants, and More,
Bentleyville, PA) inside the tub recirculated the solution. Attached to the pump was an irrigation
circuit. A 1.91 cm irrigation valve was attached to a 121.92-cm long piece of poly-pipe
irrigation tubing (Watermaster, Lubbock, TX). The opposite end of the tubing, a 1.91-cm Tconnector was used to attached to two 30.48-cm sections of tubing; sides of this tubing were
connected to a 6.35-cm long tubing with 1.91-cm elbow connectors on both sides; the 6.35-cm
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tubing was then attached, using 1.91-cm elbow connectors to another 6.35-cm section of tubing
to allow irrigation to rest on the plant tray. Finally, the 6.35-cm tubing from both sides were
connected with a 1.91-cm elbow to a single 60.96-cm tubing, completing the irrigation circuit.
Sixteen 6.35-mm couplings were fitted into the 60.96-cm piece of tubing facing the inside of the
circuit; this portion of the irrigation was positioned and attached on top of the elevated side of
the tray using two C-clamps (Home Depot, Lubbock, TX). Nutrient solution was pumped from
the reservoir through the irrigation tubing and out through the 6.35-mm couplings. The
recirculating process was complete when nutrient solution flowed length-wise across the tray,
out through the drainage flap and back into the reservoir.

Experimental Design
The design was a Completely Randomized Design (CRD) with repeated measures. The
treatment was CO2 level: 400, 1200, and 2000 µL·L-1. Repeated measures were harvests. An
experimental unit was a 12- x 13- x 2-cm cube of Oasis© into which was planted A. fistulosum
seeds at 20-mm spacing. Plants were placed on trays inside the growth chamber. There were
three chambers per trial set at ~ 400, 1200, or 2000 µL·L-1 CO2; two trials were conducted.

Growing Parameters
Growing parameters inside the chamber were recirculating nutrient solution with flow
rate of 2 L/minute, 16 hour light/8 hour dark photoperiod, 24 °C day and 20 °C night, 75%
relative humidity (RH) day and 99% RH night. Nutrient solution of 20 g 5-11-26 Peter’s HydroSol (Hummert International, Earth City, MO), 12 g Ca(NO3)2 (Sigma-Aldrich) , and 3.5 ml KOH
(Sigma-Aldrich) was mixed with 20 L double-distilled H2O. Plants were grown in growth
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chambers at three CO2 levels, ~ 400, 1200, or 2000 µL·L-1. Elevated levels of CO2 were
achieved using canisters of 50 lb (256 m3) CO2 injected through tubing into the EGC’s and
regulated by a WMA-4 CO2 Analyzer (PP Systems, Haverhill, MA). Light was set at ~550-600
µmol·m-2·s-1 and provided by fluorescent bulbs (Phillips, 1500 F72T12/cw/VHO, 160W, Texas
Tech University Warehouse, Lubbock, TX) and compact fluorescent bulbs (Lights of America
120V, 60Hz, 14W, Wal-Mart, Lubbock, TX).

Harvests
Green shoots were harvested bi-monthly for a total of four harvests over 70 DAP (days
after planting). The first harvest was 28 DAP and severed with scissors 5 cm from experimental
unit surface. Sample plants chosen for harvest were randomly selected and were surrounded on
all eight sides by plants, achieving true 20-mm spacings. Shoots from samples were collected
before the entire cube was harvested. Data taken on shoots per plant from samples were fresh
weight (g), width and length of longest leaf (mm), number of leaves, dry weight (g), C, N, and
protein content, chlorophyll a, b, and carotenoids. Entire sample plants were harvested at 70
DAP; bulb and pseudostem weights, diameter, and length were measured and number of leaves
and tillers per plant recorded.

Fluorescence Measurements
A. fistulosum plants were severed with scissors at 5 cm from the media surface. Plants
were harvested in two-week intervals beginning 28 DAP, allowed two weeks regrowth, and
harvested at 42, 56, and 70 DAP. Five to seven plants were randomly selected from each CO2
treatment, 400, 1200, or 2000 µL·L-1, and reserved for analysis utilizing a pulse-amplitude
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modulation fluorometer (PAM – 103 chlorophyll fluorometer). Shoots from plants were dark
acclimated for four hours before measuring fluorescence and a ratio calculated with the
following formula which solves for the ratio of quantum yield emitted from Photosystem II
(Hopkins and Huner, 2004):
(Fm – Fo)/Fm = Fv/Fm

Where Fm = maximum fluorescence, Fo = ground state fluorescence (Fv = Fm – Fo). The longest
leaf from each sample plant was measured at the severed portion (5-cm from plant base), middle
portion, and leaf tip. The set actinic light intensity = 4, gain = 11, damping = 6, and frequency of
modulated light was 100 kHz. Duration of saturation pulse was 100 ms using the flash trigger
control. Readout was produced using a Fisher Recordall Series 5000 at the 10 volt scale with
5 cm per minute/1. Fluorescence was calculated using a ruler to measure ratios in mm and
recorded in a spreadsheet.

Chlorophyll and Carotenoid Extraction
At each of four harvests, 28, 42, 56, and 70 DAP, the longest leaves from A. fistulosum
plants (n=7) for each CO2 treatment were analyzed for chlorophyll a, chlorophyll b, and
carotenoid content at the severed portion (5 cm from the plant base), middle portion, and leaf tip,
or top of the canopy. Tissue from the longest leaf at each of the three measurements was
collected using a 5-mm punch. The fresh leaf sample was then preserved in 1 mL 80% acetone
(20% water) for 24 hours. The sample was then centrifuged at 13,000 g for 5 minutes. The
supernatant was then read using a spectrometer at 663.2, 646.8, and 470 nm to determine amount
of chlorophyll a, chlorophyll b, and carotenoid in each sample. Samples were then preserved in
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1 mL of 100% acetone for another 24 hours. The samples again were centrifuged and read in a
spectrometer at 661.6, 644.8, and 470 nm to ensure total chlorophyll was leached from sample.
Total chlorophyll content was calculated using the formula (Lichtenthaler, 1987):

7.15 x A663.2 + 18.71 x A646.8

Total carotenoid content was calculated using the formula (Lichtenthaler, 1987):

7.15 x A663.2 + 18.71 x A646.8

Carbon and Nitrogen Analysis
Total carbon and nitrogen (C and N) were determined in green onion shoots harvested at
28, 42, 56, and 70 DAP allowing for two weeks shoot growth between harvests; plants left
undisturbed and harvested at 70 DAP were also analyzed for C:N. Samples were dried in an air
oven (100 oC) and ground into powder using a ballmill 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, New Jersey, USA) was used as a standard. Duplicate samples were
analyzed and averaged.
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Data Analyses
Photosynthetic Pigments, Fluorescence measurements, C/N
Analysis of variance (n=7) was performed in SAS Version 9.1 (Cary, NC) using Proc
Mixed and Proc GLM. Treatment effects were significant at P ≤ 0.05 and means were separated
using Least Significant Difference.

Results and Discussion

Photosynthetic Efficiency determined by Fluorescence
There was no statistical difference of fluorescence yield between A. fistulosum leaves
severed from plants grown in 400, 1200, and 2000 CO2. The apparent visual difference in
leaves from plants grown in each CO2 level is not attributed to the activity of PSII. Because
these A. fistulosum leaves were photosynthetically efficient, or able to process electrons through
the ETC, the accumulation of carbohydrates and photosynthetic pigments were investigated by
measuring chlorophyll a, b, carotenoid, and C:N for each treatment.

Chlorophyll a and b, and Carotenoid Content
Total chlorophyll content taken from leaf tips of A. fistulosum plants grown in 400 CO2
levels was highest at 28 and 42 DAP (Figure 3.1). After two weeks of shoot regrowth from the
previously harvest plants, leaf tips harvested at 56 and 70 DAP had less total chlorophyll than the
previous harvest. Total chlorophyll content was lowest at 70 DAP for all CO2 levels. This
pattern of decreased chlorophyll content over time was the same for those plants grown in 2000
CO2. A. fistulosum grown in 1200 CO2 had highest chlorophyll content at 28 DAP and decreased
in chlorophyll content at each subsequent harvest. A decrease in chlorophyll content could be
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attributed to the natural aging process of a plant coupled with the removal of photosynthate in
two-week increments.
Carotenoid content increased in leaves removed from plants at all CO2 levels from 28
DAP with fourteen days regrowth and harvested at 56 DAP (Figure 3.2). Carotenoid content
decreased at 70 days. The carotenoid content, although a sometimes indicator of plant stress, did
not vary between CO2 treatments; the physical stress on the plants from repetitive harvests and
therefore carbohydrate removal, could attribute to increased carotenoid content in A. fistulosum
leaves at 56 DAP. In addition, the decrease in chlorophyll, caused by reduced N content in
plants grown in elevated CO2 over time also unmasks the carotenoid color in the shoots.
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Figure 3.1. Total chlorophyll (a + b) ±SEM, mg/g fresh weight (FW) of A. fistulosum leaf tips
harvested at 28, 42, 56, and 70 DAP grown in 400, 1200, and 2000 µL·L-1 CO2, n=60.
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Figure 3.2. Total carotenoid content ±SEM mg/g fresh weight (FW) of A. fistulosum leaf tips
harvested at 28, 42, 56, and 70 DAP, 400, 1200, and 2000 µL·L-1 CO2, n=60.
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Carbon and Nitrogen Analysis
Leaves of A. fistulosum grown and harvested at 28 DAP in supra-optimal, 2000 µL L-1
CO2, had a higher C:N ratio than leaves grown in 1200 or 400 µL L-1 CO2 (Figure 3.3) following
results from other studies investigating C:N content in elevated CO2 (Morgan et al., 2001; Arp,
1991).

A higher carbon than nitrogen percentage in onion leaves grown and harvested over

time at 28, 56, and 70 days in elevated CO2 levels proves likely that the increase in plant shoot
biomass from the previous study in Chapter II is attributed to a high C:N. Leaves of A.
fistulosum grown undisturbed and harvested at 70 DAP weighed more when grown in 2000 µL
L-1 compared to leaves of plants grown in 1200 and 400 µL L-1 CO2. Likewise, in replicated
experiments, the chlorophyll content was less in plants grown in 2000 µL L-1 CO2. The C:N
ratio of plants grown in supra-elevated CO2 (1200 and 2000 ppm), coupled with long-term
growth in elevated CO2 resulted in an increased C and decreased N content in the shoots.
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Figure 3.3. Ratio of percent of C/N of A. fistulosum leaves grown in 400, 1200, and 2000 µL·L-1
CO2 harvested four times at bi-weekly harvest intervals, compared to leaves harvested one-time
at 70 DAP.
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Conclusion
Similar to the shoot weight data from Chapter II, total chlorophyll content (a + b) was
higher in leaves from plants at all CO2 levels at 28 days and lowest in leaves from plants grown
in 2000 CO2 at 70 days. Although photosynthetically efficient, plants grown in 2000 CO2
exhibited a higher C:N ratio; the leaves were high in C, low in N, which resulted in decreased
chlorophyll content. Carotenoids increased in leaves from plants at all CO2 levels with the
highest at 56 DAP. Leaves taken from all CO2 levels showed lower carotenoid levels at 70 DAP.
Leaves from plants grown at all CO2 levels were photosynthetically efficient. The yellowing is
most likely attributed to the chlorophyll content and subsequent N content decreasing in plants
grown in 2000 CO2. As the crop aged, necrosis on plant tips grown in prolonged supra-optimal,
elevated CO2 became evident, likely resulting from an increase in C content.
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CHAPTER IV
OVERALL CONCLUSIONS AND IMPLICATIONS

Allium species of Japanese Bunching Onion, Bulbing Onion, and Chive, grown at high
density plantings, 10, 15, and 20-mm spacings, can be harvested for green shoots green shoots
multiple times during a 70-day growing period. Furthermore, these Allium species can
proliferate and provide edible biomass when grown in both ambient (400 µL L-1) and elevated
CO2 levels (1200 and 2000 µL L-1). Shoots of A. fistulosum and A. cepa grown in elevated CO2
weighed significantly more than those grown in ambient CO2 at the beginning of multiple
harvest experiments; at 70 days, there was no difference between shoot weights of plants grown
at either CO2 levels. Spectral absorbance available within the plant canopy was least in plants
grown at 10-mm spacings. All three plant species exhibited etiolated shoots when grown in 10mm spacings; the optimum plant spacing in this study was 20-mm which allowed for less
planting time (fewer seeds planted) and a large amount of plant biomass when harvested over
time and at 70 days. In Chapter II, marked visual differences in shoot color, specifically
chlorotic leaf tips as well as necrotic biomass, in Allium grown in elevated (1200 µL L-1 CO2)
prompted further investigation into the photosynthetic efficiency, chlorophyll and carotenoid
content, as well as C:N of leaf samples.
In Chapter II, the species and spacing yielding the largest amount of biomass is A.
fistulosum planted at 15-mm and grown undisturbed, harvested at 70 days. However, if a
consistent amount of biomass was desired over a period of time, the species and spacing selected
would be A. fistulosum or A. cepa grown at 15 or 20-mm.
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Similar to biomass shoot weight results in Chapter II, the total chlorophyll content
(a + b) was higher in leaves from plants at all CO2 levels at 28 days and lowest in leaves from
plants grown in 2000 CO2 at 70 days in Chapter III. Although there was degradation or absence
of chlorophyll in Allium leaf tips in plant grown in high CO2 levels, all plants regardless of
treatment were found to be photosynthetically efficient. Perhaps the accumulation of C,
increasing the C:N ratio in plants grown in elevated CO2 contributed to the diluted amount of N
and therefore chlorophyll. Carotenoid content increased in leaves from plants at all CO2 levels
with the highest at 56 DAP, suggesting possible stress conditions in regard to increased CO2
levels.
This research focus was primarily over the impact of CO2 level on the edible biomass
harvested from Allium leaves. The vast amount of literature on plants grown in elevated, or
supra-optimal CO2 levels, ranges from enhancing biomass production, to stunting biomass over
the long-term. The plant response to elevated CO2 levels is dependent on species, specifically in
regard to the vegetative and reproductive growing period. The three Allium species grown in this
research produced edible biomass, green shoots, over a period of time from 28 to 70 DAP. The
larger amount of biomass produced at each of the first harvests, 28 days, in elevated CO2 levels,
follow that of other research on vegetable crops such as radish. However, over an extended
period of vegetative growth, the impact of elevated CO2 on Allium shoots was no different from
plants grown in ambient CO2 levels. Therefore, A. fistulosum, A. cepa, and A. schoenoprasum
are all candidate crops that could be grown in supra-elevated CO2 (2000 µL·L-1 CO2) while still
continuing to produce edible biomass comparable to an ambient CO2 environment. Furthermore,
this research shows that the three Allium species grown in elevated CO2 were photosynthetically
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efficient, while exhibiting an increase in leaf carbon, thus diluting C:N, while also exhibiting a
lessened amount of chlorophyll present when compared to plants grown in ambient CO2.
Another important aspect of this research was to determine which species, spacing and
harvest scheme produced edible biomass; this data was determined on a per plant basis. The
weight of biomass calculated on a per plant basis allows results to be utilized to estimate biomass
production for future harvest schemes, dependent on growing space allotted.
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APPENDIX A

Figure A.1. Common structures of carotenoids, β-carotene, and chlorophyll a and b with N
(Harborne, 1984).
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APPENDIX B

Figure B.1. Experimental design for each growth chamber experiment. Treatments were
randomized and consisted of Allium species paired with a spacing Staro = A. schoenoprasum,
Purp = A. cepa, and Kinka = A. fistulosum.
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