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Abstract
The goal of this dissertation was to elucidate the mechanisms contributing to seed
persistence in the soil, and subsequent plant fitness, using wild oat (Avena fatua L.) as a
model species. Experiments examined the effects of elevated carbon dioxide and drought
during seed maturation on wild oat fecundity and seed quality (as measured by chemical
composition, dormancy levels, and resistance to microbial decay and aging). It was
hypothesized that elevated atmospheric carbon dioxide would mitigate drought-induced
reductions in seed quality, increasing seed size and production, enhancing dormancy
levels and conferring greater resistance to microbial attack and age-related deterioration.
A related goal was to determine the accuracy and specificity of spectrophotometric
methods of determining phenolic concentrations, by comparison to gas chromatographymass spectrometry. It was hypothesized that the spectrophotometric assays would be less
accurate in quantifying total phenolic concentration, depending on the specificity of the
reagents. In addition, it was hypothesized that the different extraction procedures used in
conjunction with the spectrophotometric assays would lead to differential extraction and
measurement of phenolic compounds. For the methods comparison experiment, it was
found that the spectrophotometric methods significantly overestimated phenolic
concentrations compared with GC-MS analysis, with concentrations that were 0.00512% of the totals indicated by GC-MS. In addition, the simpler extraction procedures
recommended for the spectrophotometric analysis did not extract bound compounds,
thereby missing a major portion (up to 98%) of the phenolic constituents. Therefore, it
was determined that GC-MS analysis and extraction of the bound phenolics was
appropriate in order to study the chemical composition of seeds. Analysis of the organic
acid constituents of wild oat revealed that elevated carbon dioxide appeared to affect the
concentrations of phenolic, aliphatic and long-chain fatty acids in the 2009 SH430 line,
but drought and carbon dioxide appeared to have little affect on concentrations in the
2010 experiment. As expected, carbon dioxide did mitigate the effects of drought on
reproductive output and dormancy to some extent, causing a 49% increase in seed
biomass per plant regardless of drought treatment and increasing the percentage of
dormant seeds by 10% after 12 weeks of after-ripening. Contrary to the hypothesis,
however, drought and elevated carbon dioxide did not appear to affect seedling vigor or
susceptibility to aging. Aging had a consistent impact on seedling vigor and resistance to
microbial decay, increasing the number of days to emergence, decreasing seedling
biomass per treatment, and enhancing microbial decay (up to 118%). The results of these
experiments show that elevated carbon dioxide and drought can have significant effects
on seed quality characteristics and that future climatic conditions could allow weedy and
invasive species to produce greater numbers of more dormant seeds, establishing more
persistent seedbanks that could pose management issues for farmers.
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Chapter 1: Introduction
Seed bank dynamics
The establishment of seed banks is an important part of the life cycle of many
annual plants, including agriculturally important weeds. By producing persistent seeds
that survive for long periods of time in the soil, annual plants can sustain their
populations over time, and through adverse environmental conditions (Baskin and
Baskin, 1998).
Although seed banks can be advantageous for plant species, they can be
problematic for farmers and land managers trying to control weed populations. Control
in one year can fail to bring a weedy plant population to a manageably low level as
persistent seeds in the seedbank act as a source of new emerging weeds in subsequent
years (Cousens and Mortimer, 1995). Understanding the factors that contribute to seed
persistence and survival in the soil seed bank, and the potential competition the crop may
face from germinating weed seedlings, may lead to more effective management
strategies.
One characteristic that allows the establishment of seed banks is dormancy, which
can help plant populations, especially of annual species, sustain themselves over time and
through variable environmental conditions (Baskin and Baskin, 1998). Once a weed seed
enters the soil, it may be subjected to any of several fates. The seed may remain dormant
for a period of time, and then may leave the seed bank through germination. After a weed
seed germinates, it may compete with the crop or other plants, and either establish itself
or die. The seed may also be removed from the seedbank through death in the soil, caused
by predation or microbial attack, or a gradual loss of viability due to aging (Cousens and
1

Mortimer, 1995; Leishman et al., 2000).

Up to 90% of seeds are removed from

seedbanks for one of the above reasons (reviewed in Leishman et al., 2000).(Wagner and
Mitchunas 2008)
In order for seeds to successfully persist in the soil and for the resulting seedlings
to be successful, they must be able to resist microbial decay and aging, and maintain
dormancy until environmental conditions are suitable for establishment.

However,

environmental conditions during seed maturation can profoundly affect resource
allocation to seeds (Gallagher and Fuerst, 2006; Gutterman, 2000), thereby affecting
these three important seed persistence characteristics.

Reproductive allocation
During seed maturation, plants are often exposed to variable environmental
conditions, which can have important implications for reproductive allocation (Gallagher
and Fuerst, 2006). Most studies of reproductive allocation assume that resources are
limiting and that plants must split these resources among three functions: growth,
maintenance and reproduction (Bazzaz et al., 2000). Indeed, resource limitation can
adversely affect reproductive allocation not only by reducing the ratio of vegetative to
reproductive growth, but also by reducing the absolute reproductive output of plants. In
addition, resource availability can affect resource allocation and seed quality
characteristics such as seed size, morphology, and chemical composition (Luzuriaga et
al., 2006).
Ecologists have pointed out that as the stochasticity of an environment increases,
natural selection should favor the production of increased numbers of offspring (Smith
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and Fretwell, 1974). However, there can be tradeoffs between the number of seeds
produced by a plant and the size of those seeds. Seed size has often been viewed as an
indication of seed quality (Luzuriaga et al., 2006), and many studies have correlated
larger seed size to increased viability and dormancy levels in wild plants (Baloch et al.,
2001; Stamp, 1990).

Larger seeds may have an advantage when competing with

conspecifics during establishment (Bazzaz et al., 2000), and are more likely to emerge
than smaller seeds of the same species (Stanton, 1984). Given the possible benefits of
larger seed size and the implications for seedling establishment and success, decreasing
seed size may not always be the best strategy for increasing plant fitness. Consistent with
this observation is the finding that seed size is one of the least plastic reproductive traits
(Bazzaz, 1990). In fact, having seed size as a fairly fixed characteristic could help
prevent maternal environmental conditions from negatively impacting plant fitness
(Aronson et al., 1993). In annuals, reproductive output is usually correlated to plant size;
although this may not always be the case, if there is a size requirement before
reproduction is possible, or if, as more seeds are produced, the cost of producing each
individual seed is lower (Bazzaz et al., 2000).
Despite its lower variability compared to other reproductive measures, seed size
has been found to respond to some environmental conditions. Sultan and Bazzaz (1993)
found that seed size in Polygonum persicaria decreased along a soil moisture gradient.
Aronson et al. (1993) found that when they exposed several plant species to an
unpredictable watering regime and decreased overall water availability, the total seed
biomass as well as the total number of seeds per plant decreased. In a study on Abutilon
theophrasti, Luzuriaga et al. (2006) found that seeds were 17% lighter in drier field
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conditions than in a wetter year. In contrast, the literature on the response of seed size to
elevated carbon dioxide is equivocal, with studies showing that seed size has both
decreased (Andalo et al., 1998; Huxman et al., 1998; Wulff and Alexander, 1985) and
increased (Garbutt and Bazzaz, 1984; Steinger et al., 2000) under elevated carbon
dioxide.
In addition to affecting seed size and seed number, environmental stressors can
affect other seed quality characteristics, such as the morphology or chemical content of
the seeds. Drought stress has generally been found to reduce the rate of grain fill by
hindering photosynthesis (Aronson et al., 1993). Water limitation has decreased total
phenolic concentration in wild oat seeds (Gallagher et al., 2010b), and reduced protein
and fatty acid content in soybean (Kirnak et al., 2008). Hormonal content can also be
affected by water supply. Drought stress can increase ABA levels in plant tissues (Huang
et al., 2008; Zou et al., 2007). ABA is thought to play important roles regulating storage
proteins, promoting grain filling and aiding the development of desiccation tolerance
(Bewley and Black, 1994). As an antagonist to gibberellic acids, a class of hormones that
promote germination, ABA may be a key component in the maintenance of dormancy
(Bewley and Black, 1994; Shepherd et al., 2007; Zou et al., 2007).
Although the effect of elevated atmospheric carbon dioxide on seed size can be
variable, numerous studies have shown that a more consistent effect is increasing the
carbon to nitrogen ratio in seeds (Andalo et al., 1998; Huxman et al., 1998; Jablonski et
al., 2002; Steinger et al., 2000). Steinger et al. (2000) propose that this effect could be
due to seeds acting as sinks for the increased amounts of carbohydrates produced by
elevated photosynthesis levels, or it could be due to a carbon dioxide-mediated change in
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flowering time or phenology. The specific compounds responsible for this change in the
C:N ratio is unclear. Some research has suggested that the allocation of carbon-based
secondary compounds (compounds that are not involved in primary metabolism), may be
affected elevated carbon dioxide. These compounds may be especially relevant to seeds
during environmentally stressful conditions because they may play roles in maintaining
many persistence characteristics, including dormancy (Shirley, 1998), and resistance to
microbial decay and radical oxygen damage (Hammond-Kosack and Jones, 2000). Many
studies have analyzed the effect of elevated carbon dioxide on the chemical composition
of plant tissues and have found that changes in the C:N tissue in roots, leaves and shoots
are accompanied by alterations in the concentration of carbon-based secondary
compounds (reviewed in Bazzaz, 1990; Hartley et al., 2000; Mansfield et al., 1999;
Mohan et al., 2006; Peñuelas and Estiarte, 1998). Although for some species the chemical
concentration decreased or was not affected, many studies have found the expected
increase in carbon-based secondary compounds in response to elevated carbon dioxide.
However, few studies of the effects of elevated carbon dioxide have focused on the
specific chemical components of seeds. Of the studies on seeds, one found no effect of
elevated carbon dioxide on carbohydrate or protein content of red kidney bean (Thomas
et al., 2009), and one found no effect on protein or fatty acid content of soybean (Thomas
et al., 2003). Neither of these studies analyzed the levels of carbon-based secondary
compounds. Elevated carbon dioxide could affect hormonal levels, however. Zou et al.
(2007) found that elevated carbon dioxide and drought increased the expression of ABA
biosynthesis genes, including a gene for a transcription factor that suppresses genes
necessary for germination.

5

By affecting seed size, number and chemical composition, differential
reproductive allocation during maturation can have a profound impact on seed
persistence characteristics and seedling success. Seed size can impact competitive ability
and establishment (Aronson et al., 1993; Bazzaz et al., 2000) as well as persistence
characteristics such as dormancy (Baloch et al., 2001; Stamp, 1990). The chemical
composition of seeds can also be very important for seed quality and persistence.
Phenolic compounds may play a role in seeds as germination inhibitors (Gallagher et al.,
2010a), antioxidants preventing aging and maintaining viability (Shirley, 1998; Yu and
Jez, 2008), and help protect against microbial decay (Burnham, 2011; Nicholson and
Hammerschmidt, 1992; Wallace and Fry, 1994). Fatty acids may act as germination
inhibitors (Beckum and Wang, 1994 ; Berrie, 1979; Bhatia et al., 2005), or act as signal
molecules during pathogen attack and programmed cell death (Upchurch, 2008).
Aliphatic organic acids, such as azelaic acid, may have antimicrobial properties
(Charnock et al., 2004) that help protect seeds from bacteria or that act as germination
promoters (Hart and Berrie, 1968) or simply as a source of fixed carbon (Chia et al.,
2000). Hormonal levels such as ABA can also play a role in dormancy maintenance. By
impacting traits that regulate dormancy, maintenance of vigor, and resistance to microbial
decay, environmental effects on reproductive allocation can have profound consequences
for seed persistence in the soil.

6

Dormancy
One seed persistence characteristic that can be affected by differential resource
allocation is dormancy. Dormant seeds do not germinate even under suitable
environmental conditions (Bewley and Black, 1994). Ecologically, dormancy is
advantageous, especially in annual plants that only reproduce once in their lifetimes.
Dormancy allows the plants to disperse their offspring in time, and prevents the seeds
from germinating under unsuitable conditions (Baskin and Baskin, 1998; Bewley and
Black, 1994), helping to maintain plant populations over time and through changing
environmental conditions. There are many factors that influence dormancy, and the
biological basis of dormancy is complex.
Seeds that exhibit primary dormancy can possess either coat-imposed or embryo
dormancy, or a combination of the two (Bewley and Black, 1994). Also called “nondeep
physiological dormancy” (Baskin and Baskin, 1998), coat-imposed dormancy involves a
physiological aspect of the embryo preventing radicle emergence (Baskin and Baskin,
1998). In this form of dormancy, the seed coat, endosperm, or palea and lemma, cover the
embryo and prevent substances that are required for germination, such as oxygen, from
diffusing into the embryo (Baskin and Baskin, 1998). In addition, they could prevent
germination inhibitors from leaching out of the embryo (Baskin and Baskin, 1998).
Embryo-imposed dormancy is caused by germination inhibitors in the embryo
(Bewley and Black, 1994). Hormones such as abscisic acid (ABA), which promotes
dormancy and gibberellic acid (GA), which stimulates germination, can play important
roles in maintaining dormancy (Shepherd et al., 2007). The ratio of GA to ABA, their
overall concentrations, or the sensitivity of seed tissues to these compounds may all
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regulate dormancy and germination (Bewley and Black, 1994). Both of these compounds
may also affect seed quality by regulating the production and utilization of storage
reserves (Bewley and Black, 1994; Shepherd et al., 2007). Other compounds may also
play a role in regulating dormancy and germination. Phenolic compounds (carbon-based
secondary compounds containing a benzene ring, hydroxyl groups, and unsaturated
double bonds) have been similarly found to act as germination inhibitors in seeds
(Shirley, 1998). Their presence in the seed coat could inhibit oxygen uptake by the
embryo (Baskin and Baskin, 1998; Bewley and Black, 1994). Short-chain fatty acids,
have also been found in Avena fatua seed coats and have been implicated in germination
inhibition (Bewley and Black, 1994).

The presence of these compounds and their

regulation depend not only on the inherited genetics of the seeds but on how and when
these genes interact with the environment (Bentsink and Koornneef, 2002).
Environmental conditions during seed maturation can affect dormancy in three
ways: by altering the resource allocation to the seed, by changing the morphology of the
seed, or influencing the levels and activity of germination inhibitors or promoters,
including organic acids, hormones and enzymes (Luzuriaga et al., 2006).

Resistance to microbial decay
In order to survive in the soil, seeds must be able to defend themselves against
pathogen attack. Currently, seed defenses against pathogens are not well-understood, and
it is unclear what percentage of seeds succumb to microbial decay in field conditions
(Chee-Sanford et al., 2006). However, defense mechanisms are being elucidated, and
include physical defenses as well as preformed and induced chemical defenses. Physical
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defenses include barriers to pathogen invasion, such as seed coats, or surrounding
structures such as the palea and lemma (reviewed in Fuerst et al. 2011). Chemical
defenses can include organic acids such as phenolic compounds, lignin, and enzymes
(reviewed in Fuerst et al. 2011). Phenolic compounds may play a role in preformed
defenses as they are present in mature, uninfected seeds (Gallagher et al., 2010a; Granger
et al., 2011). Many studies have found that phenolic compounds accumulate at infection
sites (Nicholson and Hammerschmidt, 1992), in dormant seeds along with long-chain
fatty acids in response to Fusarium culmorum infection (Burnham, 2011), form esterfied
linkages in tissues to prevent pathogen invasion (Wallace and Fry, 1994), act as signal
molecules activating defense enzymes (Hammond-Kosack and Jones, 2000) and are
precursors to lignin (Nicholson and Hammerschmidt, 1992).

Enzymes such as

polyphenol oxidase (Anderson et al., 2010; Fuerst et al., 2011) and peroxidases
(Morkunas et al., 2008; Morkunas and Gmerek, 2007) have been found to be upregulated
in response to fungal attack. Polyphenol oxidase converts phenolic compounds into more
toxic o-quinones and melanins. Peroxidases initiate lignification and strengthen cell
walls, and can oxidize isophenols into more toxic forms (Morkunas et al., 2008;
Morkunas and Gmerek, 2007). In many cases, carbohydrate levels have been found to
regulate active defense mechanisms such as peroxidase activation, and the production of
semiquinone radicals and isoflavonoids (Morkunas et al., 2008; Morkunas and Gmerek,
2007; Morkunas et al., 2010).
Given the importance of carbon-based compounds such as carbohydrates and
organic acids to seed defenses against pathogens, any environmentally-induced changes
in the concentrations of these compounds could have a profound impact on seed
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susceptibility to microbial decay. Phenolic compound concentrations have been found to
be reduced in seeds maturing under drought and shade (Gallagher et al., 2010b).
However, the levels of tannins and phenolics have been found to increase in plant tissues
in response to elevated carbon dioxide (reviewed in Peñuelas and Estiarte 1998). The C:N
ratios in seeds have also been found to consistently increase (Andalo et al., 1998;
Huxman et al., 1998; Jablonski et al., 2002; Steinger et al., 2000), which may indicate a
change in carbon-based secondary compounds (Peñuelas and Estiarte, 1998) or other
carbon-based compounds such as carbohydrates (Steinger et al., 2000). Changes in
climate and weather, including rainfall patterns, are likely to influence the spread and
severity of plant diseases (Chakraborty and Newton, 2011). In order to predict the
response of plants to pathogens under future climatic conditions, it will be necessary to
understand how the environment impacts the allocations of resources involved in defense.

Resistance to aging
Another characteristic of persistent seeds that can be affected by maternal
environment and resource allocation is resistance to aging, or deterioration over time
(Priestley, 1986). Most studies of aging have focused on maintaining seed viability
during storage, so the causes of aging under natural field conditions are less clear
(Priestley, 1986). Many researchers have used accelerated aging techniques, exposing
seeds to high temperatures and humidity, to study the physiological effects of aging as
well as to estimate seeds’ storage potential. Seeds exposed to these aging treatments, or
kept in storage have exhibited numerous morphological and physiological changes,
including increased solute leakage as membrane integrity is compromised, DNA and
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RNA damage and corresponding decreases in protein activity and function, leading to
abnormalities in mature plants emerging from aged seeds. Over time, these damages may
accumulate as seeds lose their ability to repair themselves, leading to an observed loss in
viability and vigor.
The causes of aging have not been positively determined. Although lipid
peroxidation (the degradation of unsaturated fatty acids by a series of reactions with
hydrogen and oxygen) has long been attributed as one of the major causes of cellular
damage associated with aging, it may not be the cause for all species (reviewed in Mira et
al. 2011). However, studies have shown that lipid content changes in seeds exposed to
accelerated aging (Hannan and Hill, 1991; Stewart and Bewley, 1980). As components
of the cellular membrane, lipid degradation is often seen as an indication of the extent of
membrane deterioration and can be used to estimate the loss of viability and vigor (Mira
et al., 2011).
Lipid peroxidation can also produce radical oxygen species which can further
damage cellular structures (Priestley, 1986). In fact, radical oxygen species, whether
produced by lipid peroxidation, peroxisomes, or by mitochondrial respiration, are also
widely considered one of the main causes of the damage related to aging (Bailly, 2004),
as their reactions with biomolecules can weaken cellular structures, damage DNA, and
deactivate enzymes (Priestley, 1986). Seeds have both enzymatic and nonenzymatic
methods for preventing free radical damage. Nonenzymatic methods include chemical
compounds such as phenolics, flavonoids, peroxiredoxins and polyphenols (Bailly, 2004;
Rice-Evans et al., 1997) which, as antioxidants, disable free radicals.

Enzymatic

protection mechanisms include free radical scavenging by dismutase enzymes and
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catalase (Bailly, 2004; Kibinza et al., 2011), and enzyme-mediated repair of free radical
damage. Methyltransferases, for example, can restore damaged proteins with abnormal
folding or residues (Ogé et al., 2008). Over time, these repair mechanisms may be
hindered as deterioration of cellular structures and DNA progress, and seeds are less able
to produce or activate proteins. Several studies have shown profound changes in protein
expression in aged seeds versus nonaged seeds; many of the affected proteins are
important for metabolism and growth, and germination (Rajjou et al., 2008; Xin et al.,
2011), processes that must be maintained in order for the seed to remain viable and
vigorous.
Aging can have important ecological effects on seed bank and plant community
dynamics. Adult plants from aged or older seeds have been found to have morphological
abnormalities leading to altered reproductive allocation or yield compared with plants
from unaged or younger seeds, including lower panicle numbers in wheat, or shorter, less
productive ears in maize (reviewed in Priestley 1986). Aged seeds also tend to emerge
later than unaged seeds, which can impact plant interactions in both natural and
agroecosystems. Any delay in emergence or establishment can make it more likely that
competitors will capture limited resources before the non-emerged seedling (Rice and
Dyer, 2001). Early emergence in Collinsia verna plants has been associated with a larger
probability of survival, and greater fecundity (reviewed in Kalisz, 1989). Studies have
also shown that for each day wild oat emerges before wheat and barley crops, yield
decreases by 3% (reviewed in Willenborg et al., 2005). In addition, Willenborg et al.
(2005) found that wild oat plants that emerged before the crop produced greater numbers
of seeds than plants that emerged after the crop. Clearly, the ability to resist aging and
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germinate and establish quickly benefits seed, seedling and mature plant life history
stages.

Seed biochemistry
As mentioned previously, organic acids such as phenolics, aliphatics, and fatty
acids may play important roles in seed persistence characteristics. Phenolic compounds,
derived from the deamination of phenylalanine by phenylalanine ammonia lyase (PAL)
in the shikimic acid pathway, consist of a benzene ring, hydroxyl groups, and unsaturated
double bonds. The hydroxyl groups and unsaturated double bonds can react with free
radicals and other oxidants, allowing the compounds to act as antioxidants to prevent
aging or microbial decay (reviewed in Shirley, 1998; Yu and Jez, 2008). The benzyl ring
allows the chemicals to cross through cellular membranes and be biologically active (Yu
and Jez, 2008). In addition, they may act as germination inhibitors (reviewed in Shirley,
1998) and physical barriers to pathogen attack by forming linkages in cell walls (Wallace
and Fry, 1994). Aliphatic acids may similarly be involved in seed persistence; relatively
few studies have analyzed aliphatic acid functions in C3 plants compared to C4 and CAM
plants, but evidence suggests that aliphatic acids (such as fumaric acid) may serve as an
additional source of fixed carbon, and play a role in nutrient transport throughout the
plant (Chia et al., 2000). Azalaic acid has been found to have antibacterial properties
(Charnock et al., 2004), and malic acid may be inversely related to dormancy (Hart and
Berrie, 1968). Long-chain fatty acids may act as germination inhibitors (Berrie 1979, van
Beckum and Wang 1994, Bhatia et al. 2005), and as components of the signaling
pathways for systemic acquired resistance and programmed cell death (Upchurch 2008).
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Aliphatic and long-chain fatty acids may both leach into the soil, stimulating microbial
activity around seeds (Burnham, 2011).
These organic acids are found in three major forms in plant tissues: water-soluble
monomers, esters, and cell wall-bound compounds. The water-soluble organic acids can
be extracted with polar solvents (including water, methanol and acetone). Hydrolysis
allows the extraction of esters and cell wall-bound acids (Gallagher et al., 2010a; Krygier
et al., 1982).
Given the potentially important functions these compounds have in plant tissues,
including seeds, it is not surprising that many studies have attempted to quantify their
concentrations and determine how their allocation is affected by environmental
conditions.

Phenolic compounds tend to increase under elevated carbon dioxide

(reviewed in Peñuelas and Estiarte, 1998), drought (Hammond-Kosack and Jones, 2000;
Hura et al., 2008), and low nitrogen levels (Bongue-Bartlesman and Phillips, 1995).
Fatty acid composition has also been found to be affected by drought, increasing their
concentration in plant embryos (reviewed in Bouchereau et al. 1996), or decreasing oleic
acid while increasing the concentration of linoleic acid (Ali et al., 2010). Elevated carbon
dioxide has been found to increase unsaturated fatty acids in oilseed rape seeds (Hogy et
al., 2010), and decrease oleic acid in peanut seeds (Burkey et al., 2007). Aliphatic fatty
acid concentrations have been found to increase in plants exposed to drought (Levi et al.,
2011; Shu et al., 2011).
Numerous methods have been developed to quantify organic acids in plants,
particularly phenolics. These methods include many spectrophotometric assays, which
rely on oxidation-reduction reactions between a reagent and the target compound (in this
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case, phenolics). These reactions causes a color change that indicates the “total phenolic
concentration” in a sample (Prior et al., 2005). Commonly used spectrophotometric
phenolic assays are the Fiolin-Ciocalteu reagent based total phenolics assay (FCR)
(Shahidi and Naczk, 2004), the Ortho-Dihydroxylphenol Assay (ODA) (Hendry et al.,
1994), and the Total Polyphenol Content Assay (TPC) (Quinde et al., 2004).
Spectrophotometric assays are attractive because they are relatively inexpensive,
requiring little expertise or specialized equipment.

However, these methods allow

researchers to only get a measure of “total” phenolic concentration, rather than the
concentrations of individual compounds. In addition, the results can be confounded by
the reaction of the reagent with nonphenolic compounds, or the interference of
compounds such as ascorbic acid, aromatic amines, and sugars (Prior et al., 2005). In
addition, calculations of total phenolic concentration may vary depending on which
phenolic compound was used as a standard (Ma and Cheung, 2007). Finally, the
extraction methods suggested for these spectrophotometric assays generally include only
extraction with polar solvents and no hydrolysis (as examples, Hendry et al. 1994;
Quinde et al. 1994; Penuelas et al. 1996) causing only the water-soluble phenolic
compounds to be extracted.

All of these reasons could cause spectrophotometric assays

to be rather unspecific and not only misrepresent the soluble phenolic concentration in
plant tissues, but to ignore the bound and esterfied phenolic fractions, which could have
distinct and important ecological functions, particularly in defense against pathogens
(Nicholson and Hammerschmidt, 1992; Wallace and Fry, 1994).
Many studies have used spectrophotometric methods to quantify phenolic
compounds and correlate these concentrations to the ecological importance and function
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of this class of compounds, particularly in relation to seed persistence (Davis et al., 2008;
Hendry et al., 1994). In addition, many studies have used spectrophotometry to study the
relationship between environmental conditions and resource allocation to plant tissues
(Ross and Kvien 1989; Penuelas et al. 1996, Bezemer et al. 2000; Hartley et al. 2000,
Hura et al. 2008, Ali et al. 2010).
In order to make accurate conclusions about the function of phenolic compounds
and their allocation, it is necessary to first accurately measure their concentration in plant
tissues.

One alternative method to spectrophotometry is gas chromatography-mass

spectrometry, which allows the identification and quantification of specific compounds.
A sample is injected on a gas chromatograph, where a column separates distinct
compounds before they enter the mass spectrometer and are bombarded by electrons that
fragment the molecules. A detector inside the mass spectrometer measures the mass of
each ion. Individual compounds can be identified by comparing the on the amount of
time they spend on the column (retention time) and the mass spectra with a library of
known compounds (Hornback, 1998). In addition, a more comprehensive extraction
procedure that not only uses a suite of polar solvents (water, methanol and acetone), but
hydrolysis that extracts the esters and cell-wall bound compounds (Gallagher et al.,
2010a; Krygier et al., 1982), could provide a more accurate representation of the phenolic
constituents of plant tissues.

Environmental stressors: drought
Drought stress has often been cited as the main factor limiting crop production
throughout the world (reviewed in Huang et al. 2008; Neumann 2008). Plants can
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experience two types of drought: terminal drought, during which soil water content
gradually decreases, often leading to plant death, and intermittent drought, during which
plants are exposed to intervals of low water availability (Neumann, 2008). The first
response to water limitation is often stomatal closure, which is the main limiting factor to
photosynthesis during moderate drought. At the same time, plants may also decrease their
levels of ribulosebiphosphate, which can become the main limitation to photosynthesis
under more severe drought events (Flexas and Medrano, 2002). The first evidence of
drought stress is often a decrease in root and shoot growth, along with stomatal closure,
which leads to slower rates of transpiration and carbon fixation. As drought continues, it
can hinder reproduction, cause wilting, leaf senescence, and death (reviewed in Neumann
2008). The effects of drought on plants depend on the severity and duration of water
limitation as well as the genotype of the plants (Chaves and Pereira, 1992).
Drought stress can impact photosynthetic capacity by increasing photoinhibition,
during which the ability of the photosynthetic machinery to absorb light is overwhelmed,
creating radical oxygen species that can damage cellular structures (reviewed in Chaves
and Pereira 1992; Hura et al. 2008). However, plants have mechanisms for protecting
their photosynthetic capacity during drought stress. Hura et al. (2008) found that a
drought resistant maize genotype upregulated the activity of phenylalanine ammonia
lyase (PAL) during drought stress, and exhibited higher concentrations of ferulic acid and
total phenolics. As antioxidants, these phenolic compounds could help the plant deal with
drought stress by absorbing higher energy wavelengths and converting them to less
damaging ones, and quench the radical oxygen species produced during photoinhibition
(Hura et al., 2008).
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As well as decreasing overall root and shoot growth, drought stress can negatively
affect reproductive allocation and seed quality. By decreasing photosynthesis, drought
can hinder the rate of grain fill (Aronson et al., 1993). ABA levels have been found to
cause delayed flowering (reviewed in Neumann 2008). These factors can lead to the
reduced individual seed size (Aronson et al., 1993; Luzuriaga et al., 2006; Sultan and
Bazzaz, 1993), lower total number of seeds (Aronson et al., 1993) and decreased total
seed biomass (Luzuriaga et al., 2006) reported in many studies.

Drought can also

significantly affect the resource allocation to seeds and their chemical composition:
phenolic content in wild oat seeds (Gallagher et al., 2010b) and fatty acid and protein
content in soybean seeds (Kirnak et al., 2008) have been found to decrease when the
maternal plants were exposed to drought stress. In addition, maternal drought stress has
been found to lower dormancy levels in wild oat seeds (Sawhney and Naylor 1982; Peters
1982; Gallagher et al. in prep). Clearly, drought stress could have a profound input on
fecundity, plant fitness and seed persistence.

Elevated carbon dioxide and climate change
Although drought stress has been found to have negative consequences on seed
quality and plant fitness, evidence suggests that elevated carbon dioxide levels could
mitigate these effects. Since the Industrial Revolution, atmospheric carbon dioxide levels
have risen from 290 ppm to 379 ppm, and concentrations continue to rise by 1.9 ppm
each year (Pachari and Reisinger, 2007). Plants evolved at a time when atmospheric
carbon dioxide levels were up to five times higher than they are now, suggesting that
photosynthetic levels are not saturated by current concentrations (Ziska and Runion,
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2007). Correspondingly, many studies have reported that plants are positively affected by
elevated carbon dioxide levels, in particular by an accompanying increase in
photosynthetic rates. Rubisco, the main enzyme involved in carbon fixation, can react
with either carbon dioxide or oxygen. Increasing atmospheric carbon dioxide levels raises
the gradient between interior and exterior carbon dioxide concentrations in the leaf,
favoring carbon fixation and lowering photorespiration rates (Drake et al., 1997; Ziska
and Runion, 2007). Overall, FACE (Free-Air Carbon Enrichment) studies on plants
exposed to carbon dioxide concentrations of up to 600 ppm have found a 31% increase in
photosynthetic rate, 28% increase in carbon assimilation, and a 12% increase in
maximum quantum yield (Ainsworth and Long, 2005). Many studies have also found a
suppression of respiration, probably by inhibiting mitochondrial electron transport or
promoting dark carbon fixation (Drake et al., 1997).

Higher photosynthetic rates

generally lead to increased starch accumulation in plant tissues and an increase in
aboveground and root biomass in C3 plants (Urban, 2003).
There is considerable evidence to indicate that elevated carbon dioxide may help
mitigate the drought-induced reductions in reproductive allocation and seed persistence.
Stomata appear to be the main factor determining carbon assimilation under water stress
(reviewed in Chaves and Pereira, 1992), at least under mild or moderate limitation
(Flexas and Medrano, 2002). When plants are exposed to elevated carbon dioixide levels,
many studies indicate a decrease in stomatal density as well as in stomatal conductance
and transpiration (Bazzaz, 1990). These modifications are thought to be responsible for
the increased water use efficiency (in some cases, as high as 40-100%) that many
researchers observe (reviewed in Chaves and Pereira, 1992).

This in turn can lead to
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greater rates of carbon gain and growth. In addition, when resources such as water are
limiting, many plants exposed to elevated carbon dioxide show an increase in root
biomass (Bazzaz, 1990; reviewed in Chaves and Pereira, 1992). In a detailed study on
the response of wheat to drought stress and elevated carbon dioxide, Wall et al. (2006)
found that elevated carbon dioxide mitigated many plant growth and performance
characteristics, including carbon uptake during stress. They reported that elevated carbon
dioxide reduced stomatal limitation of carbon fixation, and allowed plants to continue to
assimilate carbon longer during drought stress.
Plants exposed to elevated carbon dioxide also tend to have higher concentrations
of solutes in their leaves, leading to an enhanced ability to maintain leaf water content
and turgor pressure during drought stress (reviewed in Tuba and Lichtenthaler 2007).
Better osmotic regulation, lower stomatal conductance, an increased root: shoot ratio, and
increased WUE lead to improved water status of plants under drought stress at high
carbon dioxide levels (Chaves and Pereira, 1992). Even if plants eventually acclimate to
elevated carbon dioxide levels, these effects may continue (reviewed in Chaves and
Pereira, 1992).
There is also a great deal of evidence that changes in atmospheric carbon dioxide
levels can influence the chemical composition of plant tissues. As atmospheric carbon
dioxide increases, carbon to nitrogen ratios in plant tissues increase, accompanied by
changes in allocation to secondary compounds such as phenolics, terpenes, and tannins
(reviewed in Bazzaz, 1990; Hartley et al., 2000; Mansfield et al., 1999; Mohan et al.,
2006; Peñuelas and Estiarte, 1998). Although for some species the chemical
concentration decreased or was not affected, many studies have found the expected
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increase in carbon-based secondary compounds in response to elevated carbon dioxide.
These experiments examined the composition of whole plants, leaves, roots or shoots.
While studies on seeds maturing under elevated carbon dioxide have consistently
exhibited higher carbon to nitrogen ratios (Andalo et al., 1998; Huxman et al., 1998;
Jablonski et al., 2002; Steinger et al., 2000), few studies have analyzed the specific
chemical constituents of seeds to identify the compounds responsible for this change in
the C:N concentrations. Of the studies that have examined the changes in specific
constituents of seeds (Thomas et al., 2008; Thomas et al., 2003), the researchers have
focused on proteins, rather than carbon-based compounds.
Many studies have addressed the impact of elevated carbon dioxide on plant
growth and reproduction in conjunction with drought conditions. These include studies
on members of the Avena genus and even wild oat itself. Jackson et al. (1995;1994)
showed that more Avena barbata plants survived a drier year in elevated carbon dioxide
conditions. In addition, seed production per area was greater in the elevated carbon
dioxide treatments, and Avena barbata density in the elevated CO2 environment during
the second year was much greater than could be accounted for by the seed production,
indicating that either these seeds survived better in the elevated CO 2 or that the parent
plants’ maturation environment had improved the quality of these seeds. O’Donnell and
Adkins (2001) found that Avena fatua plants increased their water use efficiency,
biomass, and seed production under elevated carbon dioxide. The authors did not find
any significant difference in dormancy levels between the ambient and elevated elevated
CO2 treatments. However, because they separated the caryopses from the palea and
lemma, and induced germination by exposing the caryopses to gibberellic acid, the
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researchers would have circumvented any coat imposed dormancy that can be induced by
the hull (Bewley and Black, 1994), and may have been testing for seed viability rather
than dormancy. The study also did not address the chemical composition of the seeds or
the effect of maturation environment on other seed persistence characteristics. To
understand how climate change affects seed quality and the mechanisms behind seed
persistence, further research is therefore needed.
Understanding how weeds will respond to climate change is vital to ensure food
security and production during future climatic conditions. Many carbon dioxide
experiments have noted an increase in yield for crops (Ainsworth and Long, 2005;
Jablonski et al., 2002), but fewer studies have studied the effects of elevated carbon
dioxide on weed biology (Ziska and Runion, 2007). Ziska and Runion (2007) have noted
that half of the world’s most productive crops are C4 plants, and therefore are expected to
respond less strongly to elevated carbon dioxide than C3 plants, which constitute about
94% of the 33 most important weeds. If elevated carbon dioxide mitigates the effects of
drought stress, it may allow weedy or invasive species to establish refuge populations in
drier climates than they previously tolerated. In addition, carbon dioxide-mediated
enhancement of plant growth or seed quality could lead to more competitive and
tenacious weeds. McDonald et al. (2009) analyzed future maize production under
climatic projections and found that many weed species may shift northward as the
climate warms, and that many weeds that are already present may become more of a
management issue. Likewise, climate change may impact the ranges and severity of
many plant pathogens (Chakraborty and Newton, 2011; Luck et al., 2011; Ziska and
Runion). Determining how weed species’ physiology and seedbank dynamics respond to
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environmental factors will allow scientists and managers to better predict species ranges
and the impact of these species on crop yields, as well as devise more efficient
management strategies.

Wild oat as a model species
Wild oat (Avena fatua L.) is an annual C3 grass that is an important weed of
small-grain crops, such as wheat, oat, and barley, throughout the world, including
Australia, North America, and Europe (Holm et al., 1977). The development of effective
management strategies is particularly needed, given the rise of herbicide resistance in
many populations (reviewed in Heap, 1997; Mickelson and Grey, 2006). So far, wild oat
has developed resistance to some of the most popular herbicides, including pronamide (a
microtubule synthesis inhibitor), a lipid synthesis inhibitor (triallate), ALS inhibitors, and
ACCase inhibitors (reviewed in Heap 1997).
In addition to increasing occurrences of herbicide-resistant biotypes, wild oat also
exhibits seed persistence characteristics that not only make it more difficult to control,
but also make it well-suited for use in seed-bank dynamics studies. The development of
pure-bred dormant and nondormant lines (such as M73 and SH430) (Adkins et al., 1986;
Naylor and Jana, 1976), makes studies investigating dormancy and seedling vigor
possible.

The SH430 line was generated from an individual seed selected from a

Saskatoon wild oat population while the M73 line was generated from a seed taken from
a sample from the University of Montana. The lines were self-pollinated and the progeny
were tested for at least 10 generations and determined to be homozygous with respect to
dormancy (Adkins et al., 1986). Wild-type seeds can remain viable in the soil up to 7
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years (Holm et al., 1977). The degree of dormancy has been found to be influenced by
maternal environmental conditions as well as being regulated by genetics (reviewed in
Fennimore and Foley, 1998). Previous studies have shown that drought stress decreases
the dormancy levels of wild oat seeds (Peters 1982; Sawhney and Naylor 1982; Gallagher
et al., in prep), as well as reducing the phenolic concentration (Gallagher et al., 2010b).
A previous study evaluated the response of wild oat to temperature, elevated carbon
dioxide and drought but did not analyze the chemical composition or persistence
characteristics such as resistance to aging or microbial decay (O'Donnell and Adkins,
2001). Several studies have found that even dormant seeds of wild oat exhibit induced
chemically and enzymatically-based defenses against fungal attack (Anderson et al.,
2010; Burnham, 2011).

Its biology is therefore well-characterized, although it is

unknown how future environmental conditions such as the rising carbon dioxide levels,
will interact with agricultural practices to impact the management of this weed or its
spread into new habitats or ranges.

Objectives and hypotheses
The goal of this dissertation was to elucidate the mechanisms contributing to seed
persistence in the soil, and subsequent plant fitness, using wild oat (Avena. fatua) as a
model species. In particular, these experiments examined the effects of elevated carbon
dioxide and drought on wild oat fecundity and seed quality (as measured by chemical
composition, dormancy, resistance to microbial decay and aging). A related goal of these
experiments was to determine the accuracy and specificity of spectrophotometric
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methods of quantifying phenolic concentrations by comparison to gas chromatographymass spectrometry.
In the first experiment, GC-MS analysis of the phenolic content of several weed
species was compared to common spectrophotometric methods. It was hypothesized that
the gas chromatography-mass spectrometry would reveal that the FCR and TPC protocols
overestimate total phenolic concentrations due to a lack of specificity of their reagents for
phenolic compounds. In addition, it was hypothesized that the ODA would underestimate
the phenolic concentrations due to the reaction’s putative specificity for phenolic
compounds with hydroxyl groups located adjacent to each other on the benzene ring.
Finally, it was hypothesized that the different extraction procedures utilized in
conjunction with these spectrophotometric methods would cause differential extraction
and measurement of individual phenolic compounds.
In the second experiment, gas chromatography mass spectrometry was used to
identify and quantify the phenolic, aliphatic, and long-chain fatty acids in wild oat seeds
and how their allocation was affected by drought and elevated carbon dioxide. It was
hypothesized that drought would reduce the concentrations of these compounds, while
elevated carbon dioxide would mitigate this effect and increase the production of these
carbon-based compounds.
In the third set of experiments, the effects of elevated carbon dioxide and drought
on reproductive allocation and dormancy were evaluated. It was hypothesized that
drought would decrease aboveground vegetative biomass and reproductive allocation,
while elevated carbon dioxide would cause an increase in both parameters. Drought
during seed maturation would also decrease the dormancy levels of wild oat seeds while
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elevated carbon dioxide would promote dormancy. Dormancy levels would be correlated
to the chemical composition of the seeds, particularly phenolic and fatty acids.
In the fourth set of experiments, the effects of drought and elevated carbon
dioxide on seed susceptibility to pathogens and aging were investigated. It was
hypothesized that drought stress would increase microbial decay and deterioration due to
aging, while elevated carbon dioxide levels during seed maturation would mitigate these
effects. In addition, it was hypothesized that aging would increase seed susceptibility to
decay, and that resistance to decay and aging would be correlated to the chemical
composition of the seeds.
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Chapter 2: Comparison of Seed Phenolic Extraction and Assay
Methods
Introduction
Phenolics are a widespread class of plant secondary compounds that function in a
variety of roles, particularly in plant defense. They consist of a benzyl ring, hydroxyl
groups, and unsaturated double bonds. They are derived from phenylalanine in the
shikimic acid pathway, during which phenylalanine ammonia lyase (Pal) deaminates
phenylalalanine to produce cinnamic acid (Croteau et al., 2000; Shirley, 1998).
Subsequent reactions can produce other simple phenolic compounds such as ferulic and
coumaric acids, as well as the more complex flavonoids and lignins. The hydroxyl
groups and unsaturated double bonds can react with free radicals and other oxidants,
preventing cellular damage from lipid peroxidation and radical oxygen species (reviewed
in Shirley 1998; Yu and Jez 2008). Additionally, they can act as physical barriers to
pathogens by forming linkages in cell walls (Wallace and Fry, 1994). In seeds, these
compounds are also thought to serve as germination inhibitors, and therefore play an
important role in regulating seed persistence in soil seed banks (reviewed in Gallagher
and Fuerst 2006). Commonly found simple phenolic compounds in plant tissues include
ferulic

(3-[4-hydroxy-3-methoxyphenyl]-2-propenoic

acid),

p-coumaric

(3-[4-

hydroxyphenyl]-2-propenoic acid), vanillic (4-hydroxy-3-methoxy-benzoic acid), caffeic
(3-[3,4-dihydroxyphenyl]-2-propenoic acid), sinapic (3,5-dimethoxy-4-hydroxycinnamic
acid), and benzoic acids (benzene carboxylic acid) (Gallagher et al., 2010a; Weidner et
al., 1999; Weidner et al., 2000; Weidner et al., 2007). Phenolic compounds can exist in
both water-soluble forms and cell wall-bound forms in plant tissues. The water-soluble
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forms (extractable by polar solvents such as water, methanol, and acetone), consist of
“free” phenolic acids as well as esters. Bound forms of the compounds are linked to
cellular constituents and can be readily extracted after hydrolysis (Krygier et al., 1982).
Numerous methods have been developed to quantify the concentrations of
phenolic compounds in plant matter, and correlate these concentrations to ecological or
nutritional qualities. These methods include several spectrophotometric assays including
the Folin-Ciocalteu reagent-based total phenolics assay (FCR) (Shahidi and Naczk,
2004), the Ortho-Dihydroxyphenol Assay (ODA) (Hendry et al., 1994), and the Total
Polyphenol Content Assay (TPC) (Quinde et al., 2004). These methods are based on
oxidation-reduction reactions, in which a reagent (generally a metal-containing
compound) removes an electron from an antioxidant to produce a color change. In the
case of the FCR assay, a molybdotungstate-containing reagent oxidizes phenolic
compounds (Prior et al., 2005), whereas in the ODA assay, KTi oxalate reacts with
neighboring hydroxyl groups on the benzyl ring (Hendry et al., 1994). The mechanism
for the TPC relies on 4-aminoantipyrine, chosen for its sensitivity to phenols
(MacFarlane, 1968) and its minimal reactivity with proteins and carbohydrates (Ng and
Mocek, 1973). The reagent-induced color change in these assays can be measured
spectrophotometrically and quantified relative to a standard curve generated from a proxy
compound, such as gallic acid (Huang et al., 2005).
The advantages of spectrophotometric assays are that they are relatively simple
and inexpensive, and require little specialized equipment or analytical expertise. The
disadvantages of these assays, however, include the lack of specificity of the reactions
associated with these assays, which can result in interference from other substances
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(Huang et al., 2005). For example, sugars, ascorbic acid, and aromatic amines can
interfere with the Folin-Ciocalteu reaction, and the reagent can also react with many
nonphenolic organic and inorganic substances (Prior et al., 2005). The ODA assay is
reported to be specific to phenolics containing adjacent hydroxyl groups, but hydrogen
peroxide can hinder this reaction (Hendry, 1993). Potential substrates for this reaction
include catechol (1,2 benzenediol), protocatechuic (3,4 dihydroxy-benzoic acid),
hydrocaffeic (3,4-dihydroxy-benzene propanoic acid), gallic (3,4,5 trihydroxybenzoic
acid) and caffeic (3-[3,4-dihydroxyphenyl-2 propenoic acid]) acids. Although this assay
has been used to quantify ecologically-relevant phenolic concentrations in seed samples
(Hendry, 1993; Hendry et al., 1994), these substrates may only represent a small fraction
of the total phenolic constituents (Gallagher et al., 2010a). In addition to the limitations
associated with the ambiguous specificity of spectrophotometric quantification, the
extraction methodologies outlined for the ODA (Hendry, 1993) and the TPC assays
(Quinde et al., 2004) utilize methanol and dimethylformamide, respectively, with no
other pretreatment.

Therefore, these assays only quantify the soluble free phenolic

fraction, and not the soluble esters or bound phenolic constituents. In contrast, the
Krygier et al. (1982) extraction method uses a suite of solvents as well as hydrolysis and
acidification to extract both the cell-wall bound and soluble phenolic compounds.
Finally, spectrophotometric assays provide no information regarding the individual
phenolic constituents present, which may or may not have distinct ecophysiological
functions.
An alternative to the aforementioned spectrophotometric methods is analysis with
gas chromatography/mass spectrometry (GC/MS). This method allows the identification
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of specific compounds in a sample. During GC/MS, a small sample is injected into the
gas chromatograph,and individual compounds are separated on a column before entering
the mass spectrometer. The amount of time it takes a compound to leave the column is
called the retention time. Once the compound enters the mass spectrometer, it is
bombarded by electrons which fragment the molecules into a unique collection of ions. A
detector then determines the mass of these ions with a magnetic field. Comparison of the
molecular masses for the unknown compound to a library of mass spectra and chemical
standards, along with the retention time, can identify the specific compound (Hornback,
1998). Coupling the specificity capabilities of GC/MS with a comprehensive extraction
procedure such as that outlined by Krygier et al. (1982) and modified by Gallagher et al.
(2010) should provide a more complete assessment of the phenolic constituents in seeds
and other plant materials than spectroscopy.
The objective of this investigation was to compare the methods for the extraction
and quantification of simple phenolics in seeds determined by three common
spectrophotometric assays (FCR, TPC, and ODA) and the extraction methods associated
with publications on each of these assays. Results were compared to the concentrations
indicated by GC/MS. We hypothesized the FCR and TPC protocols would result in an
overestimation of total phenolic concentrations due to the lack of specificity of the
reactions associated with these procedures. In contrast, we hypothesized that the ODA
procedure would underestimate seed phenolic concentration due to the specificity of the
ODA reaction to phenolic compounds with adjacent hydroxyl groups on a benzene ring,
suggesting that mono-hydroxy compounds would not be detected.

In addition, we

hypothesized that the extraction procedures associated with these methods would result in
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differences in how specific phenolics were extracted and measured. The study species
included wild oat (Avena fatua L.), broadleaf plantain (Plantago major L.), and common
lambsquarters (Chenopodium album L.). The phenolic chemistry of wild oat has been
previously evaluated by Gallagher et al. (2010), whereas broadleaf plantain (Plantago
major L.) and common lambsquarters have been evaluated by Hendry et al. (1994) and
Davis et al. (2008), respectively. It was not the intent of this study to compare the
phenolic constituents among these weed species since the seeds did not come from plants
from common maternal environments. Rather, the results will demonstrate the value of
the methods for the extraction and quantification of simple phenolics in seeds.

Materials and Methods
Sample Preparation
The analyses were conducted on wild oat, common lambsquarters and broadleaf
plantain seeds. The common lambsquarters were collected in Fall 2007 from agricultural
fields around the Russell E. Larson Research Farm (Pennsylvania State University), Rock
Springs, PA. Broadleaf plantain plants were collected at the Russell E. Larson Research
Farm in June 2007, then grown outside in pots until seed collection in August. Wild oat
seeds were collected from a population in agricultural fields near Pullman, WA, and
were subjected to a “common garden” seed multiplication grow-out at Penn State
University in 2007. For analysis, wild oat seeds were separated into hulls (palea and
lemma) and caryopses. All seed samples were ground with liquid nitrogen before being
lyophilized for three days.
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Phenolic Assay Procedures
Folin-Ciocalteau Reagent (FCR) Total Phenolics Assay
The Folin-Ciocalteau Reagent Total Phenolics (FCR) assay was carried out
according to Shahidi and Naczk (2004). This phenolic quantification methodology can
be combined with a wide range of extraction procedures. We chose to use the extraction
procedure similar to that outlined in Krygier et al. (1982) and modified by Gallagher et
al. (2010a) since it results in the fractionation of the phenolic constituents into both
soluble and chemically bound components. Briefly, hexane was used to remove nonpolar
compounds, followed by a methanol/acetone/water solution (1:1:1) to extract the polar
phenolic compounds. The samples were centrifuged and the pellets were hydrolyzed
with 4N NaOH in a waterbath at 60°C overnight to liberate the cell wall-bound phenolic
compounds. Both the hydrolyzed pellets and the supernatants were acidified with
concentrated HCl. A mixture of diethyl ether and ethyl acetate (1:1) purified the samples,
and filtering through MgSO4 removed the remaining water. The solvent was then totally
evaporated and the samples were reconstituted in acetone.
Hereafter, “FCR” will refer to the extraction procedure outlined by Gallagher et
al. (2010), and the spectrophotometric quantification procedure outlined in Shahidi and
Naczk (2004). For quantification, 20 µL of each extract sample was added to separate
test tubes, and the acetone base solvent allowed to completely evaporate. FCR reagent
(2.5 mL of a 10% FCR solution) and sodium carbonate (2.0 mL of a 7.5% Na2CO3
solution) were added to each sample and vortexed after each addition. The samples were
then incubated at 40°C for 15 minutes. A blank consisted of FCR reagent and sodium
carbonate. The absorbance at 765 nm was determined using a UV mini 1240 UV/VIS
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spectrometer (Shimadzu, Kyoto, Japan).

Sample total phenolic concentrations were

quantified by comparison with a gallic acid standard curve.

Orthodihydroxyphenol Assay (ODA)
The extraction and quantification procedures for this assay were carried out
according methods outlined in Hendry et al. (1994). Seed samples (~75 mg) were
homogenized with a Powergen® 125 homogenizer (Fisher Scientific, Pittsburgh, PA) in
0.75 ml of a 1:1 solution of Tris-HCl buffer (100mM, pH 7) and methanol. The samples
were centrifuged at 12,300 g for 2 minutes, and the supernatant was retained. This
procedure was repeated and the supernatants from the two extractions combined. The
quantification for orthodihydroxyphenols was carried out by adding 2 ml of 100 mM KTi
oxalate to 50 µL of extract sample and 950 µL of buffer for a total volume of 3 mL.
Absorbance at 445 nm was determined and results were quantified by comparing to a
gallic acid standard curve.

The Total Polyphenol Content (TPC) Assay
The extraction and quantification procedures followed those outlined in Quinde et
al. (2004). The ground plant material (~1 g) was initially homogenized as previously
described in 10 mL of 30% dimethylformamide and incubated in a shaking waterbath for
45 minutes at 20°C, then centrifuged at 5,000g for 10 minutes.

However, after

centrifugation, some fats were evident, and the supernatants were cloudy. As this would
have interfered with the absorbance values, it was necessary to de-fat the samples with
six 5mL hexane extractions, discarding the hexane layer. The samples were centrifuged
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once again and the supernatants were vacuum-filtered through #1 Whatman filter paper to
remove particulates.

To determine the total phenolic concentration, 0.5 mL of the

combined supernatant was added to 1.0 mL of 15% (w/v) ammonium hydroxide, 0.5 mL
of 2% (w/v) 4-aminoantipyrine, 0.5 ml 2% (w/v) K3Fe(CN)6, and 7.5 mL of water. The
solutions were vortexed and allowed to stand for 30 minutes. Absorbance at 505 nm was
determined and results were quantified by comparing to a gallic acid standard curve.

Gas Chromatography-Mass Spectrometry
For the ODA and TPC extractions, the base solvent was allowed to evaporate.
The samples were then reconstituted in 1.5 mL of HPLC grade acetone.

For GC/MS

analysis, 45.5μl of the ODA and TPC samples were derivatized with 4.5 μL of a 99%
BSTFA/1% TCMS solution (Supelco, Bellefonte, PA) in a 50 μL glass vial insert (Restek
Corp., Bellefonte, PA). The base solvent for the FCR extractions was acetone. For
GC/MS analysis, all of the FCR samples were derivatized with 4.5 μL of the
BSTFA/TCMS solution as previously described. An amount of the sample (as determined
by preliminary studies) was added to HPLC grade acetone for a final volume of 50 μL.
For the soluble fraction of broadleaf plantain, 15.17 μL of the sample was used; for the
bound fraction, 5 μL of the sample was used. For common lambsquarters, 2.5 and 22.75
μL of the bound and soluble fractions were used, respectively. For the wild oat hulls, 0.5
and 9.1 μL of the bound and soluble fractions were added, respectively, and for the
caryopses, 5 and 45.5 μL were used, respectively.
The samples were analyzed with a Thermo Scientific Trace Ultra GC with a PTV
inlet, DSQ MS and a TriPlus autosampler (Thermo Fisher Scientific, Inc.,West Palm
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Beach, FL), containing a 30m by 0.25mm ID RXi-5ms 30 column (Restek, Bellefonte,
PA). One microliter of sample and 1 μL of the internal standard (hexachlorobenzene in
chloroform) were injected onto the inlet. The initial inlet temperature was maintained at
60°C for 12 seconds, then brought to 280°C at a rate of 10°C per second. A cleaning
phase after the run held the temperature at 350°C for 2 minutes. The oven was initially
held at 80°C for 30 seconds, then brought to a temperature of 278°C at a rate of 10°C per
minute. The oven and the ion source were held at temperatures of 300°C for12 s and
250°C, respectively while the carrier gas (He) flow was 1.5ml per minute. Positive
electronic ionization was used. Data processing was carried out using the Xcalibur 1.4
(Thermo Fisher Scientific, Inc., West Palm Beach, FL) program. The NIST 5.0 library
was used to identify target compounds on a preliminary run of one replicate of each
extraction procedure and species. These preliminary compound identifications was
confirmed using derivatized (as previously described)

chemical standards, with

confirmation based upon a match of retention time, dominant ions and ion ratios. These
parameters were used to set up selective ion (SIM) scans to identify and quantify the
compounds in the samples. Not all of the compounds in each sample could be positively
identified.

Statistical Analysis
A univariate generalized linear model (GLM) analysis of variance procedure
(SAS version 9.1, SAS Institute Inc., Cary, NC) was used to compare among the
spectrophotometric and GC/MS-based values for total phenolic concentrations of the
seeds from the three weed species and the two seed fractions within wild oat. All weed
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species and the two seed fractions from wild oat were included within the same statistical
model. A univariate and multivariate analysis of variance (MANOVA, SAS version 9.1)
GLM procedure was carried out to determine if there were statistical differences among
the concentration of the individual phenolic compounds within three extraction
procedures associated with spectrophotometric methodologies for the three weed species,
with all weed species and the two seed fractions for wild oat included in the model. All
data for these analyses were transformed to natural logarithms to correct for
heterogeneity of variance and improve the normality of the data distribution. A least
squared mean separation (p < 0.05) was used to compare among the means for the total
phenolic concentration, whereas pairwise single degree of freedom contrasts (p < 0.05)
were used to compare the mean concentrations of individual phenolic compounds.

In

cases where the effects of extraction and quantification method were dependent on the
weed species, mean comparisons were limited to within an individual species.

Results
Total Phenolics
The presence of 15 phenolic compounds was confirmed in one or more of the seed
sources by GC/MS analysis (Table 2.1). These compounds included alcohols (catechol
and hydroquinone), benzoic acid derivatives (OH-benzoic, vanillic, protocatechuic,
syringic and gallic acids), and cinnamic acid derivatives (cinnamic, phenyl proprion, pcoumaric, hydrocaffeic, ferulic, caffeic and sinapic acids).

Seed extracts were also

screened for pyrogallol and resorcinol, but these compounds were not detected.
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Table 2.1. GC/MS Identification of the target compounds based on retention time of the
quantification ion and the corresponding ratio (% in parentheses) of the qualifying ions
relative to the quantification ion for each compound. Retention times, quantification and
qualifying ions based on the trimethylsilate (TMS) derivatives of the target compounds.
Retention
Time (min)
7.1
8.1
10.1
10.9
12.1
12.3
12.4
13.1
13.8
14.2
14.4
14.4
15.7
16.1
17.1

Compound
catechol
hydroquinone
cinnamic acid
benzoic (OH) acid
hexachlorobenzene
(internal standard)
vanillic acid
phenyl proprion
protocatechuic acid
syringic acid
p-coumaric acid
hydrocaffeic acid
gallic acid
ferulic acid
caffeic acid
sinapic acid

Quantification
Ion
254
239
205
267
286
297
179
193
327
219
179
281
338
218
338

Qualifying Ions
239 (45)
151 (30)
254 (70)
223 (7)
131 (72)
161 (65)
223 (97)
193 (60)
282 (58)
288 (80)
267 (70)
192 (80)
370 (30)
312 (78)
293 (90)
267 (40)
458 (30)
308 (78)
396 (45)
368 (90)

223 (65)
310 (20)
311 (20)
297 (75)
249 (60)
398 (38 )
179 (12 )
249 (70)
191 (15)
323 (30)

Analysis of variance indicated that the extraction and quantification method
significantly affected the total soluble phenolic concentration detected in the seed extracts
from the different methodologies, but the precise nature of this effect was dependent on
the weed species and seed fraction (Table 2.2). For all extraction methods, the total
phenolic concentrations indicated by GC/MS analysis were significantly lower than those
indicated by spectrophotometric analysis. Within the FCR procedure, the GC/MS
estimates averaged 6, 18, 3, and 12% of the spectrophotometric totals for the wild oat
caryopsis, wild oat hull, common lambsquarters and broadleaf plantain samples,
respectively. Within the ODA procedure, the GC/MS totals ranged from 0.01 to 0.03% of
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the spectrophotometric totals. For the TPC method, the GC/MS totals were between
0.005 and 0.1% of the spectrophotometric estimates.
Table 2.2. The mean total soluble phenolic concentration in the seeds of three plant
species and the two seed fractions in wild oat as determined by three published extraction
methods and quantified by GC/MS and spectrophotometric analyses. Values within a
species or seed fraction followed by the same letter are not significantly different (p <
0.05) according to a least squared mean separation test.
Quantification Method
Extraction Method
Wild Oat Caryopses
FCR
ODA
TPC
Wild Oat Hulls
FCR
ODA
TPC
Common Lambsquarters
FCR
ODA
TPC
Broadleaf Plantain
FCR
ODA
TPC

GC/MS

Spectrophotometric
(ng mg-1)

51 d
4e
1f

800 c
33992 a
3685 b

251 d
19 e
10 f

1370 c
70200 a
20057 b

9d
11 d
5d

363 c
56678 a
4722 b

348 c
13 d
3e

2897 b
56900 a
56887 a

Although all the spectrophotometric quantification methods overestimated total
phenolic concentrations relative to the GC/MS-based quantification, there was a
relatively consistent relationship between the GC/MS determinations and the
spectrophotometric values for the FCR (r2 = 0.60) and the ODA (r2 = 0.44) methods, but
not between the GC/MS and TPC method (r 2 = 0.04) within the soluble phenolic
extraction fractions (Fig. 2.1). For the bound phenolic fraction within the FCR method,
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there was no discernable relationship (r 2 =0.06) between the GC/MS and
spectrophotometric determinations of total phenolic concentration (data not shown).
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Figure 2.1. The quantitative relationship between the GC/MS-based determination
of total phenolic concentration in the soluble chemical extraction fractions and the
respective spectrophotometric-based total phenolic concentrations. Data from the
individual weed species pooled within extraction methods.
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Table 2.2 allows comparison of the quantification of phenolics from each assay
method. Based on the GC/MS concentrations, the FCR extracts had higher total soluble
phenolic concentrations than the ODA extracts in all species except common
lambsquarters, where the two extraction methods had statistically equivalent total
phenolic concentrations averaging 10 ng mg-1. In the other species, the FCR extracts
ranged from 4% higher than the ODA extracts in broadleaf plantain to 8% higher in both
seed fractions of wild oat. The GC/MS estimates of total soluble phenolics from the
ODA extracts were consistently higher than those for the TPC extracts, although this
difference was not significant in common lambsquarters. For the other samples, the
ODA totals were between 23% (in broadleaf plantain) and 53% (in wild oat hulls) higher
than the TPC totals.
Only the FCR extraction procedure included hydrolysis to liberate the chemically
bound phenolic constituents.

Multivariate analysis of variance indicated that the

quantification method significantly affected the total bound phenolic concentration
detected in the FCR seed extracts, but the magnitude of this effect was dependent on the
weed species and seed fraction (Table 2.3). For wild oat hulls, common lambsquarters
and broadleaf plantain, the GC/MS estimates were 4 to 20% of the spectrophotometric
estimates.
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Table 2. 3. The mean total bound phenolic concentrations in the seeds of three plant
species and two seed fractions of wild oat in the FCR extraction method. Values with a
species or seed fraction followed by the same letter are not significantly different (p <
0.05) according to a least squared mean separation test.

Species

Quantification Method
GC/MS
FCR
Spectrophotometric
(ng mg-1)

Wild Oat Caryopses

320 b

2898 a

Wild Oat Hulls

5148 b

25921 a

Common Lambsquarters

434 b

9946 a

Broadleaf Plantain

424 b

5645 a

Individual Phenolic Constituents
Wild Oat
Univariate and multivariate analysis of variance indicated that the extraction
method significantly affected the concentration of the phenolic constituents in the soluble
extract fractions, but the nature of this effect was dependent on weed species and seed
fraction. For the wild oat caryopses, ferulic acid was the most abundant compound in the
FCR and ODA extracts, representing 42% to 37% of the total phenolic concentration,
respectively (Table 2.4). Vanillic acid was the next most abundant compound,
representing approximately 17-30% of the total phenolic concentration for all three
extraction methods. In the TPC extracts, the concentration of vanillic acid (169 ng g-1)
was slightly higher than that of ferulic acid, which was the next most prevalent
concentration (130 ng g-1).

Vanillic and ferulic acid constituted 30% and 23%,

respectively, of the total soluble phenolic concentration in the TPC samples. The other
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compounds commonly detected included phenyl proprionic, OH-benzoic, syringic, and pcoumaric acids, ranging in concentration from 2 to 7 ng mg -1 tissue in the FCR extracts
and 1 ng mg-1 tissue or less in the ODA and TPC extracts. In the wild oat hulls, ferulic
acid was also the most abundant compound in the FCR and ODA extracts, comprising
56% to 21% of the total soluble phenolic concentration (Table 2.5). Vanillic acid was the
next most abundant compound, followed by p-coumaric acid. However, vanillic acid
comprised 31% or less of the total phenolic concentration in the FCR and ODA extracts.
In the TPC extracts, vanillic acid was the most prevalent compound (74% of the total)
followed by ferulic acid. As in the caryopses, phenyl proprionic, OH-benzoic, syringic,
and p-coumaric acids were commonly detected in this seed fraction. Six of the 15
compounds were not detected in the TPC extracts, compared to only 2 of the 15
compounds being undetected in the other extraction methods.
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Table 2.4. The concentration of the individual soluble phenolic constituents in the
extracts from the three methodologies for the wild oat caryopses. Values within a row
followed by the same letters are not significantly different at the p < 0.05 confidence
interval.
Extraction Method
Compound

FCR

ODA
(ng g-1)

TPC

Alcohols
catechol
hydroquinone

0a
25 a

25 a
12 a

0a
24 a

Benzoic Acid
Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic†

6627 a
10239 a
10 a
6694 a
6a

295 b
713 b
0a
190 b
106 a

50 b
169 b
2a
6b
7b

Cinnamic Acid
Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

431 a
3449 a
1677 a
0a
21539 a
0a
0b

77 a
531 b
124 b
682 a
1565 b
0a
522 a

81 a
81 b
15 b
0a
130 c
0a
0b

TOTAL

50786 a

4226 b

567 c
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Table 2.5. The concentration of the individual soluble phenolic constituents in the
extracts from the three methodologies for the wild oat hulls. Values within a row
followed by the same letters are not significantly different at the p < 0.05 confidence
interval.

Compound

FCR

Extraction Method
ODA
(ng g-1)

Alcohols
catechol
hydroquinone

0 a
154 b

0a
10189 a

0a
67 b

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic†

3562 a
76996 a
37 b
14881 a
32 b

1715 ab
3632 b
669 a
1033 b
854 a

726 b
7179 b
679 a
93 c
0b

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic†
sinapic

58 a
2369 a
7045 a
0b
140830 a
2721 a
2696 a

0a
1103 b
732 b
198 a
3944 b
2068 a
1689 b

0a
152 c
2b
0b
862 c
0a
0c

TOTAL

251383 a

18657 b

9760 c

TPC

Common Lambsquarters
Unlike in the wild oat caryopses, vanillic acid was the most abundant compound
in the ODA and FCR extracts of common lambsquarters seeds, comprising 49% to 67%
of the total soluble phenolic concentration (Table 2.6). Ferulic acid was found in the next
highest concentrations in the ODA and FCR extracts, constituting 13% and 20% of the
total soluble phenolic concentration, respectively. However, in the TPC extracts, p-
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coumaric acid was the second most-abundant compound, representing 47% of the total
phenolic concentration.

OH-benzoic acid was also commonly detected in all three

extraction methods, although it represented between 4% and 18% of the total soluble
phenolic concentration. Four of the 15 compounds were undetected in the TPC extracts,
compared to three in the FCR extracts and two in the ODA extracts.

Table 2.6. The concentration of the individual soluble phenolic constituents in the
extracts from the three methodologies for common lambsquarters seeds. Values within a
row followed by the same letters are not significantly different at the p < 0.05 confidence
interval.

Compound

FCR

Extraction Method
ODA
(ng g-1)

TPC

Alcohols
catechol†
hydroquinone

0a
5b

7a
763 a

0a
12 b

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic†

352 a
6102 a
3a
55 ab
36 a

1215 a
5399 a
352 ab
274 a
359 a

903 a
812 b
333 a
0a
196 a

Cinnamic Acid Derivatives
cinnamic†
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic†
sinapic

10 a
417 a
101 b
0a
1817 a
0a
214 ab

0a
338 a
328 ab
20 a
1471 a
0a
515 a

15 a
40 b
2287 a
0a
343 a
175a
0b

TOTAL

9111 a

11041 a

4921 a
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Broadleaf Plantain
Ferulic acid was again the most abundant phenolic compound in the FCR extracts
of broadleaf plantain seeds, constituting 29% of the total soluble phenolic concentration
(Table 2.7). Vanillic acid was the second most abundant compound, constituting 21% of
the total. For the ODA extracts, vanillic acid was the most abundant compound (30% of
the total soluble concentration), followed by phenyl proprionic acid (22% of the total). In
the TPC extracts, gallic acid was the most abundant compound, constituting 53% of the
total soluble phenolic concentration. Five compounds out of the fifteen were undetected
in the TPC extracts, compared to four in the ODA extracts and two in the FCR extracts.
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Table 2.7. The concentration of the individual soluble phenolic constituents in the
extracts from the three methodologies for broadleaf plantain seeds. Values within a row
followed by the same letters are not significantly different at the p < 0.05 confidence
interval.

Compound

FCR

Extraction Method
ODA
(ng g-1)

TPC

Alcohols
catechol
hydroquinone

0b
666 b

34 a
1635 a

0.689
308 c

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic†

10769 a
71285 a
4484 a
6328 a
417 a

1343 b
3780 b
0b
555 b
217 a

318 c
118 c
0b
0c
1475 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

3629 a
15858 a
42251 a
0a
100971 a
51060 a
40352 a

0b
2719 b
51 b
0a
1612 b
0b
584

54 b
153 c
0b
0a
3139 c
0b
207 c

TOTAL

348072 a

12530

2773 c

Comparison of Methods
Similar to the trends in the total phenolic concentrations, analysis of the amounts
of the individual compounds in the samples revealed that the FCR samples had the
highest concentration of ferulic and vanillic acids (the two most abundant compounds) in
all of the samples. This difference was generally statistically significant across all of the
extraction methods. The ODA extraction had between 2 to 88% of the FCR concentration
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of vanillic or ferulic acid, whereas the TPC samples contained between 0.17 to 19% of
the FCR concentration of vanillic or ferulic acids (Supplemental Tables 2.4-2.7).

Bound Phenolic Composition
Statistical analyses were not performed on the concentrations of individual bound
phenolic compounds since the Krygier/FCR extraction method was the only one that
yielded this chemical fraction. Some trends, however, were evident (Table 8). As in the
soluble phenolic fraction, ferulic acid was the most abundant compound found in the
bound fraction in the caryopses of wild oat seeds, comprising 86% of the total bound
phenolic concentration. P-coumaric and vanillic acid comprised 6 and 4% of the total
bound concentration, respectively, in this seed fraction. In the wild oat hulls, ferulic was
the most abundant compound (75%), followed by p-coumaric (16%), and caffeic acid
(9%) and vanillic acid (0.5%). In extracts from common lambsquarters seeds, caffeic acid
was the most abundant compound (36%), followed by protocatechuic (28%), and ferulic
acid (15%). In extracts from broadleaf plantain seeds, ferulic acid was again the most
prevalent compound (64% of the total), followed by caffeic (22%), vanillic (7%), and pcoumaric acid (3%).
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Table 2.8. The concentration of the individual bound phenolic constituents in the
extracts from the three methodologies for the seeds of three weed species. Bound
phenolics were extracted by the method of Gallagher et al. (2010a).
Method
Compound

Wild Oat
Caryopses

Wild Oat
Hulls

Common
Lambsquarters
(ng mg-1)

Broadleaf
Plantain

Alcohols
catechol
hydroquinone

<1
<1

0
1

1
3

<1
2

Benzoic Acid
Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

2
13
<1
5
0

2
24
1
<1
<1

6
38
120
3
0

2
29
2
5
<1

Cinnamic Acid
Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic
TOTAL

<1
4
18
0
275
0
2
321

1
1
822
0
3851
442
2
5148

7
2
34
<1
63
158
0
434

0
5
14
0
274
92
0
424

Discussion
Total Phenolics
The spectrophotometric assays indicated much higher estimates of total soluble
phenolic concentrations than GC/MS analysis. The higher estimates were somewhat
consistent across samples for the FCR and ODA extractions, but not the TPC method
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(Fig. 2.1). The TPC spectrophotometric assay measurements were always higher than the
GC/MS measurements of the total phenolic concentrations; however, the concentrations
in the TPC samples as indicated by GC-MS analysis were generally the lowest of all the
extracts.
The GC/MS allows quantification of the chemical constituents in a sample, as
well as identification of individual compounds. Although there may be issues related to
sensitivity, detection and derivitization of the compounds, many of these concerns can be
corrected for, especially with the use of internal standards and quality controls to help
correct for variability among injections (Sloan et al., 2006). In contrast, the reagents that
spectrophotometric assays depend on have been documented to react with many
compounds, including ones that may interfere with the intended reaction, hindering
accurate determinations of the concentration of the target compounds. Our hypothesis
that FCR and TPC spectrophotometric methods would overestimate phenolic
concentrations was confirmed in this study, and may have been due to reaction of the
respective reagents with complex phenolics such as flavonoids (Prior et al., 2005; Quinde
et al., 2004). This result suggests that interfering compounds may indeed be leading to
higher estimates of total soluble simple phenolic concentrations in the assays than is
indicated by the GC/MS analysis. HPLC analysis, such as that used in Sudjaroen et al.
(2005) on tamarind seeds, could be used in future work to determine the concentrations
of flavonoids in seeds and compare that to the concentration indicated by the
spectrophotometric assays.
It is also possible that concentration indicated by the spectrophotometric assays
were influenced by the choice of the compound used to generate the standard curve. For
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all three assays, gallic acid was used as the standard. A study by Ma and Cheung (2007)
found that individual phenolic compounds respond differently to the FCR reagent. For
example, the molal absorbance of gallic acid (the standard used in our study), was more
than twice as high than that of vanillic acid, which GC-MS analysis indicated was the
most abundant compound in our seed samples. This suggests that the choice of the
standard compound used in spectrophotometric assays should be tailored to the samples
being analyzed, and the most abundant compound used to generate standard curves.
The phenolic extraction method developed by Krygier et al. (1982) and modified
by Gallagher et al. (2010a) appears to be the most thorough of the three methods
surveyed, as well as the most involved procedure.

Whereas the ODA and TPC

extractions depend on methanol and DMF as solvents, respectively, the Krygier method
uses several solvents - methanol, acetone, water, diethyl either and ethyl acetate – to
extract and purify the phenolic constituents.

In addition, the method allows the

hydrolysis of esters, and is the only method of the three procedures used in this study that
extracted the bound phenolic fraction.

The bound phenolic fraction accounted for

between 55% of the total phenolics in plantain seeds to 98% of the total phenolics in the
common lambsquarters seeds. Extracting only the soluble phenolics therefore misses a
major constituent of the chemical components of seeds—the bound fraction--a
component which may have important functions in seed ecology. Whereas the soluble
phenolics may be related to seed dormancy, acting as germination inhibitors (Gallagher et
al., 2010a); bound phenolics have been found to protect against insect herbivory in wheat
kernels (Abdel-Aal et al., 2001) and microbial attack in oat leaves (Ikegawa et al., 1996)
and barley (Ropenack et al., 1998). In Chinese water chestnut, ferulic acid dimers
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contribute to the stability and elasticity of cell walls, especially under extreme heating
(Parr et al., 1996). Bound phenolics may confer similar protection in the seeds examined
in this study, and yet would not have been detected using the extraction methods outlined
in the ODA and TPC methods. Perhaps the accuracy of the spectrophotometric methods
may be improved by pairing the assays with the Krygier extraction procedure.
Previous researchers have pointed out that the ODA method is specific to what
are termed “orthodihydroxyphenols” (Davis et al., 2008; Hendry et al., 1994). More
specifically, these reports indicate that the KTi oxalate reagent reacts with dihydroxyl
groups substituted at the ortho position on the benzene ring, suggesting that the
terminology of “orthodihydroxybenzenes” may be more appropriate.

Hendry et al.

(1994) acknowledge that “orthodihydroxyphenols” are not the only class of phenolics
found in seed tissues. The orthodihydroxybenzenes found in our seed samples included
catechol, protocatechuic acid, caffeic acid, hydrocaffeic acid, and gallic acid. Although
these compounds were detected in the ODA-extracted samples, they did not constitute a
major portion of the phenolic composition. Their concentrations ranged from about 2%
of the total soluble phenolic concentration in broadleaf plantain to 20% of total
concentration in wild oat hulls. As such, it appears the ODA spectrophotometric assays
greatly overestimated the concentration of orthodihydroxylbenzenes, suggesting this
method may not be as specific as previously reported. Although orthodihydroxybenzenes
constituted a small proportion of the total phenolics in our samples, these compounds
along with p-coumaric acid, may be important as substrates for polyphenol oxidases
(Mayer, 2006). Although the exact functions of these enzymes remain to be elucidated,
the

enzymes,

which

catalyze

the

hydroxylation

of

monophenols

to
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orthodihydroxyphenols, and orthodihydroxyphenols to ortho-quinones, play a role in fruit
browning, and may function as part of the jasmonic acid signaling cascade and in plant
defense (Mayer, 2006).
Ferulic, p-coumaric, vanillic, OH-benzoic (4-hydroxy-benzoic) and caffeic acids
were the most abundant compounds in our samples. The wild oat results were similar to
those reported in Gallagher et al. (2010) who also noted higher concentrations in the hulls
compared with the caryopses, and ferulic acid being the most abundant compound.
Phenolic concentrations in Gallagher et al. (2010) tended to be higher than those found in
the current paper, but differences among concentrations between this and the previous
analysis on wild oat may be due to the use of a different wild-type seed population in this
study.

Davis et al. (2008) also found vanillic acid in the highest concentration in

lambsquarters seeds, and found a similar suite of compounds in the derivatized portion of
their samples. In addition, Davis et al. (2008) detected the presence of mandelic acid,
shikimic acid, gentisic acid, phenol and quinic acid, which were not detected in our
samples.
The concentration of orthodihydroxylbenzenes found in our broadleaf plantain
samples was much lower than that indicated by Hendry et al. (1994). Perhaps the
discrepancy is due to our use of gallic acid as a standard instead of pyrogallol, although
the differential reactivity of the KTi oxalate between the two compounds is unknown. In
addition, the samples used in this study were freeze-dried, whereas Hendry et al. (1994)
used fresh seed material. Freeze-drying removes water from samples, leaving the same
amount of phenolics, but less grams of tissue. Freeze-drying should therefore lead to
higher concentrations of phenolics per mass of sample; however, Hendry et al. (1994)
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found higher concentrations of phenolics in their samples. Variations between the
concentrations found in the current study and those found in previous studies could be
due to the use of different seed material, maturing under different environmental
conditions and from genetically distinct populations.
In summary, the extraction method outlined by Krygier et al. (1982) and modified
by Gallagher et al. (2010a) appears to provide the most comprehensive information on
seed phenolic composition, allowing extraction of both the soluble and bound portions
and identification and quantification of the individual compounds.

All of the

spectrophotometric assays greatly overestimated of the total soluble simple phenolics
when compared to GC/MS analysis. However, in using spectroscopic assays, the choice
of the compound used as the standard may be important; and care should be taken to use
a prevalent compound to generate the standard curve. This study suggests that extraction
of both the bound and soluble phenolic fractions, and GC-MS, is the most useful for
analysis of simple phenolics and ecological studies of their function in seeds.

54

Chapter 3: Organic Acid Identification and Quantification

Introduction
Seed persistence, allowing the establishment of soil seed banks, is a common trait
of many weedy and invasive plant species. Seed banks are critical to weedy plant life
cycles, especially for annual species—dispersing their seeds over time, and permitting
species to survive in unpredictable environments (Cousens and Mortimer, 1995; Fenner
and Thompson, 2005). Characteristics that contribute to seed persistence are dormancy,
and resistance to microbial decay and aging. These persistence characteristics are
controlled by the seeds’ genetics and maturation environment, which affects resource
allocation by the mother plant. One class of resources that may be allocated to seeds and
play a role in seed quality and seed persistence are organic acids (including phenolic
acids, aliphatic acids, and long-chain fatty acids).
Phenolic acids are plant secondary compounds derived from the shikimic acid
pathway, and may be particularly important in plant defense (Croteau et al., 2000;
Shirley, 1998). They consist of a benzene ring, hydroxyl groups and unsaturated double
bonds. In addition to providing physical barriers to microbial attack (Wallace and Fry,
1994), they can prevent cellular damage from radical oxygen species (reviewed in
Shirley, 1998; Yu and Jez, 2008). Soluble phenolics may act as germination inhibitors
(Gallagher et al. 2010), help protect seeds from pathogenic fungi (Burnham, 2011) and
play a role in defense against insect herbivory (Abdel-Aal et al., 2001).
Aliphatic acids and long-chain fatty acids may similarly be involved in seed
survival in the soil. Although aliphatic acids have been widely studied in CAM and C 4
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plants, relatively few studies have focused on the function of aliphatic acid accumulation
in C3 plants (reviewed in Chia et al., 2000). Azelaic acid has been found to have some
antimicrobial activity (Charnock et al., 2004) and may play a role in inducible plant
defense mechanisms (Jung et al., 2009). Malic acid has been found to be inversely
related to dormancy (Hart and Berrie, 1968). Fumaric acid, as a component of the
tricarboxylic acid cycle, has also been proposed to be a source of fixed carbon, and may
play a role in nitrate and carbon transport and allocation to plant tissues (Chia et al.,
2000). Long-chain fatty acids may also act as germination inhibitors (Beckum and Wang,
1994 ; Berrie, 1979; Bhatia et al., 2005) Oleic acid may be involved in plant responses to
pathogens, and the signaling pathways for programmed cell death systemic acquired
resistance (Upchurch, 2008). Both aliphatic acids and long-chain fatty acids may leach
into the spermosphere, act as a source of carbon for microbes, and stimulate microbial
activity around seeds (Burnham, 2011).
Phenolic, aliphatic and long-chain fatty acids are found in three major forms in
plant tissues—water-soluble monomers as well as esterified and cell-wall bound
compounds. Water soluble phenolics and organic acids are easily extracted with polar
solvents such as water, methanol and acetone. Extraction of the esters and bound
compounds can be achieved through hydrolysis (Gallagher et al., 2010a; Krygier et al.,
1982).
Commonly found phenolic compounds in plants include p-coumaric, ferulic,
vanillic, and benzoic acid (Gallagher et al., 2010a; Granger et al., 2011; Weidner et al.,
1999; Weidner et al., 2000; Weidner et al., 2007), whereas common aliphatic acids are
malic, fumaric and azelaic acids (Charnock et al., 2004; Chia et al., 2000; Gallagher et
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al., 2010a; Hart and Berrie, 1968), and common long-chain fatty acids include oleic,
linoleic, palmitic and stearic acids (Bouchereau et al., 1996; Burkey et al., 2007;
Burnham, 2011).
Organic acid concentrations in plants have been found to be influenced by
environmental conditions. Phenolic compounds tend to increase under elevated carbon
dioxide (reviewed in Peñuelas and Estiarte, 1998), drought (Hammond-Kosack and
Jones, 2000; Hura et al., 2008), and

low nitrogen levels (Bongue-Bartlesman and

Phillips, 1995). Fatty acid composition has also been found to be affected by drought,
increasing their concentration in plant embryos ((reviewed in Bouchereau et al., 1996) or
decreasing oleic acid while increasing the concentrations of linoleic acid (Ali et al.,
2010). Elevated carbon dioxide has been found to increase the concentrations of
unsaturated fatty acids in oilseed rape seeds (Hogy et al., 2010), decrease oleic acid
concentrations in peanut seeds (Burkey et al., 2007). Aliphatic acid concentrations have
been found in increase in concentration in plants exposed to drought (Levi et al., 2011;
Shu et al., 2011). The mechanisms behind plant physiological responses to these factors
are only beginning to be understood.
These data indicate that stressful environments during seed development and
maturation can have a major impact on reproductive allocation and seed characteristics.
Atmospheric carbon dioxide levels have increased from 280 ppm before the Industrial
Revolution to current levels of 379 ppm, and are increasing by 1.9 ppm per year (Pachari
and Reisinger, 2007). Many studies have found that plants respond positively to elevated
carbon dioxide levels. This increase could impact plant response to stress, particularly
with respect to resource allocation, seed characteristics, and seedbank dynamics.
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Although few studies on elevated carbon dioxide have focused on seed quality or seed
chemistry in particular, the potential ecological consequences are substantial. Elevated
carbon dioxide tends to increase the carbon to nitrogen ratio and the concentration of
carbon-based secondary compounds in leaves, shoots, and roots of many species
(reviewed in Peñuelas and Estiarte, 1998). Since elevated carbon dioxide tends to
improve water use efficiency, reduce competition for Rubisco fixation, and suppress
photorespiration (reviewed in Drake et al., 1997), drought stress-induced reductions in
seed quality may be mitigated by elevated carbon dioxide.
There is a great deal of evidence that as atmospheric carbon dioxide increases,
carbon to nitrogen ratios in plant tissues increase, accompanied by changes in allocation
to secondary compounds such as phenolics, terpenes, and tannins (reviewed in Bazzaz,
1990; Hartley et al., 2000; Mansfield et al., 1999; Mohan et al., 2006; Peñuelas and
Estiarte, 1998). Although for some species the chemical concentration decreased or was
not affected, many studies have found the expected increase in carbon-based secondary
compounds in response to elevated carbon dioxide. These experiments examined
composition of whole plants, leaves, roots or shoots. Relatively little of the literature on
elevated carbon dioxide and its influence on plant metabolism and chemistry has focused
on seeds. Thomas et al. (2003), conducted a study on the content of soybean seeds, and
many studies have found that the C:N ratio increases in seeds under elevated carbon
dioxide (Andalo et al., 1998; He et al., 2005; Huxman et al., 1998; Jablonski et al., 2002;
Steinger et al., 2000). However, we know of no other research that directly addresses the
influence of carbon dioxide on particular components of seed chemistry and the
implications for seed quality and seed bank persistence for invasive plants.
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The objective of this research was to determine if elevated atmospheric carbon
dioxide mitigates the negative effects drought stress tends to have on plant fecundity and
overall seed quality. The model species used was wild oat (Avena fatua L.), a particularly
problematic weed in Europe, North America, and Australia (Holm et al., 1977) and its
ability to form seedbanks makes managing this weed difficult. Its biology (Simpson,
1990) as well as the phenolic composition of seeds under unstressed conditions
(Gallagher et al., 2010a) has been well-characterized. The availability of various lines
that differ in their seed characteristics from very dormant (M73) to very nondormant
(SH430) (Adkins et al., 1986; Naylor and Jana, 1976) facilitates the study of the traits
involved in seed persistence.
The goal of this research in particular was to investigate the effects of elevated
carbon dioxide and drought on the allocation of phenolic and fatty acids to wild oat seeds.
It was hypothesized that seeds from wild oat plants grown under elevated carbon dioxide
and drought would have a higher concentration of phenolic, aliphatic and long-chain fatty
acids than seeds from plants grown under ambient carbon dioxide and drought.

Materials and Methods
Extraction procedure
Wild oat seeds were collected from two growth chamber experiments (conducted
in 2009 and 2010) in which the parent plants were exposed to either ambient (380ppm) or
elevated (760ppm) atmospheric carbon dioxide and either cyclical drought or wellwatered (nondrought) conditions. Two wild oat lines were grown: SH430, the seeds from
which are highly nondormant, and M73, whose seeds are highly dormant (Adkins et al.,
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1986; Naylor and Jana, 1976) (for additional details on growth chamber conditions, see
Appendix). Both of these lines were developed from individual seeds that were randomly
selected from plants from different populations. During development, the lines went
through at least 10 generations of selfing, and were determined to be homozygous with
respect to dormancy (Adkins et al., 1986). There were not enough seeds from the M73
ambient drought treatment in the 2010 grow-out to extract.
Fifty seeds per sample were counted out and split into hulls (palea and lemma)
and caryopses.

All seed samples were ground with liquid nitrogen before being

lyophilized for three days. Dry weight per sample was determined before extraction.
There were four replicates per treatment and for each wild oat line.
The extraction procedure used was similar to that outlined in Krygier et al.
(1982) modified by Gallagher et al. (2010a; 2010b), and Granger et al. (2011). This
procedure allows the extraction of soluble, esterfied and cell-wall-bound components.
Unlike in previous published studies by our group, a hexane extraction was excluded in
order to be able to quantify the less polar fatty acid constituents of the samples. The
extraction began by placing each sample in a 20mL Corex tube and homogenized with a
Powergen 125 homogenizer (10 mm diameter generator; Fisher Scientific, Pittsburgh,
PA) in 4 mL of methanol:acetone:water (1:1:1) for 15 s . This extracted polar phenolic
compounds. The samples were centrifuged and the pellets were hydrolyzed with 4N
NaOH in a waterbath at 60°C overnight to liberate the cell wall-bound phenolic
compounds. Both the hydrolyzed pellets and the supernatants were acidified with
concentrated HCl. After acidification, the supernatants were centrifuged to precipitate the
esterfied fraction. A mixture of diethyl ether and ethyl acetate (1:1) purified the samples.

60

After the supernatants were purified with diethyl ether and ethyl acetate, the aqueous
fractions were recombined with the esterfied pellets and then this fraction was extracted
with diethyl ether and ethyl acetate. Filtering the samples through MgSO 4 removed the
remaining water.

The solvent was then totally evaporated and the samples were

reconstituted in HPLC grade acetone and placed in 2mL GC vials with 2-3 molecular
sieves to remove water. To prevent oxidation, the samples were placed under argon gas,
after which they were stored at -20°C until analysis.

GC-MS Analysis
For GC/MS analysis, the samples were derivatized with a BSTFA + 1% TCMS
solution. An amount of the sample (as determined by preliminary studies) was added to
HPLC grade acetone for a final volume of 50 μL.

For the wild oat hulls, 4μL of the

bound fractions were added to 5μL BSTFA/TCMS. For the esterfied and soluble
fractions, 45μL of sample and 5 μL BSFTA/TCMS were used. For the caryopses, 10μL
of the bound fractions, 39μL of the esterfied fractions, and 45μL of the soluble fractions
were added to 11μL, 11μL and 5μL of BSTFA/TCMS, respectively.
The samples were analyzed with a Thermo Scientific Trace Ultra GC with a PTV
inlet, DSQ MS and a TriPlus autosampler (Thermo Fisher Scientific, Inc.,West Palm
Beach, FL), containing a 30m by 0.25mm ID RXi-5ms 30 column (Restek, Bellefonte,
PA). One microliter of sample and 1 μL of the internal standard (BHT, at a concentration
of 20mg/L acetone) were injected onto the inlet. The initial inlet temperature was
maintained at 60°C for 12 seconds, then brought to 280°C at a rate of 10°C per second. A
cleaning phase after the run held the temperature at 350°C for 30 seconds. The oven was
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initially held at 80°C for 30 seconds, and then brought to a temperature of 275°C at a rate
of 10°C per minute. To clean the column, the oven temperature was held at 300°C for 30
seconds after the run. The transfer line to the mass spectrometer and the ion source were
maintained at 300°C, and 290°C, respectively, while the carrier gas (He) flow was 1.5ml
per minute. Positive electronic ionization was used. Data processing was carried out
using the Xcalibur 1.4 program (Thermo Fisher Scientific, Inc., West Palm Beach, FL).
The processing and quantification was similar to Gallagher (2010a; 2010b) and
Granger et al. (2011). However, for this experiment, we used 7 calibration standards in
which the dilutions ranged from 0.5-20mg/L acetone for all the phenolic compounds with
the exception of ferulic acid, the standards for which ranged from 1-40mg/L acetone. The
extraction procedures in this experiment also allowed the extraction of fatty acids, as
mentioned previously. Palmitic, linoleic, oleic and stearic acids were identified and also
included in the standard curves. The concentration of the standard curves for linoleic and
oleic acid were 2-80mg/L; for palmitic and stearic acids, the standards ranged from 140mg/L.
Statistical analysis was done using proc glm in SAS 9.1 (SAS Institute, Inc., Cary,
NC). Differences in the least-squared means were considered significant at the 0.05 αlevel.
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Results
2009 Growth Chamber Experiment
Phenolic Compounds
Caryopsis Phenolics: Cell Wall-Bound
In the M73 line in 2009, the phenolic constituents in the caryopsis bound seed and
chemical fractions were generally not significantly affected by the carbon dioxide and
drought treatments (Table 3.1). Total phenolic concentrations averaged 1658 ng seed-1,
and were composed of < 1% alcohols, 8% benzoic acid derivatives and 87% cinnamic
acid derivatives.

The predominant cinnamic acid derivatives were p-coumaric acid

ferulic acid, which were 19% and 78% of the total phenolic concentration, respectively.
In the SH430 line in 2009, the phenolic constituents in the caryopsis bound seed
and chemical fraction were significantly affected by the carbon dioxide treatment, with
typically higher phenolic concentrations in caryopses from the elevated CO2 environment
(p = <0.0001; Table 3.2). Total phenolics averaged 3672 ng seed-1 in the elevated CO2
environment compared to 762 ng seed-1 in the ambient CO2 environment.

These

variations in total phenolics were primarily due to differences in cinnamic acid
derivatives, particularly p-coumaric and ferulic acids.

P-coumaric and ferulic acids

averaged 446 and 2834 ng seed-1, respectively, in the elevated CO2 environmentand 207
and 343 ng seed-1, respectively, in the ambient CO2 environment. As with the M73 line,
concentrations of the alcohols and benzoic acid derivatives were relatively low,
constituting <1% and 7% of total phenolics when averaged across drought and carbon
dioxide factors.
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Table 3.1. 2009 M73 Caryopsis Phenolics: Cell Wall-Bound. Values within a row
followed by the same letters are not significantly different at the p < 0.05 confidence
interval.

Compound

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Alcohols
catechol
hydroquinone

1a
6a

<1a
4a

1a
10 a

1a
4a

TOTAL

7a

4a

11 a

5a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

60 a
64 a
5a
11 ab
2a

58 a
50 a
8a
16 a
4a

48 a
57 a
6a
11 ab
3a

66 a
58 a
3a
4b
3a

TOTAL

141 a

137 a

125 a

133 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic†
sinapic

4a
4a
181 a
13 a
311 a
9a
4a

4a
11 a
180 a
15 a
658 a
9.5 a
4.4 a

8a
5a
256 a
11 a
563 a
13 a
1a

4a
5a
508 a
35 a
2891 a
60 a
4a

TOTAL

525 a

882 a

857 a

3506 a

TOTAL (All Phenolics)

672 a

1022 a

993 a

3644 a

Ambient CO2
Drought

Elevated CO2
Drought
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Table 3.2. 2009 SH430 Caryopsis Phenolics: Cell Wall-Bound. Values within a row
followed by the same letters are not significantly different at the p < 0.05 confidence
interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

0.64 ab
4a

0.61 ab
5a

0.38 b
5a

0.94 a
4a

TOTAL

5a

5a

5a

5a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

81 a
66 a
4a
15 a
3a

58a
55a
2a
10a
3a

69 a
51 a
4a
16 a
8a

77 a
76 a
8a
24 a
4a

TOTAL

169 a

128 a

149 a

189 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

8a
5a
217 c
0b
396 c
17 b
9a

41a
4a
395 b
11 ab
2412 a
170 a
0b

7a
3a
197 c
17 ab
291 c
17 b
10 a

37 a
18 a
498 a
33 a
3251 a
150 a
0b

TOTAL

652 b

3032 a

542 b

3987 a

TOTAL (All Phenolics)

826 ab

3165 a

698 b

4180 a

Compound

Caryopsis Phenolics: Esters
In the M73 line in 2009, the phenolic constituents in the caryopsis ester seed and
chemical fractions generally were not significantly affected by the carbon dioxide and
drought treatments (Table 3.3). Total phenolic concentrations averaged 327ng seed-1,
and were comprised of less than 1% alcohols, 17% benzoic acid derivatives and 83%
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cinnamic acid derivatives. The predominant cinnamic acid derivatives were ferulic and pcoumaric acid, the concentrations of which were 4% and 74% of the total concentration,
respectively.

Table 3.3. 2009 M73 Caryopsis Phenolics: Esters. Values within a row followed by the
same letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

<1 a
1a

<1 a
1a

<1 a
1a

<1 a
2a

TOTAL

1a

1a

1a

2a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

30 b
14 a
2a
3a
1a

59 a
22 a
2a
2a
1a

20 b
12 a
2a
2a
1a

25 b
13 a
2a
4a
6a

TOTAL

49 ab

85 a

35 b

49 ab

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

3a
1a
13 a
2a
47a
1a
1a

4a
1a
9a
1a
28 a
1a
2a

2a
1a
5a
1a
15 a
1a
1a

6a
2a
27 a
0a
881 a
19 a
11 a

TOTAL

67 a

45 a

25 a

946 a

TOTAL (All Phenolics)

117 a

132 a

61 a

997 a

Compound
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In the SH430 line in 2009, the total phenolic concentrations in the caryopsis ester
seed and chemical fraction were significantly affected by the carbon dioxide treatment,
with the caryopses from the elevated carbon dioxide treatments having higher average
total concentrations than the caryopses from the ambient carbon dioxide treatments (p =
0.00005; Table 3.4). Total phenolics averaged 316 ng seed-1 in caryopses from the
elevated carbon dioxide treatments compared to 76 ng seed -1 in caryopses from the
ambient carbon dioxide environment. These differences in total phenolics were primarily
due to carbon dioxide treatment effects on the total concentrations of the benzoic and
cinnamic acid derivatives (p = <0.0059 and p = <0.0001 respectively). Across all
treatments, the total phenolic concentration averaged 197 ng seed-1, and were composed
of about 1% alcohols, 57% benzoic acid derivatives, and 42% cinnamic acid derivatives.
The predominant phenolic compounds were ferulic acid and benzoic acid which
constituted 30 and 27% of the total concentration, respectively.
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Table 3.4. 2009 SH430 Caryopsis Phenolics: Esters. Values within a row followed by
the same letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

<1a
1a

<1 a
1a

<1 a
1a

<1 a
1a

TOTAL

1a

1a

1a

1a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

31 b
4b
1a
1b
<1 a

84 a
62 a
1a
45 a
1a

19b
9b
2a
2b
1a

78 a
59 a
2a
48 a
1a

TOTAL

38 b

193 a

33 b

187 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

4a
<1 a
7a
1a
26 b
1a
1a

3a
2a
19a
2a
92 a
3a
3a

4a
2a
7a
1a
22 b
1a
1a

2a
4a
19 a
2a
99 a
2a
2a

TOTAL

40 b

123 a

38 b

129 a

TOTAL (All Phenolics)

79 b

317 a

72 b

318 a

Compound

Caryopsis Phenolics: Soluble
For the M73 line in 2009, the total concentrations of soluble phenolics in the
caryopsis were significantly affected by the carbon dioxide treatment (p = 0.0476; Table
3.5). The caryopses from the ambient carbon dioxide drought treatment had the lowest
total concentration (13 ng seed-1), which was significantly different from the other three
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treatments, which had an average concentration of 35 ng seed-1). There were small, but
statistically significant, differences between the carbon dioxide treatments with respect to
the concentrations of the benzoic and cinnamic derivatives, but no discernible trend. The
average total phenolic concentration of the caryopsis soluble seed and chemical fraction
was 30 ng seed-1. Ferulic acid was the most abundant compound, constituting 43% of the
total phenolic concentration.
For the SH430 line in 2009, there was a trend of the total phenolic concentrations
in the caryopsis soluble seed and chemical fractions being affected by the carbon dioxide
treatment (p= 0.0849; Table 3.6). The caryopses from the elevated carbon dioxide
nondrought treatment had a significantly higher total phenolic concentration (188 ng
seed-1), than caryopses from the other three treatments (28 ng seed -1). However, the
overall total for the alcohols, benzoic acid derivatives, and cinnamic acid derivatives did
not show statistically significant differences between the treatments. As was found in the
other seed fractions, the benzoic and cinnamic derivatives constituted the highest
proportions of the total phenolic concentration (34% and 19% of the totals across all
treatments, respectively). Although the total concentrations of the benzoic and cinnamic
acid derivatives did not show statistically significant differences, syringic, p-coumaric,
ferulic and caffeic all showed treatment responses, with ferulic and p-coumaric acid
being the most abundant compounds. For ferulic acid, caryopses from the elevated carbon
dioxide nondrought treatment had the highest concentration (88 ng seed -1); the other three
treatments had significantly significantly lower concentrations (averaging 11 ng seed -1).
For p-coumaric acid, the caryopses from the elevated carbon dioxide nondrought
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treatment had the highest concentration (32 ng seed -1), while the seeds from the ambient
drought treatment had a significantly lower concentration (3 ng seed -1).

Table 3.5. 2009 M73 Caryopsis Phenolics: Soluble. Values within a row followed by
the same letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

<1 a
<1 a

<1 a
<1 a

<1 a
<1 a

<1 a
<1 a

TOTAL

<1 a

<1 a

<1 a

<1 a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

6a
3a
<1 a
1 ab
<1 a

7a
4a
1a
3a
<1 a

3a
1a
<1 a
1b
<1 a

6a
2a
1a
3a
<1 a

TOTAL

10 ab

15 a

5b

11 ab

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

<1 a
<1 a
3 ab
1a
10 b
<1 ab
<1 a

<1 a
1a
3 ab
<1 a
8b
<1 ab
<1 b

<1 a
1a
2b
<1 a
4b
<1 a
<1 ab

1a
<1 a
10 a
1a
29 a
0a
<1 ab

TOTAL

15 ab

13 b

7b

40 a

TOTAL (All Phenolics)

26 ab

28 ab

13 b

52 a

Compound
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Table 3.6. 2009 SH430 Caryopsis Phenolics: Soluble. Values within a row followed by
the same letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

<1 a
<1 a

<1 a
1a

5a
<1 a

<1 a
<1 a

TOTAL

<1 a

1a

5a

<1 a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

2a
2a
1a
1 ab
1a

27 a
23 a
3a
9a
1a

1a
1a
<1 a
1b
1a

9a
7a
<1 a
3 ab
<1 a

TOTAL

7a

62 a

4a

20 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

<1 a
1a
4 ab
1a
8b
<1 ab
<1 a

<1 a
1a
32 a
1a
88 a
1a
1a

<1 a
<1 a
3b
<1 a
9b
0b
<1 a

1a
<1 a
4 ab
<1 a
16 b
<1 ab
<1 a

TOTAL

15 b

125 a

13 b

22 b

TOTAL (All Phenolics)

22 b

188 a

21 b

42 b

Compound

Hull Phenolics: Cell-Wall Bound
In the M73 line in 2009, the phenolic constituents in the hull bound seed and
chemical fractions did not differ significantly among the drought and carbon dioxide
treatments (Table 3.7). Total phenolic concentrations averaged 17042 ng seed -1 and were
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composed of less than 1% alcohols, 2% benzoic acid derivatives and 98% cinnamic acid
derivatives. The predominant cinnamic acid derivatives were p-coumaric acid (15%) and
ferulic acid (81%).

Table 3.7. 2009 M73 Hull Phenolics: Cell Wall-Bound. Values within a row followed
by the same letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

2a
6a

1a
8a

2a
13 a

3a
8a

TOTAL

8a

9a

15 a

11 a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

22 a
218 a
22 a
79 a
30 a

81 a
180 a
12 a
69 a
18 a

76 a
195 a
19 a
66 a
12 a

35 a
167 a
17 a
75 a
21 a

TOTAL

371 a

359 a

368 a

315 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

15 a
26 a
2818 a
182 a
15583 a
125 a
12 a

10 a
15 a
2300 a
40 a
11721 a
88 a
13 a

40 a
40 a
1391 a
83 a
7262 a
45 a
15 a

14 a
15 a
3837 a
0a
20885 a
124 a
14 a

TOTAL

18761 a

14187 a

8875 a

24888 a

TOTAL (All Phenolics)

19140 a

14555 a

9258 a

25214 a

Compound
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In the SH430 line in 2009, the total phenolic concentration in the hull bound seed
and chemical fraction were significantly affected by the treatment (p = 0.06; Table 3.8).
The total phenolic concentration in the hulls from the elevated carbon dioxide drought
treatment was the highest (66198 ng seed -1), while the hulls from the elevated carbon
dioxide nondrought and and the ambient drought had significantly lower total
concentrations (averaging 31103 ng seed-1). These differences in total phenolics were
primarily due to the response of the cinnamic acid derivatives, particularly p-coumaric,
hydrocaffeic, ferulic and caffeic acids. As for the total phenolics, the total concentration
of cinnamic acid derivatives was significantly highest in the elevated carbon dioxide
drought treatment (65729 ng seed-1), while the concentrations in the the elevated carbon
dioxide nondrought and the ambient drought treatments were significantly lower
(averaging 30820 ng seed-1). The most abundant compounds were again p-coumaric and
ferulic acid, which also responded significantly to the carbon dioxide and drought
treatments (p-coumaric, p = 0.2845 and p = 0.1530 respectively; ferulic, p = 0.1878 and p
= 0.2199, respectively). P-coumaric and ferulic acid had average concentrations of 10979
and 52805 ng seed-1, respectively, in the elevated carbon dioxide drought treatment. Both
compounds had significantly lower concentrations in the elevated carbon dioxide
nondrought and the ambient drought treatments, averaging 5511 and 24968 ng seed -1 for
p-coumaric and ferulic acid, respectively. As in the M73 line, the concentrations of
alcohols and benzoic acid derivatives were relatively low compared to the cinnamic acid
derivatives (when averaged across all treatments, the concentrations of each fraction were
less than 1%, 1%, and 99% of the total phenolic concentration, respectively).
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Table 3.8. 2009 SH430 Hull Phenolics: Cell Wall-Bound. Values within a row
followed by the same letters are not significantly different at the p < 0.05 confidence
interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

1b
8a

2b
7a

3b
5a

6a
9a

TOTAL

9a

10 a

8a

15 a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

26 a
216 a
13 ab
73 a
12 ab

3a
151 a
8 ab
60 a
4b

42 a
178 a
4b
58 a
37 a

24 a
273 a
31 a
115 a
11 ab

TOTAL

400 a

227 a

320 a

453 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

11 a
12 a
6841 ab
297 ab
32305 ab
133 b
14 a

8a
6a
5194 b
145 ab
25358 b
392 b
16 a

10 a
5a
5828 b
0b
24578 b
84 b
17 a

17 a
17 a
10979 a
493 a
52805 a
1393 a
26 a

TOTAL

39611 ab

31117 b

30522 b

65729 a

TOTAL (All Phenolics)

39960 ab

31354 b

30851 b

66198 a

Compound

Hull Phenolics: Esters
In the M73 line in 2009, the phenolic constituents in the hull ester seed and
chemical fraction generally were not significantly affected by the carbon dioxide and
drought treatments (Table 3.9). Total phenolic concentrations averaged 65 ng seed-1, and
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were composed of less than 1% alcohols, 59% benzoic acid derivatives, and 41%
cinnamic acid derivatives. The predominant compounds were vanillic acid (30%), ferulic
acid (28%) and benzoic acid (17%). Benzoic acid was the only compound to show
significant differences between the treatments, with the phenolic concentration in the
hulls from the elevated carbon dioxide drought treatment (17 ng seed -1) being
significantly higher than the concentration in hulls from the ambient carbon dioxide
drought treatment (5 ng seed-1). However, these differences in benzoic acid did not
statistically impact the total concentrations.
In the SH430 line in 2009, the phenolic constituents in the hull ester seed and
chemical fractions generally were not significantly affected by the carbon dioxide and
drought treatments (Table 3.10). The average total phenolic concentration was 90 ng
seed-1, and was composed of less than 1% alcohols, 52% benzoic acid derivatives and
48% cinnamic acid derivatives. The predominant compounds were ferulic acid (34%),
vanillic acid (20%) and benzoic acid (19%). Although the total concentrations of the
alcohols significantly differed by treatment (with the elevated carbon dioxide drought
treatment having significantly higher concentrations of alcohols than the ambient carbon
dioxide drought treatment (primarily due to differences in hydroquinone concentration),
this did not affect the overall total concentrations.
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Table 3.9. 2009 M73 Hull Phenolics: Esters. Values within a row followed by the same
letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

<1 a
<1 a

<1 a
<1 a

<1 a
<1 a

<1 a
<1 a

TOTAL

<1 a

<1 a

<1 a

<1 a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

10 ab
15 a
2a
2a
<1 a

13 ab
28 a
1a
9a
2a

5b
4a
<1 a
1a
<1 a

17 a
30 a
2a
11 a
<1 a

TOTAL

30 a

53 a

10 a

60 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

<1 a
1a
4a
1a
11 a
<1 a
1a

<1 a
1a
5
<1 a
16
1
1

<1 a
<1 a
6a
<1 a
22 a
<1 a
1a

<1 a
1a
7a
1a
23 a
2a
1a

TOTAL

17 a

23 a

30 a

35 a

TOTAL (All Phenolics)

47 a

76 a

40 a

95 a

Compound
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Table 3.10. 2009 SH430 Hull Phenolics: Esters. Values within a row followed by the
same letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

<1 a
0.08 b

<1 a
0.12 b

<1 a
0.07 b

<1 a
0.32 a

TOTAL

0.15 ab

0.21 ab

0.12 b

0.34 a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

16 a
9a
1a
6a
1a

16 a
14 a
2a
7a
3a

11 a
25 a
1a
15 a
<1 a

24 a
24 a
2a
10 a
1a

TOTAL

33 a

41 a

51 a

61 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

<1 a
1a
7a
0a
30 a
1a
1a

1a
3a
10 a
2a
24 a
1a
1a

<1 a
1a
10 a
<1 a
44 a
1a
1a

1a
1a
7a
1a
23 a
1a
2a

TOTAL

40 a

41 a

56 a

35 a

TOTAL (All Phenolics)

73 a

82a

107 a

96 a

Compound

Hull Phenolics: Soluble
In the M73 line in 2009, the phenolic constituents in the hull soluble seed and
chemical fractions generally were not significantly affected by the carbon dioxide and
drought treatments (Table 3.11). The total phenolic concentrations averaged 51 ng seed -1
and were composed of less than 1% alcohols, 53% benzoic acid derivatives, and 47%
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cinnamic acid derivatives. The predominant compounds were ferulic acid (33%), benzoic
acid (23%), and vanillic acid (22%). Only cinnamic acid concentrations showed
significant, but small differences between the drought treatments (p = 0.049), but no
discernible trends were evident. The concentrations were so low, these differences did not
impact the total concentrations.
In the SH430 line in 2009, the phenolic constituents in the hull soluble seed and
chemical fractions generally were not significantly affected by the carbon dioxide and
drought treatments (Table 3.12). Total phenolic concentrations averaged 57 ng seed-1, and
were composed of ~6% alcohols, 56% benzoic acid derivatives, and 38% cinnamic acid
derivatives. The predominant compounds were vanillic (26%), ferulic (22%) and benzoic
acids (21%). Of the major compounds, only benzoic acid responded to the carbon
dioxide treatment (p = 0.047), with the elevated carbon dioxide drought treatment having
a significantly higher concentration (25 ng seed -1) than the ambient carbon dioxide
drought treatment (5 ng seed-1). However, this difference was not t reflected in the total
phenolic concentrations.
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Table 3.11. 2009 M73 Hull Phenolics: Soluble. Values within a row followed by the
same letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

<1 a
<1 a

<1 a
<1 a

<1 a
<1 a

<1 a
<1 a

TOTAL

<1 a

<1 a

<1 a

<1 a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

13 a
16 a
1a
1a
2a

15 a
16 a
3a
2a
<1 a

7a
6a
1a
1a
<1 a

10 a
10 a
2a
2a
1a

TOTAL

34 a

36 a

15 a

24 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

0.28 a
<1 a
5a
1a
20 a
<1 a
1a

0.24 ab
1a
4a
1a
11 a
<1 a
1a

0.19 ab
<1 a
3a
<1 a
12 a
<1 a
1a

0.09 b
<1 a
7a
1a
25 a
1a
2a

TOTAL

27 a

17 a

17 a

36 a

TOTAL (All Phenolics)

61 a

53 a

32 a

60 a

Compound
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Table 3.12. 2009 SH430 Hull Phenolics: Soluble. Values within a row followed by the
same letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

<1a
<1 a

<1 a
13 a

<1 a
<1 a

<1 a
<1 a

TOTAL

<1 a

13 a

<1 a

1a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

6 ab
11a
1a
2a
1a

12 ab
22 a
2a
2a
<1 a

5b
4a
1a
2a
<1 a

26 a
24 a
4a
3a
1a

TOTAL

21 a

38 a

11 a

58 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

<1 a
<1 a
5a
1a
13 a
<1 a
0.44 ab

<1 a
1a
6a
1a
15 a
<1 a
0.20 b

<1 a
1a
3a
1a
5a
<1 a
0.20 b

1a
3a
11 a
1a
18 a
1a
1.1 a

TOTAL

19 a

23 a

9a

35 a

TOTAL (All Phenolics)

41 a

74 a

21 a

93 a

Compound

Aliphatics and Long-Chain Fatty Acids
Caryopsis Aliphatics and Long-Chain Fatty Acids: Cell-Wall Bound
For the M73 line in 2009, the aliphatic and long-chain fatty acid constituents in
the caryopsis bound seed and chemical fractions generally were not significantly affected
by the carbon dioxide and drought treatments (Table 3.13). Total aliphatic organic acid
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concentrations averaged 672 ng seed-1. The predominant aliphatic compound was malic
acid (38%). Total long-chain fatty acid concentrations averaged 38277 ng seed-1. The
predominant long-chain fatty acid was linoleic acid (37%).

Table 3.13. 2009 M73 Caryopsis Aliphatics and Long-Chain Fatty Acids: Cell WallBound. Values within a row followed by the same letters are not significantly different at
the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

99 a
188 a
288 a
87 a

179 a
146 a
171 a
90 a

98 a
160 a
235 a
65 a

138 a
293 a
333 a
118 a

TOTAL

662 a

586 a

558 a

882 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

3162 a
2174 a
2275 a
623 a

3244 a
4171 a
3368 a
551 a

16776 a
20214 a
15351 a
2554 a

23211 a
29509 a
20824 a
5101 a

TOTAL

8234 a

11334 a

54895 a

78645 a

Compound

For the SH430 line in 2009, the aliphatic and fatty acid constituents of the
caryopsis bound seed and chemical fractions were significantly affected by the carbon
dioxide treatment. (p = 0.0025 and p = <0.0001, respectively; Table 3.14). For the
aliphatic compounds, the elevated carbon dioxide nondrought treatment had a
significantly lower concentration (1049 ng seed-1) than the other three treatments
(averaging 2064 ng seed-1). The predominant aliphatic organic acid was malic acid
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(58%).

The long-chain fatty acid concentrations in the elevated carbon dioxide

treatments (averaging 210701 ng seed-1) were significantly higher than the concentrations
in the ambient carbon dioxide treatments (averaging 3440 ng seed -1). Linoleic acid was
the predominant fatty acid (43%).

Table 14. 2009 SH430 Caryopsis Aliphatics and Long-Chain Fatty Acids: Cell WallBound. Values within a row followed by the same letters are not significantly different at
the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

302 a
197 a
1535 a
202 a

229 a
258 a
379 b
183 a

249 a
382 a
1743 a
173 a

324 a
370 a
564 b
150 a

TOTAL

2236 a

1049 b

2547 a

1408 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

1138 b
700 b
788 b
287 b

47436 a
79430 a
48018 a
10585 a

1400 b
1096 b
1023 b
447 b

60942 a
103242 a
58611 a
13137 a

TOTAL

2913 b

185469 a

3966 b

235932 a

Compound

Caryopsis Aliphatics and Long-Chain Fatty Acids: Esters
In the M73 line in 2009, the fatty acid constituents in the caryopsis ester seed and
chemical fractions generally were not significantly affected by the carbon dioxide and
drought treatments (Table 3.15). Total aliphatic concentrations averaged 435 ng seed-1.
Only fumaric acid responded to any treatments (p = 0.0274), with the elevated carbon
dioxide drought treatment having a significantly higher concentration (70 ng seed -1) than
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the ambient drought treatment (7 ng seed-1), but this difference was not reflected in the
total concentration of aliphatic acids. The predominant aliphatic acid was malic acid
(73%). Total long-chain fatty acids averaged 1781 ng seed-1). The predominant longchain fatty acid was palmitic acid (51%).

Table 3.15. 2009 M73 Caryopsis Aliphatics and Long-Chain Fatty Acids: Esters.
Values within a row followed by the same letters are not significantly different at the p <
0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

11 ab
43 a
360 a
28 a

70 a
80 a
339 a
54 a

7b
43 a
421 a
29 a

24 ab
45 a
146 a
41 a

TOTAL

442 a

543 a

500 a

256 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

795 a
189 a
220 a
169 a

1308 a
532 a
555 a
187 a

426 a
97 a
111 a
103 a

1108 a
595 a
551 a
176 a

TOTAL

1373 a

2582 a

737 a

2430 a

Compound

In the SH430 line in 2009, the caryopsis ester aliphatics and long-chain fatty acids
seed and chemical fractions were significantly affected by the carbon dioxide treatment
(p = 0.0773 and p = 0.0011, respectively; Table 3.16).

The total concentration of

aliphatic compounds was higher in the elevated carbon dioxide drought treatment (613 ng
seed-1) was significantly higher than the ambient carbon dioxide nondrought treatment
(266 ng seed-1).

The predominant aliphatic acid was malic acid (46% across all
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treatments). For the long-chain fatty acids, the elevated carbon dioxide treatments had
significantly higher concentrations (averaging 16562 ng seed -1) than the ambient carbon
dioxide treatments (averaging 624 ng seed-1). The predominant long-chain fatty acid was
linoleic acid (43% across all treatments). Every compound other than succinic acid
responded to the treatments, contributing to significant differences not only in the
aliphatic acid and long-chain fatty acid totals.

Table 3.16. 2009 SH430 Caryopsis Aliphatics and Long-Chain Fatty Acids: Esters.
Values within a row followed by the same letters are not significantly different at the p <
0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

41 b
94 a
93 b
38 b

69 b
43 a
189 b
92 ab

60 b
69 a
106 b
128 a

117 a
71 a
362 a
63 ab

TOTAL

266 b

393 ab

363 ab

613 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

254 b
97 b
120 b
78 b

5276 a
8247 a
4418 a
423 a

358 b
115 b
126 b
100 b

4888 a
6438 a
3068 a
365 a

TOTAL

549 b

18364 a

699 b

14759 a

Compound
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Caryopsis Aliphatics and Long-Chain Fatty Acids: Soluble
For the M73 line in 2009, the total concentrations of aliphatic organic acids were
not significantly affected by the drought and carbon dioxide treatments (Table 3.17).
Total aliphatic concentrations averaged 123 ng seed-1, and the predominant aliphatic acid
was fumaric acid (39% of the total). The total concentrations of long-chain fatty acids
were significantly affected by the carbon dioxide treatment (p = 0.0494). The total
concentration in the elevated carbon dioxide drought treatment (8158 ng seed -1) was
significantly higher than that of the ambient carbon dioxide drought treatment (584 ng
seed-1). The predominant fatty acid was palmitic acid (66% of the total across all
treatments).

Table 3.17. 2009 M73 Caryopsis Aliphatics and Long-Chain Fatty Acids: Soluble.
Values within a row followed by the same letters are not significantly different at the p <
0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

56 ab
5a
46 a
8a

46 ab
9a
30 a
15 a

15 b
2.3 a
1a
78 a

77 a
6a
8a
90 a

TOTAL

116 a

100 a

96 a

181 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

1030 ab
143 a
143 a
88 b

3507 ab
294 a
389 a
213 ab

502 b
21 a
19 a
42 ab

4520 a
2056 a
1352 a
230 a

TOTAL

1404 ab

4403 ab

584 b

8158 a

Compound
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In the SH430 line in 2009, the aliphatic acids and the long-chain fatty acid
constituents in the caryopsis soluble seed and chemical fractions were significantly
affected by the carbon dioxide treatments (p= 0.0173; Table 3.18). For the aliphatic acids,
the total concentration in the elevated carbon dioxide nondrought treatment (534 ng seed1

) was significantly higher than the concentration in the ambient carbon dioxide

nondrought treatment (26 ng seed-1). The predominant aliphatic acid was fumaric acid
(56% of the total across all treatments). The long-chain fatty acids showed similar trends
to the aliphatic acids; the totals in the elevated carbon dioxide nondrought treatment
(3589 ng seed-1) were significantly higher than the concentration in the ambient carbon
dioxide nondrought treatment (746 ng seed-1). The predominant fatty acid was palmitic
(44% of the total across all treatments).

Table 3.18. 2009 SH430 Caryopsis Aliphatics and Long-Chain Fatty Acids: Soluble.
Values within a row followed by the same letters are not significantly different at the p <
0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

14 ab
2a
1 ab
9a

298 a
45a
162 a
29a

7b
1a
1b
19a

147 ab
8a
71 ab
21 a

TOTAL

26 b

534 a

29 ab

247 ab

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

556 a
24 b
76 b
90 ab

1132 a
1295 a
1007 a
155 a

706 a
30 ab
115 ab
51 b

982 a
872 ab
516 ab
76 ab

TOTAL

746 b

3589 a

902 ab

2446 ab

Compound
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Hull Aliphatics and Long-Chain Fatty Acids: Bound
In the M73 line in 2009, the aliphatic acid and long-chain fatty acid constituents
in the hull bound seed and chemical fractions were not significantly affected by the
drought and carbon dioxide treatments (Table 3.19).

Total aliphatic concentrations

averaged 502 ng seed-1, and the predominant aliphatic acid was azelaic acid (35% of the
total). Total long-chain fatty acids averaged 4733 ng seed-1, and the predominant longchain fatty acid was palmitic acid (32% of the total).

Table 3.19. 2009 M73 Hull Aliphatics and Long-Chain Fatty Acids: Cell WallBound. Values within a row followed by the same letters are not significantly different at
the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

223 a
38 a
115 a
292 a

301 a
21 a
91 a
75 a

60 a
47 a
144 a
161 a

102 a
48 a
107 a
182 a

TOTAL

668 a

488 a

412 a

439 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

1071 a
928 a
1005 a
425 a

1532 a
1316 a
1422 a
469 a

1064 a
595 a
732 a
479 a

2476 a
2522 a
2398 a
497 a

TOTAL

3429 a

4739 a

2870 a

7893 a

Compound

In the SH430 line in 2009, the fatty acid constituents in the hull bound seed and
chemical fractions were not significantly affected by the carbon dioxide and drought
treatments (Table 3.20). Total aliphatic acid concentrations averaged 413 ng seed-1, and
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the predominant aliphatic acid was fumaric acid (37% of the total). Only azelaic acid
showed significant differences between the treatments, with the elevated carbon dioxide
drought having a significantly higher concentration (153 ng seed -1) than the ambient
carbon dioxide drought (57 ng seed-1), but these differences were not reflected in the total
concentrations of aliphatic acids. Long-chain fatty acid concentrations averaged 4300 ng
seed-1, and the predominant long-chain fatty acid was palmitic (38% of the total).

Table 3.20. 2009 SH430 Hull Aliphatics and Long-Chain Fatty Acids: Cell WallBound. Values within a row followed by the same letters are not significantly different at
the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

100 a
45 a
98 a
115 ab

110 a
42 a
60 a
76 ab

239 a
63 a
97 a
57 b

168 a
74 a
155 a
153 a

TOTAL

358 a

288 a

456 a

550 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

1582 a
1480 a
1448 a
381 a

1479 a
1070 a
1083 a
292 a

1932 a
1016 a
1173 a
356 a

1546 a
1002 a
1049 a
309 a

TOTAL

4891 a

3924 a

4477 a

3906 a

Compound

Hull Aliphatics and Long-Chain Fatty Acids: Esters
In the M73 line in 2009, the aliphatic acid and long-chain fatty acid constituents
in the hull ester seed and chemical fractions.were generally not affectedby the drought
and carbon dioxide treatments (Table 3.21)Total aliphatic acid concentrations averaged
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76 ng seed-1, and the predominant aliphatic acid was malic acid (60%) of the total. Total
long-chain fatty acid concentrations averaged 392 ng seed-1, and the predominant longchain fatty acid was palmitic acid (40% of the total). Only palmitic and fumaric acids
responded to the treatments; however, these differences did not impact the totals.

Table 3.21. 2009 M73 Hull Aliphatics and Long-Chain Fatty Acids: Esters. Values
within a row followed by the same letters are not significantly different at the p < 0.05
confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

4b
5a
58 a
9a

15 ab
5a
41 a
13 a

11 ab
2a
3a
3a

35 a
8a
82 a
12 a

TOTAL

76 a

74 a

18 a

137 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

100 ab
51 a
64 a
43 a

94 b
55 a
70 a
30 a

169 ab
96 a
104 a
78 a

268 a
121 a
142 a
82 a

TOTAL

258 a

249 a

447 a

613 a

Compound

In the SH430 line in 2009, the aliphatic acid and long-chain fatty acid constituents
in the hull ester seed and chemical fractions generally were not significantly affected by
the drought and carbon dioxide treatments (Table 3.22). Total aliphatic concentrations
averaged 49 ng seed-1, and the predominant aliphatic acid was malic acid (46%). Total
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long-chain fatty acid concentrations averaged 433 ng seed-1, and the predominant fatty
acid was palmitic acid (38% of the total). Only malic acid significantly responded to the
treatment with small, but significant differences. However, there were no discernible
trends and the differences did not statistically impact the total concentrations.

Table 3.22. 2009 SH430 Hull Aliphatics and Long-Chain Fatty Acids: Esters. Values
within a row followed by the same letters are not significantly different at the p < 0.05
confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

5a
6a
10 ab
7a

10 a
4a
5b
18 a

13 a
6a
8 ab
9a

16 a
5a
66 a
7a

TOTAL

27 a

37 a

36 a

95 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

145 a
146 a
159 a
31 a

169 a
97 a
97 a
32 a

158 a
115 a
120 a
37 a

178 a
90 a
112 a
46 a

TOTAL

481 a

395 a

430 a

426 a

Compound

Hull Aliphatics and Long-Chain Fatty Acids: Soluble
In the M73 line in 2009, the fatty acid constituents in the hull fatty acid soluble
seed and chemical fractions were generally not significantly affected by the drought and
carbon dioxide treatments (Table 3.23). Total aliphatic concentrations averaged 101 ng
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seed-1, and the predominant aliphatic acid was fumaric acid, 49%. Total long-chain fatty
acid concentrrations averaged 330 ng seed-1, and the predominant fatty acid was palmitic
acid (38% of the total).

Table 3.23. 2009 M73 Hull Aliphatics and Long-Chain Fatty Acids: Soluble. Values
within a row followed by the same letters are not significantly different at the p < 0.05
confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

47 a
6a
10 a
3a

71 a
6a
65 a
28 a

39 a
5a
9a
3a

40 a
5a
40 a
25 a

TOTAL

66 a

170 a

57 a

110 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

173 a
98 a
122 a
49 a

103 a
60 a
71 a
37 a

79 a
50 a
56 a
21 a

148 a
101 a
117 a
35 a

TOTAL

442 a

271 a

206 a

401a

Compound

In the SH430 line in 2009, the fatty acid constituents in the hull fatty acid soluble
seed and chemical fractions did not generally differ significantly among the drought and
carbon dioxide treatments (Table 3.24). Total aliphatic concentrations averaged 75 ng
seed-1, and the predominant aliphatic acid was fumaric acid (54%). There were small, but
statistically significant differences in the total aliphatic concentrations according to
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carbon dioxide treatment, mainly due to differences in the malic acid concentration.
However, these differences were small and there were no discernible trends. Total longchain fatty acid concentrations averaged 246 ng seed-1, and the predominant fatty acid
was palmitic (47% of the total).

Table 3.24. 2009 SH430 Hull Aliphatics and Long-Chain Fatty Acids: Soluble.
Values within a row followed by the same letters are not significantly different at the p <
0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

25 a
3a
6 ab
8a

42 a
4a
9 ab
11 a

6a
1a
1b
6a

87 a
12 a
56 a
22 a

TOTAL

42 ab

66 ab

13 b

177 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

115 a
64 a
69 a
44 a

122 a
49 a
60 a
24 a

62 a
26 a
30 a
25 a

168 a
41 a
55 a
31 a

TOTAL

292 a

255 a

143 a

295 a

Compound

2010 Growth Chamber Experiment
2010 Phenolic Compounds
Caryopsis Phenolics: Cell-Wall Bound
In the M73 line in 2010, the total phenolic constituents in the caryopsis bound
seed and chemical fractions were significantly affected by the treatments (p = 0.0068),
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with the ambient carbon dioxide nondrought and the elevated carbon dioxide drought
treatments having significantly higher total phenolic concentrations (averaging 17265 ng
seed-1) than the elevated carbon dioxide nondrought treatment (3821 ng seed -1; Table
3.25). The same statistical trends were also found for the totals for the benzoic acid
derivatives and the cinnamic acid derivatives. The predominant phenolic acids were
ferulic acid (81% of the total across all treatments) and p-coumaric acid (11%). The
chemical make-up of the phenolic constituents was similar to the results in 2009, with
alcohols constituting less than 1%, benzoic acid derivatives constituting 5%, and the
cinnamic acid derivatives constituting 95% of the total phenolic concentrations across all
treatments.
In the SH430 line in 2010, the phenolic constituents in the caryopsis bound seed
and chemical fractions generally were not significantly affected by the drought and
carbon dioxide treatments (Table 3.26). Total phenolic concentrations averaged 19495
ng seed-1, and were composed of less than 1% alcohols, 4% benzoic acid derivatives, and
96% cinnamic acid derivatives. The predominant phenolic acids were ferulic acid (81%
of the total) and p-coumaric acid (12%).
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Table 3.25. 2010 M73 Caryopsis Phenolics: Cell Wall-Bound. Values within a row
followed by the same letters are not significantly different at the p < 0.05 confidence
interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

2a
5a

1a
5a

1a
4a

TOTAL

7a

6a

5a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

182 a
269 a
14 a
273 a
4a

120 a
86 a
3b
120 a
0a

205 a
199 a
10 ab
271 a
11 a

TOTAL

741 a

329 b

696 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

118 a
27 a
2193 a
31 a
15758 a
342 a
3a

49 a
10 a
493 b
0a
2933 b
0b
2a

119 a
21 a
1538 a
46 a
12421 a
463 a
0a

TOTAL

18472 a

3486 b

14608 a

TOTAL (All Phenolics)

19220 a

3821 b

15309 a

Compound
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Table 3.26. 2010 SH430 Caryopsis Phenolics: Cell Wall-Bound. Values within a row
followed by the same letters are not significantly different at the p < 0.05 confidence
interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

1b
4a

1b
10 a

1b
8a

3a
4a

TOTAL

6a

10 a

9a

7a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

186 a
260 a
7a
415 a
3a

214 a
222 a
5a
352 a
0a

165 a
285 a
8a
206 a
0a

166 a
213 a
11 a
294 a
7a

TOTAL

870 a

793 a

663 a

692 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

181 ab
17 a
2183 a
27 a
16306 a
617 a
0a

56 b
28 a
1698 a
0a
13936 a
291 a
0a

235 a
18 a
3264 a
33 a
20448 a
217 a
9a

93 ab
26 a
1991 a
27 a
12609 a
620 a
0a

TOTAL

19330 a

16010 a

24225 a

15366 a

TOTAL (All Phenolics)

20205 a

16813 a

24897 a

16065 a

Compound

Caryopsis Phenolics: Esters
In the M73 line in 2010, the total phenolic concentrations in the caryopsis ester
seed and chemical fractions were significantly affected by the treatments (p= 0.0706;
Table 3.27). The ambient carbon dioxide nondrought treatment had a significantly higher
total phenolic concentration (1267 ng seed-1) than the elevated carbon dioxide
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nondrought treatment (677 ng seed-1).

This was mainly due to the cinnamic acid

derivatives, which also responded to the treatments (p = 0.0213). The predominant
phenolic compounds were ferulic acid (33% of the total) and benzoic acid (20%). Total
phenolic concentrations across all treatments averaged 911 ng seed-1, and were composed
of less than 1% alcohols, 59% benzoic acid derivatives, and 41% cinnamic acid
derivatives.
In the SH40 line in 2010, the total phenolic concentrations in the caryopsis ester
seed and chemical fractions were significantly affected by the drought treatment (p =
0.0105; Table 3.28).

The ambient carbon dioxide nondrought treatment had a

significantly higher total phenolic concentration (2394 ng seed -1) than the other three
treatments (averaging 926 ng seed-1). This difference is mainly due to significant
differences between the drought treatments for the cinnamic acid total concentrations (p =
0.0184). The predominant phenolic compounds were ferulic acid (34%) and OH-benzoic
acid (17%). Across all treatments, the total phenolic concentration averaged 1293 ng
seed-1, and was composed of less than 1% alcohols, 60% benzoic acid derivatives and
40% cinnamic acid derivatives.
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Table 3.27. 2010 M73 Caryopsis Phenolics: Esters. Values within a row followed by
the same letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

<1 a
2a

1a
2a

<1 a
1a

TOTAL

2a

2a

1a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

164 ab
141 a
5a
367 a
0a

233 a
154 a
5a
147 b
0a

146 b
96 a
3a
161 b
<1 a

TOTAL

676 a

539 a

407 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

4b
5a
54 a
0a
517 a
5a
5a

9a
5a
46 a
2a
181 a
4a
2a

8 ab
5a
32 a
1a
218 a
2a
3a

TOTAL

589 a

249 b

269 b

TOTAL (All Phenolics)

1267 a

790 ab

677 b

Compound
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Table 3.28. 2010 SH430 Caryopsis Phenolics: Esters. Values within a row followed by
the same letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

<1 a
2a

<1 a
3a

<1 a
2a

<1 a
1a

TOTAL

3a

4a

3a

1a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

254 a
245 a
6a
782 a
<1 ab

268 a
238 a
6a
264 bc
0b

171 a
127 a
6a
19 c
1a

158 a
162 a
4a
367 b
<1 ab

TOTAL

1287 a

776 ab

324 c

691 bc

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

4a
9a
83 a
1a
997 a
11 a
0a

6a
5a
56 a
0a
287 b
7a
4a

7a
6a
59 a
3a
168 b
4a
5a

4a
6a
38 a
0a
305 a
5a
7a

TOTAL

1105 a

365 b

252 b

365 b

TOTAL (All Phenolics)

2394 a

1144 b

579 b

1056 b

Compound

Caryopsis Phenolics: Soluble
In the M73 line in 2010, the phenolic constituents in the caryopsis soluble seed
and chemical fractions generally were not significantly affected by the drought and
carbon dioxide treatments (Table 3.29). The total phenolic concentration averaged 70 ng
seed-1, and was composed of less than 1% alcohols, 26% benzoic acid derivatives and
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74% cinnamic acid derivatives. The predominant phenolic compounds were ferulic acid
(55% of the total) and p-coumaric acid (16%).
In the SH430 line in 2010, the total phenolic concentrations were significantly
affected by the carbon dioxide treatments (p = 0.0474; Table 3.30). The total phenolic
concentration in the ambient carbon dioxide nondrought treatment (171 ng seed -1) was
significantly higher than the other three treatments (averaging 45 ng seed -1). Across all
treatments, the total phenolic concentration averaged 77 ng seed-1and was composed of
less than 1% alcohols, 28% benzoic acid derivatives and 72% cinnamic acid derivatives.
The predominant compounds were ferulic acid (44% of the total), and p-coumaric acid
(16%).

Hull Phenolics: Cell-Wall Bound
In the M73 line in 2010, the total phenolic constituents in the hull bound seed and
chemical fractions were significantly affected by the treatments (p=0.1063; Table 3.31).
The elevated carbon dioxide nondrought treatment had a significantly higher total
phenolic concentration (325874 ng seed-1) than the ambient carbon dioxide nondrought
treatment (122570 ng seed-1). These differences appear to be due to similar significant
trends in the total concentrations of cinnamic acid derivatives (in particular, driven by
ferulic and caffeic acid). Across all treatments, the average total phenolic concentration
was 235822 ng seed-1, and was composed of less than 1% alcohols, 4% benzoic acid
derivatives and 96% cinnamic acid derivatives. The predominant phenolic compounds
were ferulic acid (81% of the total) and p-coumaric acid (13%).
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In the SH430 line in 2010, the phenolic constituents in the hull bound seed and
chemical fractions generally were not significantly affected by the drought and carbon
dioxide treatments (Table 3.32). The total phenolic concentrations averaged 136268 ng
seed-1, and were composed of less than 1% alcohols, 5% benzoic acid derivatives and
95% cinnamic acid derivatives. The predominant phenolic compounds were ferulic acid
(79% of the total) and p-coumaric acid (14%
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Table 3.29. 2010 M73 Caryopsis Phenolics: Soluble. Values within a row followed by
the same letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

<1 a
<1 a

<1 a
<1 a

<1 a
<1 a

TOTAL

<1 a

<1 a

<1 a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

7a
<1 b
0a
2b
0a

3a
1 ab
1a
3 ab
<1 a

10 a
9a
<1 a
18 a
<1 a

TOTAL

9a

8a

37 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

2a
<1 a
7a
<1 a
22 a
<1 a
0a

1a
1a
4a
1a
9a
3a
0a

1a
1a
22 a
<1 a
83 a
0a
0a

TOTAL

31 a

17 a

107 a

TOTAL (All Phenolics)

40 a

25 a

144 a

Compound
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Table 3.30. 2010 SH430 Caryopsis Phenolics: Soluble. Values within a row followed
by the same letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

<1 a
0.13 a

0a
0.03 b

<1 a
0.03 b

0a
0.03 b

TOTAL

<1 a

<1 a

<1 a

<1 a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

18 a
18 a
0a
19 a
0a

7b
2b
<1 a
3b
0a

5b
2b
0a
3b
<1 a

7b
1b
<1 a
2b
<1 a

TOTAL

54 a

12 b

10 b

9b

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

18 a
9a
24 a
0a
66 a
0a
0a

2a
<1 a
6b
0a
14 a
3a
0a

1a
<1a
9 ab
<1 a
32 a
3a
0a

2a
<1 a
9 ab
0a
22 a
0a
<1 a

TOTAL

117 a

25 b

45 ab

34 ab

TOTAL (All Phenolics)

171 a

37 b

55 b

43 b

Compound

102

Table 3.31. 2010 M73 Hull Phenolics: Cell Wall-Bound. Values within a row followed
by the same letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

3a
19 a

7a
46 a

11 a
38 a

TOTAL

22 a

53 a

49 a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

656 a
1169 a
353 a
1567 a
122 a

3100 a
3986 a
2310 a
9112 a
998 a

426 a
904 a
106 a
899 a
47 a

TOTAL

3867 a

19506 a

2382 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

197 a
349 a
16643 a
264 a
100045 b
1111 b
72 a

952 a
2404 a
44454 a
2005 a
251551 a
4299 a
650 a

96 a
193 a
31228 a
470 a
221739 ab
2835 ab
32 a

TOTAL

118681 b

306315 a

256591 ab

TOTAL (All Phenolics)

122570 b

325872 a

259022 ab

Compound
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Table 3.32. 2010 SH430 Hull Phenolics: Cell Wall-Bound. Values within a row
followed by the same letters are not significantly different at the p < 0.05 confidence
interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

2a
29 a

1a
22 a

2a
17 a

27 a
28 a

TOTAL

31 a

23 a

19 a

55 a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

2385 a
2698 a
1482 a
6267 a
408 a

310 a
675 a
67 a
880 a
3a

243 a
824 a
95 a
767 a
0a

1915 a
2309 a
1563 a
4707 a
497 a

TOTAL

13239 a

1934 a

1928 a

10990 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

342 a
1546 a
20720 a
385 a
113311 a
1301 a
293 a

35 a
145 a
11885 a
617 a
75079 a
849 a
4b

63 a
89 a
19322 a
120 a
102429 a
767 a
41 b

1173 a
1259 a
25264 a
722 a
137619 a
1449 a
24 b

TOTAL

137898 a

88613 a

122831 a

167509 a

TOTAL (All Phenolics)

151168 a

90570 a

124778 a

178554 a

Compound

Hull Phenolics: Esters
In the M73 line in 2010, the phenolic constituents in the hull ester seed and
chemical fractions generally did not differ significantly according to drought or carbon
dioxide treatments (Table 3.33). Total phenolic concentrations averaged 497 ng seed -1,
and were composed of less than 1% alcohols, 69% benzoic acid derivatives and 31%
104

cinnamic acid derivatives. The predominant phenolic compound was vanillic acid, which
constituted 41% of the total phenolic concentration. Vanillic acid was significantly
affected by the treatment (p = 0.0371), with the drought treatments having a higher
concentration (averaging 292 ng seed-1) than the elevated carbon dioxide nondrought
treatment (21 ng seed-1). However, this difference did not cause statistical differences in
the total concentrations. After vanillic acid, the most abundant phenolic compounds were
ferulic acid (19%) and syringic acid (17%).
In the SH430 line in 2010, the phenolic constituents in the hull ester seed and
chemical fractions generally were not significantly affected by the drought or carbon
dioxide treatments (Table 3.34). The total phenolic concentrations averaged 766 ng seed 1

, and were composed of less than 1% alcohols, 66% benzoic acid derivatives and 34%

cinnamic acid derivatives. The predominant phenolic compounds were vanillic acid (36%
of the total) and ferulic acid (20%).
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Table 3.33. 2010 M73 Hull Phenolics: Esters. Values within a row followed by the
same letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

<1 a
1a

<1 a
2a

<1 a
<1 a

TOTAL

1a

2a

<1 a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

48 a
281 a
9a
147 a
0a

59 a
303 a
17 a
92 a
<1 a

21 a
21 b
5a
20 a
1a

TOTAL

485 a

471 a

67 b

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

1a
6a
31 a
<1 a
109 a
5a
1a

3a
7a
80 a
2a
121 a
8a
2a

1a
2a
22 a
2a
59 a
0a
3a

TOTAL

154 a

223 a

89 a

TOTAL (All Phenolics)

640 a

696 a

156 a

Compound
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Table 3.34. 2010 SH430 Hull Phenolics: Esters. Values within a row followed by the
same letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

0.15 a
3a

0.08 ab
4a

0.008 b
<1 a

0.06 ab
4a

TOTAL

3a

4a

<1 a

4a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

91 a
387 a
5a
151 ab
<1 a

67 a
318 a
13 a
299 a
0a

59 a
233 a
12 a
57 b
0a

55 a
170 a
4a
97 ab
<1 a

TOTAL

635 a

698 a

360 a

325 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

4a
9a
140 a
2a
203 a
13 a
5a

3 ab
7a
92 ab
6a
274 a
13 a
4 ab

1c
5a
11 b
<1 a
23 a
4a
0 bc

2 bc
4a
63 ab
<1 a
136 a
10 a
2 ab

TOTAL

375 a

398 a

44 a

217 a

TOTAL (All Phenolics)

1013 a

1100 a

404 a

546 a

Compound

Hull Phenolics: Soluble
In the M73 line in 2010, the phenolic constituents in the hull soluble seed and
chemical fractions generally were not significantly affected by the drought or carbon
dioxide treatments (Table 3.35). The total phenolic concentrations averaged 36 ng seed -1,
and were composed of less than 1% alcohols, 25% benzoic acid derivatives and 75%
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cinnamic acid derivatives. The predominant phenolic compounds were ferulic acid (50%
of the total) and OH-benzoic acid (20%).
In the SH430 line in 2010, the total phenolic concentration of the hull soluble
seed and chemical fractions were significantly affected by the carbon dioxide treatment
(p = 0.0183; Table 3.36). The total phenolic concentration in the ambient carbon dioxide
nondrought treatment (322 ng seed-1) was significantly higher than the concentrations in
the other three treatments (averaging 69 ng seed -1).

This trend was likely due to

statistical differences among the treatments for the total concentrations of benzoic and
cinnamic acid derivatives, caused by differences in the OH-benzoic, vanillic, syringic, pcoumaric and ferulic concentrations. Total phenolic concentrations across all treatments
averaged 132 ng seed-1, and were composed of less than 1% alcohols, 62% benzoic acid
derivatives, and 38% cinnamic acid derivatives. The predominant compounds were
vanillic acid (27% of the total) and OH-benzoic (24%).
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Table 3.35. 2010 M73 Hull Phenolics: Soluble. Values within a row followed by the
same letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

0a
<1 a

<1 a
<1 a

0.03a
0.05a

TOTAL

<1 a

<1 a

<1 a

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

6a
3a
0a
1a
0a

4a
<1 a
0a
1a
0a

12 a
<1 a
0a
1a
0a

TOTAL

9a

5a

13 a

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

<1 a
<1 a
2a
0a
6a
0a
1a

<1 a
<1 a
2a
0a
4a
1a
2a

2a
<1 a
12 a
<1 a
44 a
3a
<1 a

TOTAL

10 a

9a

62 a

TOTAL (All Phenolics)

19 a

14 a

75 a

Compound
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Table 3.36. 2010 SH430 Hull Phenolics: Soluble. Values within a row followed by the
same letters are not significantly different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Alcohols
catechol
hydroquinone

<1 a
0.22 a

<1 a
0.08 b

<1 a
0.07 b

<1a
0.03 b

TOTAL

0.30 a

0.09 ab

0.08 b

0.14 ab

Benzoic Acid Derivatives
benzoic (OH)
vanillic
protocatechuic
syringic
gallic

64 a
119 a
17 a
14 a
1a

32 ab
15 ab
3a
3b
0a

8b
1b
0a
4b
11 a

25 ab
8b
1a
1b
0a

TOTAL

215 a

53 ab

24 b

34 b

Cinnamic Acid Derivatives
cinnamic
phenyl proprion
p-coumaric
hydrocaffeic
ferulic
caffeic
sinapic

3a
3 a
20 a
1a
61 a
8a
10 a

1a
<1 b
7b
0a
26 ab
<1 a
<1 a

1a
1b
8 ab
1a
25 ab
2a
0a

1a
<1b
8 ab
0a
11 b
1a
1a

TOTAL

107 a

35 b

37 b

22 b

TOTAL (All Phenolics)

322 a

89 b

61 b

56 b

Compound
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2010 Aliphatics and Long-Chain Fatty Acids
Caryopsis Aliphatics and Long-Chain Fatty Acids: Cell-Wall Bound
In the M73 line in 2010, the aliphatic and long-chain fatty acid constituents in the
caryopsis bound seed and chemical fractions were significantly affected by the treatments
(p = 0.0014 and p = 0.0171, respectively; Table 3.37). The total aliphatic acid
concentrations in the ambient carbon dioxide nondrought and the elevated carbon dioxide
drought treatment averaged 1376 ng seed-1, and were significantly higher than the
concentration in the ambient carbon dioxide drought treatment, which had a
concentration of 919 ng seed-1. Similar trends were found in the long-chain fatty acids,
where the total fatty acid concentrations in the ambient carbon dioxide nondrought and
the elevated carbon dioxide drought treatment averaged 1603826 ng seed-1, and were
significantly higher than the concentration in the ambient carbon dioxide drought
treatment, which had a concentration of 912147 ng seed-1. The predominant long-chain
fatty acid was linoleic acid (52% of the total across all treatments).
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Table 3.37. 2010 M73 Caryopsis Aliphatics and Long-Chain Fatty Acids: Cell WallBound. Values within a row followed by the same letters are not significantly different at
the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

916 ab
567 a
1196 b
1162 a

362 b
104 a
177 b
276 c

1622 a
468 a
2712 a
755 b

TOTAL

3841 a

919 b

5557 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

289485 b
1147292 a
629471 a
103920 a

90303 a
450307 b
324139 b
47398 b

209605 b
902758 a
537462 ab
79337 ab

TOTAL

2170168 a

912147 b

1729162 a

Compound

In the SH430 line in 2010, the aliphatic and long-chain fatty acid constituents in
the caryopsis bound seed and chemical fractions generally were not significantly affected
by the drought or carbon dioxide treatments (Table 3.38). Total aliphatic concentrations
averaged 4041 ng seed-1, and the predominant aliphatic acid was malic acid (46% of the
total). Total long-chain fatty acid concentrations averaged 1824179 ng seed-1, and the
predominant fatty acid was linoleic acid (57% of the total).
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Table 3.38. 2010 SH430 Caryopsis Aliphatics and Long-Chain Fatty Acids: Cell
Wall-Bound. Values within a row followed by the same letters are not significantly
different at the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

925 a
0b
1248 b
924 a

481 a
220 b
1737 ab
1128 a

852 a
1471 a
1311 ab
990 a

929 a
0b
3149 a
799 a

TOTAL

3097 a

3566 a

4624 a

4877 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

261386 a
1323271 a
644429 a
97261 a

162679 a
889994 a
446725 a
61607 a

191430 a
1006328 a
521979 a
70946 a

162893 a
924325 a
469378 a
62084 a

TOTAL

2326347 a

1561005 a

1790683 a

1618680 a

Compound

Caryopsis Aliphatics and Long-Chain Fatty Acids: Esters
In the M73 line in 2010, the total aliphatic acid constituents in the caryopsis ester
seed and chemical fraction were generally not significantly affected by the treatments
(Table 3.39).

Total aliphatic acid concentrations averaged 1047 ng seed-1, and the

predominant aliphatic acid was malic acid (55% of the total). The long-chain fatty acid
constituents were significantly affected by the treatment (p = 0.0360). The concentration
in the ambient carbon dioxide nondrought treatment (383649 ng seed-1, was significantly
higher than the concentrations in the two elevated carbon dioxide treatments, which
averaged 123182 ng seed-1.The predominant long-chain fatty acid was linoleic acid (53%
of the total across all treatments).
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Table 3.39. 2010 M73 Caryopsis Aliphatics and Long-Chain Fatty Acids: Esters.
Values within a row followed by the same letters are not significantly different at the p <
0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

165 a
124 b
454 a
156 ab

193 a
212 a
689 a
195 a

159 a
93 c
595 a
105 b

TOTAL

899 a

1289 a

952 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

52906 a
210896 a
106695 a
13152 a

23027 ab
67062 b
42919 b
5087 ab

16186 b
54396 b
34561 b
3125 b

TOTAL

383649 a

138095 b

108268 b

Compound

In the SH430 line in 2010, the aliphatic and long-chain fatty acid constituents in
the caryopsis ester seed and chemical fractions generally were not significantly affected
by the drought or carbon dioxide treatments (Table 3.40). Total aliphatic acid
concentrations averaged 1734 ng seed-1, and the predominant aliphatic acid was malic
acid (50% of the total.)

Although many of the long-chain fatty acids differed

significantly among the treatments, these differences did not statistically impact the total
concentrations. Total long-chain fatty acid concentrations averaged 838722 ng seed-1, and
the predominant long-chain fatty acid was oleic acid (83% of the total).
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Table 3.40. 2010 SH430 Caryopsis Aliphatics and Long-Chain Fatty Acids: Esters.
Values within a row followed by the same letters are not significantly different at the p <
0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

257 a
222 a
818 a
264 ab

440 a
373 a
1206 a
191 ab

347 a
243 a
379 a
540 a

293 a
159 a
1047 a
157 b

TOTAL

1561 a

2210 a

1509 a

1656 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

46850 a
234009 a
2667126 a
14029 a

25152 ab
93073 b
44750 a
5405 ab

9043 b
8336 c
4540 a
1836 b

25128 ab
112260 b
58306 a
5043 ab

TOTAL

2962014 a

168380 a

23755 a

200737 a

Compound

Caryopsis Aliphatics and Long-Chain Fatty Acids: Soluble
In the M73 line in 2010, the aliphatic and long-chain fatty acid constituents in the
caryopsis soluble seed and chemical fractions were not significantly affected by the
drought and carbon dioxide treatments (Table 3.41). Total aliphatic concentrations
averaged 131 ng seed-1, and the predominant aliphatic acid was fumaric acid (57%). Total
long-chain fatty acid concentrations averaged 37354 ng seed-1, and the predominant fatty
acid was linoleic (44% of the total).
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Table 3.41. 2010 M73 Caryopsis Aliphatics and Long-Chain Fatty Acids: Soluble.
Values within a row followed by the same letters are not significantly different at the p <
0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

74 a
2a
2a
34 a

21 a
1a
<1 a
13 a

129 a
16 a
83 a
19 a

TOTAL

112 a

35 a

247 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

7253 a
2457 a
2207 a
524 a

5983 a
2799 a
3921 a
869 a

12710 a
44094 a
26509 a
2737 a

TOTAL

12441 a

13572 a

86050 a

Compound

In the SH430 line in 2010, the aliphatic and long-chain fatty acid constituents in
the caryopsis soluble seed and chemical fractions generally were not significantly
affected by the drought and carbon dioxide treatments (Table 3.42). Total aliphatic acid
concentrations averaged 219 ng seed-1, and the predominant aliphatic acid was fumaric
acid (64% of the total). Total long-chain fatty acid concentrations averaged 17895 ng
seed-1, and the predominant fatty acid was linoleic acid (38% of the total).
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Table 3.42. 2010 SH430 Caryopsis Aliphatics and Long-Chain Fatty Acids: Soluble.
Values within a row followed by the same letters are not significantly different at the p <
0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

279 a
34 a
130 a
60 a

119 a
7a
2a
31 ab

11 a
2a
1a
17 b

152 a
6a
2a
21 ab

TOTAL

503 a

159 a

31 a

181 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

5714 ab
6131 a
6697 a
716 a

9053 a
9337 a
6425 a
506a

4568 ab
4404 a
2964 a
598 a

2419 b
7049 a
4487 a
513 a

TOTAL

19258 a

25321 a

12534 a

14468 a

Compound

Hull Aliphatics and Long-Chain Fatty Acids: Cell-Wall Bound
In the M73 line in 2010, the aliphatic acid and long-chain fatty acid constituents
in the hull bound seed and chemical fractions were not significantly affected by the
drought and carbon dioxide treatments (Table 3.43). Total aliphatic acid concentrations
averaged 5553 ng seed-1, and the predominant aliphatic acid was azelaic (46% of the
total). Total long-chain fatty acid concentrations averaged 61079 ng seed-1, and the
predominant fatty acid was linoleic acid (46% of the total).
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Table 3.43. 2010 M73 Hull Aliphatics and Long-Chain Fatty Acids: Cell WallBound. Values within a row followed by the same letters are not significantly different at
the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

2020 a
165 a
564 a
620 a

3097 a
178 a
2365 a
5968 a

0a
285 a
378 a
1019 a

TOTAL

3369 a

11608 a

1682 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

5622 a
20070 a
15800 a
2515 a

10337 a
38402 a
31020 a
5945 a

6755 a
25804 a
17417 a
3550 a

TOTAL

44007 a

85704 a

53526 a

Compound

In the SH430 line in 2010, the aliphatic acid and long-chain fatty acid constituents
in the hull bound seed and chemical fractions were not significantly affected by the
drought or carbon dioxide treatments (Table 3.44). Total aliphatic acid concentrations
averaged 4583 ng seed-1, and the predominant aliphatic acid was azelaic (46% of the
total). Total long-chain fatty acid concentrations averaged 42321 ng seed-1, and the
predominant fatty acid was linoleic (42% of the total).
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Table 3.44. 2010 SH430 Hull Aliphatics and Long-Chain Fatty Acids: Cell WallBound. Values within a row followed by the same letters are not significantly different at
the p < 0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

1756 a
1381 a
1256 a
5976 a

0a
158 a
178 a
671 a

1238 a
168 a
290 a
383 a

1906 a
272 a
1041 a
1658 a

TOTAL

10369 a

1007 a

2079 a

4877 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

6029 a
12752 a
15760 a
4462 a

4125 a
11592 a
9555 a
1997 a

4133 a
14286 a
10583 a
1871 a

6056 a
32170 a
30081 a
3831 a

TOTAL

39003 a

27269 a

30873 a

72138 a

Compound

Hull Aliphatics and Long-Chain Fatty Acids: Esters
In the M73 line in 2010, the aliphatic and long-chain fatty acid constituents in the
hull ester seed and chemical fractions were not significantly affected by the drought and
carbon dioxide treatments (Table 3.45). Total aliphatic acid concentrations averaged 228
ng seed-1, and the predominant aliphatic acid was malic acid (47% of the total). Total
long-chain fatty acid concentrations averaged 2203 ng seed-1, and the predominant fatty
acid was linoleic acid (30% of the total).
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Table 3.45. 2010 M73 Hull Aliphatics and Long-Chain Fatty Acids: Esters. Values
within a row followed by the same letters are not significantly different at the p < 0.05
confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

67 a
18 a
34 a
46 a

48 a
55 a
141 a
84 a

26 a
3a
145 a
16 a

TOTAL

165 a

328 a

190 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

804 a
505 a
586 a
385 a

669 a
703 a
580 a
343 a

393 a
773 a
624 a
245 a

TOTAL

2280 a

2295 a

2035 a

Compound

In the SH430 line in 2010, the aliphatic acid constituents in the hull ester seed and
chemical fractions generally were not significantly affected by the drought or carbon
dioxide treatments (Table 3.46). Total aliphatic acid concentrations averaged 350 ng
seed-1, and the predominant aliphatic acid was malic acid (51%). The total concentrations
of long-chain fatty acids did differ significantly according to drought treatment (p = 0.2),
with the ambient carbon dioxide nondrought treatment having a significantly higher
concentration (3290 ng seed-1) than the ambient carbon dioxide drought treatment (1310
ng seed-1). The predominant long-chain fatty acid was palmitic acid (32% of the total
across all treatments).
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Table 3.46. 2010 SH430 Hull Aliphatics and Long-Chain Fatty Acids: Esters. Values
within a row followed by the same letters are not significantly different at the p < 0.05
confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

108 a
43 a
186 a
68 a

61 a
22 a
66 a
100 a

72 a
8a
70 a
46 a

45 a
67 a
397 a
40 a

TOTAL

405 a

249 a

196 a

549 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

1039 a
694 ab
577 ab
980 a

1053 a
387 ab
492 ab
397 b

467 a
241 b
271 b
331 b

621 a
1040 a
804 a
423 b

TOTAL

3290 a

2329 ab

1310 b

2888 ab

Compound

Hull Aliphatics and Long-Chain Fatty Acids: Soluble
In the M73 line in 2010, the aliphatic acid and long-chain fatty acid constituents
in the hull soluble seed and chemical fractions were not significantly affected by the
drought or carbon dioxide treatments (Table 3.47). Total aliphatic acid concentrations
averaged 104 ng seed-1,and the predominant aliphatic acid was malic acid (45%). Total
long-chain fatty acid concentrations averaged 716 ng seed-1, and the predominant longchain fatty acids were linoleic and oleic acids (both 28% of the total).
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Table 3.47. 2010 M73 Hull Aliphatics and Long-Chain Fatty Acids: Soluble. Values
within a row followed by the same letters are not significantly different at the p < 0.05
confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

18 a
<1 a
1a
6a

10 a
1a
1a
5a

103 a
15 a
139 a
12 a

TOTAL

25 a

17 a

269 a

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

252 a
256 a
272 a
87 a

162 a
119 a
123 a
79 a

240 a
237 a
215 a
107 a

TOTAL

867 a

483 a

799 a

Compound

In the SH430 line in 2010, the aliphatic and long-chain fatty acid constituents of
the hull soluble seed and chemical fractions were significantly affected by the drought
treatment (p = 0.2409 and p = 0.2089, respectively; Table 3.48). The aliphatic acid
concentration in the ambient carbon dioxide nondrought treatment (1430 ng seed-1 ) was
significantly higher than the concentration in the ambient carbon dioxide drought
treatment (30 ng seed-1). The predominant aliphatic acid was malic acid (70% of the total
across all treatments). The long-chain fatty acid concentrations showed similar trends to
the aliphatic acids, with the concentration in the ambient carbon dioxide nondrought
treatment (4651 ng seed-1) being significantly higher than the concentration in the
ambient carbon dioxide drought treatment (972 ng seed-1). The predominant long-chain
fatty acid was palmitic acid (31% of the total across all treatments).
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Table 3.48. 2010 SH430 Hull Aliphatics and Long-Chain Fatty Acids: Soluble.
Values within a row followed by the same letters are not significantly different at the p <
0.05 confidence interval.

Ambient CO2
Nondrought

Treatment
Elevated CO2
Nondrought
(ng seed-1)

Ambient CO2
Drought

Elevated CO2
Drought

Aliphatics
fumaric
succinic
malic
azelaic

365 a
41 a
931 a
93 a

101 b
25 a
183 a
26 b

11 b
1a
<1 a
18 b

30 b
19 a
587 a
17 b

TOTAL

1430 a

335 ab

30 b

653 ab

Long-chain fatty acids
palmitic
linoleic
oleic
stearic

937 a
727 a
756 a
801 a

449 b
294 a
308 a
173 b

324 b
228 a
240 a
150 b

416 b
504 a
407 a
224 b

TOTAL

3221 a

1224 ab

942 b

1551 ab

Compound

Discussion
Relatively little previous research has been done on the effects of elevated carbon
dioxide and drought on seed chemistry; particularly on specific organic acid components.
In the current study, it was hypothesized that elevated carbon dioxide would enhance the
allocation of carbon-based secondary compounds to seeds, while drought stress during
seed maturation would decrease that allocation. However, in wild oat, we saw that
drought and carbon dioxide had relatively weak effects on seed chemistry—with
individual compounds responding, or individual treatments significantly differing from
the others. In 2009, the carbon dioxide treatment appeared to have an effect on the
concentrations of phenolic, aliphatic and fatty acids to some extent in the SH430
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caryopsis and the bound hull seed and chemical fractions. However, the 2010 experiment
generally showed little effect of drought or carbon dioxide treatment.
Many studies have shown that environmental conditions, including drought and
elevated carbon dioxide levels, can affect the chemical composition in plant tissues,
including seeds. However, even when the same class of compounds is being studied,
plant responses to environmental factors appear to be variable; they may be speciesspecific, or depend upon the type of tissue or organ being examined.
The effect of drought stress on phenolic and fatty acid composition has been
shown to depend on the timing of stress, and the plant species or tissue being examined.
Drought has been found to upregulate phenylalanine ammonia lyase, increase the total
concentration of phenolic compounds and the concentration of ferulic acid in maize
leaves (Hura et al., 2008). In leaves, these phenolic compounds may protect cellular
structures and photosynthetic machinery by absorbing harmful, high energy radiation and
scavenge the free radicals that can be produced during drought stress (Hura et al., 2008).
In contrast, a study on maize kernels showed that drought stress caused a decrease in the
total phenolic concentration, although flavonoid concentration increased (Ali et al.,
2010). Gallagher et al. (2010b), also found that the phenolic concentration in wild oat
seeds was reduced (by up to 28% in the hull). Similarly, the concentration of lowmolecular weight non-cholinic phenolic compounds (including sinapic acid) decreased in
seeds of Brassica napus, although the effects depended on the timing of drought stress.
Levels of sinapine were also found to increase, decrease, or stay the same depending on
the timing of the drought treatment, and the results suggested that this compound was
differentially regulated than the other phenolic compounds (Bouchereau et al., 1996).
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Ross and Kvien (1989) found that drought generally decreased the total phenolic
concentration of peanut seeds, although the effect depended on cultivar. Comparable
trends have been found in the response of fatty acid concentration to drought stress.
Bouchereau et al. (1996) found that drought stress at flowering generally did not affect
fatty acid content in their Brassica napus seeds. When drought stress was imposed during
vegetative growth, only one cultivar showed a response, in which erucic and gadoleic
acid decreased, and oleic acid increased. In maize kernels, oleic acid levels increased
under drought stress.

However, the total saturated and unsaturated fatty acid

concentrations were unaffected (Ali et al., 2010).
Several possible mechanisms for drought stress-mediated alteration of organic
acid content in plants have been proposed. Ali et al. (2010) posit that a reduction in water
supply decreases enzymatic activity, as well as photosynthesis, altering the translocation
of assimilates to seeds. The decrease in linoleic acid found in their study could have been
cause by a reduction in the activity of a desaturase enzyme that converts oleic acid to
linoleic acid (Ali et al., 2010). The various mechanisms available to plants to combat
drought stress also require energy. While drought stress decreases photosynthesis, plants
must use storage molecules, including fatty acids, as alternative sources of energy. This
can cause decreased expression of enzymes in the pentose phosphate and shikimic acid
pathway (e.g. phenylalanine ammonia lyase) while increasing the accumulation of certain
aliphatic acids such as malic and fumaric acid (Shu et al., 2011). Stress related hormones
such as ABA, or signals such as reduced osmotic potential during drought stress, can also
cause an increase long-chain fatty acids in embryos (reviewed in Bouchereau et al.,
1996).
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Numerous studies on the effects of elevated atmospheric carbon dioxide on the
chemical composition of plant tissues have also found varied results. Although there is a
general trend toward an increase in the concentration of carbon-based secondary
compounds in roots, leaves and shoots, many studies have also reported no change or a
reduction in concentration (reviewed in Peñuelas and Estiarte, 1998). As was found for
drought, the effects of elevated carbon dioxide on phenolic concentration seem to vary
according to species, experimental design, and the type of compound being examined
(Peñuelas and Estiarte, 1998). Phenolic and/or tannin concentration was shown to
increase in many genotypes of Populus tremuloides (Mansfield et al., 1999), in flag
leaves of wheat (Penuelas et al 1996), and to decrease in pine needles (Peñuelas et al.,
1996).

As was found in our study, the phenolic concentrations largely remained

unchanged in Poa annua leaves (Bezemer et al., 2000), a herbaceous community of four
species (Hartley et al., 2000), and orange tree leaves (Peñuelas et al., 1996). Many studies
have found that elevated carbon dioxide increases the carbon to nitrogen ratio in seeds
(Andalo et al., 1998; Huxman et al., 1998; Steinger et al., 2000). However, few studies
have examined how specific chemical components of seeds respond to elevated carbon
dioxide. Of two studies found examining specific chemical components of seeds, neither
analyzed phenolic composition (Thomas et al., 2003; Thomas et al., 2009).
A greater number of studies have examined the effects of elevated carbon dioxide
on the fatty acid composition of seeds. In seeds of oilseed rape, the concentrations of
unsaturated fatty acids such as oleic acid increased by 1.6% while the concentration of
saturated fatty acids such as linolenic, nervonic, and linoleic acid decreased. (The
combined concentrations of linoleic and linoleic acid were by 2.6%) (Hogy et al., 2010).
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In contrast, elevated carbon dioxide decreased oleic acid in peanut seeds by up to 4%,
which a corresponding decrease in linoleic acid concentration (Burkey et al., 2007).
Thomas et al. (2003) found that elevated carbon dioxide had no effect on the fatty acid
composition of soybean.
The reasons for such a variation in responses is unclear. It should be noted that of
the phenolic studies cited above, many used spectrophotometric methods, particularly the
Folin-Ciocalteau reagent-based assay (FCR), to measure total phenolic content (Ali et al.,
2010; Bezemer et al., 2000; Hartley et al., 2000; Hura et al., 2008; Peñuelas et al., 1996;
Ross and Kvien, 1989). Hartley et al. (2000) suggest that total phenolics may not be best
indication of chemical responses to elevated carbon dioxide, suggesting that some
compounds may respond more than others. Our results, in which individual phenolic or
fatty acid compounds were significantly affected by the carbon dioxide treatment while
others were not suggests that the compounds may indeed may be differentially regulated,
and so looking at the total concentration may mask treatment effects. However, the
biological importance of these relative changes in individual phenolic concentration is
uncertain and merits further study.
In addition, the spectrophotometric methods used in these studies have been found
to be rather unspecific for phenolic compounds, and may be giving misleading
information about the changes in chemical composition in response to the treatments. A
comparison of several spectrophotometric assays, including the FCR assay to

gas

chromatography/mass spectrometry (GC-MS) analysis, which allowed the quantification
and identification of specific phenolic compounds, showed that the spectrophotometric
methods constantly overestimated the phenolic concentration compared to the
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concentrations indicated by the GC-MS analysis (Granger et al., 2011). The FCR assay
itself showed phenolic concentrations up to 12% higher than the GC-MS analysis
(Granger et al., 2011). Spectrophotometric assays rely on a reagent, ostensibly reacting
with phenolic compounds, to produce a color change which indicates the phenolic
concentration (Prior et al., 2005). However, many compounds such as ascorbic acid,
aromatic amines, and sugars can interfere with the reaction (Prior et al., 2005). The
reagents can also react with nonphenolic organic or inorganic compounds, reducing the
specificity and accuracy of the assays (Prior et al., 2005). The choice of the compound
chosen as a standard can also affect the representation of the phenolic concentration in
samples (Ma and Cheung, 2007). The spectrophotometric assays may therefore be
misrepresenting the response of the phenolic constituents of plant tissues to elevated
carbon dioxide, by reacting with unrelated chemicals that may be differentially affected
than phenolics, masking the true responses. Studies that have looked at the carbon to
nitrogen ratios in plant tissues have used elemental analyzers (He et al., 2005 for
example), and have fairly consistently shown an increase in C:N content in plant tissues
in response to elevated carbon dioxide. Perhaps using more specific methods than
spectrophotometry would help elucidate whether phenolic or fatty acids specifically are
partly responsible for the increase in C:N. More studies able to identify the compounds
responding to elevated carbon dioxide would also allow us to more closely examine why
the results of this study show very little effect of carbon dioxide on organic compound
concentration, in contrast to previous studies.
Clearly, GC-MS analysis on wild oat seed in this study indicated that elevated
carbon dioxide did not consistently affect phenolic, aliphatic and fatty acid concentration,
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in contrast to numerous studies showing either a decrease or increase in concentration in
response to elevated carbon dioxide. Despite the numerous studies on plant responses to
carbon dioxide, the effects of carbon dioxide on resource allocation to seeds have not
been elucidated. Steinger (2000) proposed that under elevated carbon dioxide, the seeds
may act as a sink for the corresponding increase in photosynthates, leading to the
increased C:N ratio they observed in Bromus erectus. In their review, Peñuelas and
Estiarte (1998) discuss the growth-differentiation balance hyphothesis, that proposes that
elevated carbon dioxide, or any factor that decreases carbon demand and increases carbon
availability, would promote the accumulation of non-structural carbon-based compounds.
Although photosynthesis rates in wild oat appeared to be higher in the elevated carbon
dioxide treatment (data not shown), and we did not measure the C:N ratios of the seeds, it
is clear that if the increase in photosynthesis caused a change in the C:N ratio in wild oat
seeds, it was not due to the concentration of simple phenolics or fatty acids. In addition,
the data did not appear to support the growth-differentiation hypothesis. However, GCMS analysis only allowed us to analyze simple phenolic compounds. Perhaps other
methods, such as HPLC and LC-MS, would allow us to examine larger carbon-based
secondary compounds, such as flavonoids (for example Sudjaroen et al., 2005), which
may respond differently. Peñuelas and Estiarte (1998) propose that the varied responses
to elevated carbon dioxide shown by different studies may be due to different
biochemical pathways or differential regulation of these pathways in different species,
causing these plants to allocate resources to defense, storage and growth in dissimilar
ways. For example, woody plants have generally been shown to have the stronger
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changes in carbon-based secondary compounds relative to herbaceous species (Peñuelas
and Estiarte, 1998).
In general, the trends in phenolic concentrations found in this study agree with the
results of previous studies, with a few notable exceptions. As found in previous studies,
most of the phenolics in our seeds were found in the hulls, which contained between 8794% of the total concentrations. Conversely, the caryopses contained 6-13% of the total
phenolic concentration across all treatments, growth chamber experiments, and lines.
Most of the phenolics were in bound form (98-99%) with the souble and
esterfiedphenolics constituting only 1% of the total phenolic concentration. The five most
abundant compounds were ferulic, p-coumaric, OH-benzoic, vanillic and syringic acids.
The concentrations of ferulic acid often constituted the majority of the total phenolic
concentration in the seed (as high as 81%), although phenolic concentrations in the hull
tended to be more evenly distributed among the 5 most prevalent compounds. Similar
results were found in previous studies on wild oat (Burnham, 2011; Gallagher et al.,
2010a; Gallagher et al., 2010b; Granger et al., 2011).
In a previous study on wild oat, Gallagher et al. (2010a) found that the M73 line
tended to have higher phenolic concentrations than the SH430 line. The data from the
2010 experiment of this study agree with this result, with the M73 line having on average
45% higher total phenolic concentrations. However, in 2009 the SH430 line had 80%
higher concentrations than the M73 line.
The 2009 growth chamber experiment exhibited lower phenolic concentrations
than the 2010 growth chamber experiment. The 2010 growth chamber experiment
showed 112% and 172% higher total concentrations than the 2009 growth chamber
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experiment for the SH430 and M73 lines, respectively. The differences may be due to the
relative lengths of time the samples were stored before analysis, and any differences
between the growth chamber environments in 2009 and 2010. In addition, in 2010, the
ambient chamber was attacked by aphids, which have been found to increase
phenylalanine expression in plants, potentially increasing the phenolic concentration
(Moran and Thompson, 2001). In general, the 2010 results agree more closely with the
concentrations found in previous experiments (Burnham, 2011; Gallagher et al., 2010a),
on seeds that matured in greenhouse environments.
The most notable difference between the current and previous studies of wild oat
is the effect of drought on the phenolic content. Gallagher et al. (2010b), found that
drought significantly decreased the bound and soluble phenolic content in the hulls (by
28%). In contrast, drought did not show consistent effects on phenolic acid content when
examined across lines, growth chamber experiments, or seed and chemical fraction.
Although puzzling, the differential effects of drought in the two experiments could be due
to the experimental design; by necessity, our study had to be carried out in growth
chambers, which may have different effects on growth and resource allocation than the
greenhouse conditions under which Gallagher et al’s (2010b) experiments were carried
out.
The trends in the fatty acid composition of wild oat seeds found in this study
largely agree with the results of previous studies on wild oat. The aliphatic acids were
more evenly distributed than the phenolic acids, with 30 to 82% of the aliphatics found in
the caryopses. Most of the aliphatic acids were found in the bound form, ranging in
concentration from 66 to 80% of the total concentration. Of the soluble and esterfied
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aliphatic acids, between 61% and 84% were esters, and of the esters, 82-89% were in the
caryopses. As found by Gallagher et al. (2010a) malic acid was often the most abundant
aliphatic acid. Aliphatic concentrations were much lower than phenolic concentrations,
averaging only between 3,000 ng seed-1 and 12,000 ng seed-1. In general, the
concentrations agree with those found by Burnham (2011). As for the phenolic
compounds, the concentrations of aliphatic acids tended to be higher in the seeds from
the 2010 growth chamber experiment than in the 2009 growth chamber experiment. The
2010 growth chamber experiment showed 118% and 130% higher total concentrations
than the 2009 growth chamber experiment for the SH430 and M73 lines, respectively.
Of the three types of compounds, long-chain fatty acids exhibited the highest
concentrations in wild oat seeds. Between 88 and 98% of the long chain fatty acids were
found in the caryopses. Most of the long-chain fatty acids (68-91%) were found in the
bound form. Of the soluble and esterfied long-chain fatty acids, between 35-97% were
esters, and of the esters, between 82 to almost 100% were found in the caryopsis. The
most abundant long-chain fatty acids tended to be linoleic and palmitic, with
concentrations as high as 57 and 63% of the total fatty acid concentration. In general,
these trends and the concentrations agree with those found by Burnham (2011) although
the soluble concentrations found in this study are slightly higher. As for the phenolic and
aliphatic fatty acids, the concentrations of the long-chain fatty acids were higher in the
seeds from the 2010 growth chamber experiment than in the 2009 growth chamber
experiment. The 2010 growth chamber experiment showed 183% and 190% higher total
concentrations than the 2009 growth chamber experiment for the SH430 and M73 lines,
respectively.
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Our study showed little effects of drought on aliphatic acid composition of wild
oat seeds, which is in agreement with Gallagher et al. (2010a), which also showed no
significant effect of drought on aliphatic composition.
The 2009 and 2010 growth chamber experiments show disparate absolute
concentrations of organic acids. The differences may have been due to the average light
levels and temperatures in the growth chambers. When averaged across all light levels
and both growth chambers, the 2009 experiment had a slightly higher light intensity (677
µmol×m-2×s-1) than the 2010 growth chamber experiment (643 µmol×m2×s-1).

In

addition, although in the 2009 growth chamber experiment the light levels between the
chambers were generally within one standard deviation of each other, the medium light
intensity tended to be higher in the ambient chamber than the elevated carbon dioxide
chamber. During the 2010 growth chamber experiment, the light intensities in the
ambient chamber also tended to be higher in the ambient chamber than in the elevated
carbon dioxide chamber. Previous studies have shown that phenylpropanoid allocation is
sensitive to light intensity (Dixon and Paiva, 1995; Gallagher et al., 2010b).
Average temperatures were also different during the 2009 and 2010 growth
chamber experiments. During the 2009 growth chamber experiment, both chambers had
average daytime temperatures of 24°C. During the 2010 growth chamber experiment,
average temperatures tended to be lower (22°C) than they were during the 2009 growth
chamber experiment. These temperatures are still in the range experienced by the wild
oat plants during the greenhouse experiments carried out by Gallagher et al. (2010a;
2010b), so it is unlikely the plants were temperature-stressed. However, temperature has
been found to change the levels of phenolic (Wen et al., 2008), aliphatic (Parra et al.,
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2010) and long-chain fatty acids (Upchurch, 2008). Salicyclic acid has been found to
activate phenylalanine ammonia-lyase activity in grape berry tissue (Wen et al., 2008)
exposed to 40°C. Adjusting membrane fatty acid concentrations is an established coping
mechanism to both low and high temperatures in plants. Higher temperatures generally
cause a decrease in the unsaturated fatty acid concentration. However, elevated
temperatures (28°C during the day) and elevated carbon dioxide decreased malic acid
concentration in ripening grapes (Parra et al., 2010).
Despite these effects, it is unclear whether the relative light levels and
temperatures had an effect on resource allocation in our experiment. Previous studies
have indicated that phenylpropanoids increase under high light intensity (Dixon and
Paiva 1995), and that shading can increase the soluble phenolics in wild oat caryopses,
but decrease concentrations in the hulls (Gallagher et al. 2010b). Light intensities tended
to be higher in the 2009 experiment although the phenolic concentrations across all seed
and chemical fractions tended to be greater in the 2010 experiment. In addition, although
higher temperatures have been found to increase the phenolic and fatty acid concentration
in plant tissues, temperatures were lower in the 2009 experiment than in the 2010
experiment, from which the seeds exhibited higher concentrations. This suggests that the
difference in light levels and temperature do not explain the difference in concentration
between the two experiments.
It is possible that the differences in the temperature and light levels between the
chambers may have masked any carbon dioxide effects, particularly in the 2010
experiment where there was a larger difference in light intensity between the chambers.
This could help explain why the 2009 experiment appeared to be more responsive to the
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elevated carbon dioxide treatment. However, that the carbon dioxide treatment largely
did not show significant effects in the 2010 experiment, similar to the 2009 results where
the temperatures were lower and the light intensities were higher, could also indicate that
the differences in temperature and light may not have been affecting seed chemistry.
Organic acids have been found to play important roles in seeds. Soluble phenolics may
act as germination inhibitors (Gallagher et al., 2010a) and may leach into the
spermosphere and defend the seed against microbes (Burnham, 2011). They may help
protect wheat kernels from insect herbivory (Abdel-Aal et al., 2001), protect oat
(Ikegawa et al., 1996) and barley (Ropenack et al., 1998) from pathogens, and contribute
to the stability of cell walls under extreme heating (Parr et al., 1996). Fatty acids may
also act as germination inhibitors (Beckum and Wang, 1994 ; Berrie, 1979; Bhatia et al.,
2005). Oleic acid may be involved in programmed cell death and systemic acquired
resistance (Upchurch, 2008). In addition, the ability to maintain astable lipid content and
unsaturated fatty acids may be associated with drought resistance in Arabidopsis
(Upchurch, 2008). Understanding the environmental regulation of these important
compounds is therefore essential to predicting plant responses and ecological interactions
in different climatic conditions.

Future Directions
As mentioned above, many studies have shown changes in the C:N ratio of seeds and
plant tissue from plants exposed to elevated carbon dioxide. Often, the measures are
made in terms of total carbon and total nitrogen (Andalo et al., 1998; He et al., 2005;
Huxman et al., 1998; Jablonski et al., 2002; Steinger et al., 2000). In addition, many
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studies on the effects of carbon dioxide on phenolic compounds have used nonspecific
measures of total concentration. Due to the lack of specificity in the methods used, the
specific carbon-based compounds responsible for the the alteration of resource allocation
under elevated carbon dioxide have largely remained unidentified. Clearly, more research
must be done using techniques that allow the quantification and identification of specific
compounds.
The current study found that drought and elevated carbon dioxide largely did not
affect the concentration of simple organic acids in seeds. However, these simple
compounds are only a part of the chemical constituents in seeds. It is possible that the
concentrations of more complex phenolics, such as flavonoids, were being affected.
HPLC and LC-MS analysis, rather than GC-MS, would allow analysis of these larger
compounds. In addition, carbohydrates are a very important part of the storage reserves in
seeds, and carbohydrate level may be an important indicator of how elevated carbon
dioxide and drought effect seed quality.
In addition, studies have found that different compounds, even of the same type, can
be differentially regulated under the same environmental conditions (Bouchereau et al.,
1996). This study also found that the organic compounds may be differentially regulated
in wild oat; however, the biological significance of this regulation remains unclear.
Experiments investigating enzyme activity or expression may provide insight into how
the environmental conditions are regulating the production of these compounds at the
gene or protein level. In addition, studies with mutants where certain steps in the
production pathway are knocked out, may show not only how these organic acids are
produced, but perhaps better elucidate the importance and function of these compounds.
1
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Chapter 4: Reproductive Allocation and Dormancy

Introduction
Wild oat (Avena fatua L.) is a widely-distributed weed of small-grain and other
crops throughout much of the world, including Europe, North America, and Australia
(Holm et al., 1977). The development of effective management strategies for this weed is
essential, especially due to increased occurrences of herbicide resistant biotypes
(reviewed in Heap, 1997; Mickelson and Grey, 2006). Herbicide resistance threatens the
efficacy of herbicides, which are often the most efficient and cost-effective means of
weed control. Yet on average, nine new cases of herbicide resistance in weed populations
are reported every year (Heap, 1997), and populations of wild oat in particular have been
found to be resistant to some of the most popular herbicides, including ALS inhibitors,
ACCase inhibitors, a lipid synthesis inhibitor (triallate), and a microtubule synthesis
inhibitor (pronamide) (Heap, 1997).
In addition to more prevalent herbicide resistance, the natural history traits of
wild oat contribute to the difficulty of its control, including its ability to produce large
quantities of persistent seeds, that can remain viable in the soil for up to 7 years (Holm et
al., 1977), establishing soil seed banks. Soil seed banks are a particular problem for
managers because they allow seeds to remain viable in the soil for many years,
preventing weed control measures in any one year from being completely effective
(Baskin and Baskin, 1998; Cousens and Mortimer, 1995).

In the case of wild oat, the

number of primary seeds produced per plant has been found to range between 27 to 57 in
various pure-bred lines; higher numbers have been observed in field populations (Adkins
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et al., 1986).

Ineffective control measures in one year therefore mean that significant

numbers of seeds could enter the seed bank.
One characteristic of seeds that allows the establishment of seed banks is
dormancy, a state during which seeds do not germinate, even under suitable
environmental conditions (Bewley and Black, 1994). From an ecological standpoint,
dormancy is advantageous, especially in annual plants that only reproduce once in their
lifetimes. Dormancy allows the plants to distribute their offspring over time, and prevents
the seeds from germinating under unsuitable conditions (Baskin and Baskin, 1998;
Bewley and Black, 1994). This maintains plant populations over time and through
changing environmental conditions. There are many factors that influence dormancy, and
the biological basis of dormancy is complex. Wild oat seeds in strains that exhibit
primary dormancy are subject to both coat-imposed and embryo dormancy (Bewley and
Black, 1994), also called “nondeep physiological dormancy” (Baskin and Baskin, 1998),
in which a physiological aspect of the embryo hinders radicle emergence (Baskin and
Baskin, 1998). These physiological barriers can be structures, such as the seed coat,
endosperm, or palea and lemma, that cover the embryo and prevent substances that are
required for germination, such as oxygen, from diffusing into the embryo (Baskin and
Baskin, 1998). These structures could also prevent germination inhibitors from leaching
out of the embryo (Baskin and Baskin, 1998).
The presence of germination inhibitors in the embryo are the basis for embryoimposed dormancy (Bewley and Black, 1994). Hormones such as abscisic acid and
gibberellic acid (Tricker et al., 2005) can influence germination and dormancy; a model
for the regulation of dormancy in wild oat proposed by Shepherd et al. . Shepherd et al.
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(2007) proposed that ABA promotes seed maturation and dormancy, whereas GA
promotes germination. Several genes such as Vp1 and Avena fatua ABF may play key
roles in maintaining dormancy; these genes are induced by ABA and their expression
suppresses GA activity. The ratio of ABA and GA in seed tissues may be a key
component in dormancy regulation. In addition, both of these hormones may regulate
seed dormancy and quality by affecting the deposition and mobilization of storage
reserves (Bewley and Black, 1994; Shepherd et al., 2007). Other compounds may also
play a role in regulating dormancy and germination. Phenolic compounds (carbon-based
secondary compounds containing a benzene ring, hydroxyl groups, and unsaturated
double bonds) have been similarly found to act as germination inhibitors in seeds
(Shirley, 1998). Their presence in the seed coat could inhibit oxygen uptake by the
embryo (Baskin and Baskin, 1998; Bewley and Black, 1994). Short-chain fatty acids
have also been found in Avena fatua seed coats and have been implicated in germination
inhibition (Bewley and Black, 1994). The presence of these regulatory compounds and
their regulation depend not only on the inherited genetics of the seeds but on how and
when these genes interact with the environment (Bentsink and Koornneef, 2002).
During seed maturation, plants are often exposed to variable environmental
conditions. The maturation environment of the seeds has been found to influence
reproductive allocation and dormancy by affecting the mother plants’ resource allocation
to the seeds (Gallagher and Fuerst, 2006; Gutterman, 2000). Resource availability can
detrimentally affect reproductive allocation not only by reducing the ratio of vegetative to
reproductive growth, but also reduce the absolute reproductive output of plants. For
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example, shade reduced seed production in Abutilon theophrasti, as well as reducing the
plants’ overall aboveground biomass (Luzuriaga et al., 2006).
Resource availability also affects seed quality characteristics. Such as seed size,
morphology, and chemical composition. In the study on Abutilon theophrasti mentioned
above, the researchers found that drier field conditions in one year caused individual
seeds to be 17% lighter than those produced in the wetter year (Luzuriaga et al., 2006).
Drought has also been found to effect the production of ABA in plant tissues, including
seeds, as a stress response (Andrade et al., 2009; Bewley and Black, 1994). Drought
stress has been found to decrease total phenolic concentration in wild oat seeds
(Gallagher et al., 2010a), and reduce protein and fatty acid content in soybean (Kirnak et
al., 2008). Drought stress has also been found to lead to decreased levels of dormancy in
Sorghum halepense (Benech-Arnold et al., 1992) wild radish (Eslami et al. 2010) and
wild oat (Peters, 1982; Sawhney and Naylor, 1982; Gallagher et al., in prep). In sorghum,
the cause of the reduced dormancy was thought to be a drought-induced change in the
morphology of the glumes, which may affect oxygen diffusion into the seed; the
mechanisms acting in wild oat were less clear, although reductions in seed moisture
content was thought to possibly be responsible.
Atmospheric carbon dioxide levels have increased from 280 ppm before the
Industrial Revolution to current levels of 379 ppm, and are increasing by 1.9 ppm per
year (Pachari and Reisinger, 2007).

Many studies have found that plants respond

positively to elevated carbon dioxide levels. One of the most widely reported responses
of C3 plants is higher photosynthetic rates. Rubisco, the main enzyme in carbon fixation
during photosynthesis, can bind to either carbon dioxde or oxygen. Higher atmospheric
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carbon dioxide levels therefore favor greater carbon fixation by Rubsico, and lower levels
of photorespiration (Drake et al., 1997). In many cases, elevated carbon dioxide has also
been found to suppress respiration; most likely through inhibiting electron transport in
mitochondria, or by encouraging dark carbon (Drake et al., 1997). The increase in
photosynthetic rates leads to increased starch accumulation in plant tissues, as well as
increased aboveground and root biomass in most C3 plants (Urban, 2003).
There is considerable evidence to indicate that elevated carbon dioxide may help
mitigate the drought-induced reductions in reproductive allocation and dormancy in wild
oat. Stomata appear to be the main factor determining carbon assimilation under water
stress (reviewed in Chaves and Pereira, 1992). Many studies indicate a decrease in
stomatal density as well as in stomatal conductance and transpiration under elevated
carbon dioxide (Bazzaz, 1990). These modifications are thought to be responsible for the
increased water use efficiency (in some cases, as high as 40-100%) that many researchers
observe (reviewed in Chaves and Pereira, 1992). This in turn can lead to greater rates of
carbon gain and growth. In addition, when resources such as water are limiting, many
plants show an increase in root biomass (Bazzaz, 1990; reviewed in Chaves and Pereira,
1992). In addition, because plants grown in elevated carbon dioxide tend to have more
solutes in their leaves, they have been found to be better able to maintain higher water
content and turgor pressures under drought conditions (reviewed in Tuba and
Lichtenthaler, 2007). Better osmotic regulation, lower stomatal conductance, an increased
root: shoot ratio, and increased WUE explain the improved water status of plants under
water-limiting conditions at high carbon dioxide levels. These effects may persist even if
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plants acclimate their photosynthetic rates to the elevated carbon dioxide levels (reviewed
in Chaves and Pereira, 1992)
There is also a great deal of evidence that changes in atmospheric carbon dioxide
levels can influence the chemical composition of plant tissues. As atmospheric carbon
dioxide increases, carbon to nitrogen ratios in plant tissues increase, accompanied by
changes in allocation to secondary compounds such as phenolics, terpenes, and tannins
(reviewed in Bazzaz, 1990; Hartley et al., 2000; Mansfield et al., 1999; Mohan et al.,
2006; Peñuelas and Estiarte, 1998). Although for some species the chemical
concentration decreased or was not affected, many studies have found the expected
increase in carbon-based secondary compounds in response to elevated carbon dioxide.
These experiments examined composition of whole plants, leaves, roots or shoots. While
studies have been conducted on the effects of carbon dioxide enrichment on phenolic
concentration and fruit ripening of cherimoya (Assis et al., 2001) and on the content of
soybean seeds (Thomas et al., 2003), we know of no other research that directly
addresses the influence of carbon dioxide on seed chemistry and the implications for seed
quality and seed bank persistence for invasive plants.
Many studies have addressed the impact of elevated carbon dioxide on plant
growth and reproduction in conjunction with drought conditions. These include studies
on members of the Avena genus and even wild oat itself. Jackson et al. (1995; 1994)
showed that more Avena barbata plants more plants survived the drier year in elevated
carbon dioxide conditions. In addition, seed production per area was greater in the
elevated carbon dioxide treatments, and Avena barbata density in the elevated carbon
dioixide environment during the second year was much greater than could be accounted
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for by the seed production, indicating that either these seeds survived better in the
elevated CO2 or that the parent plants’ maturation environment had improved the quality
of these seeds. O’Donnell and Adkins (2001) found that Avena fatua plants increased
their water use efficiency, biomass, and seed production under elevated carbon dioxide.
The authors did not find any significant difference in dormancy levels between the
ambient and elevated elevated CO2 treatments. However, because they separated the
caryopses from the palea and lemma, and induced germination by exposing the caryopses
to gibberellic acid, the researchers would have circumvented any coat imposed dormancy
that can be induced by the hull (Bewley and Black, 1994), and may have actually been
testing for seed viability rather than dormancy. The study also did not address the
chemical composition of the seeds or the effect of maturation environment on other
characteristics of the seeds affecting persistence in the soil. To understand how climate
change affects seed quality and the mechanisms behind seed persistence, further research
is therefore needed.
The overall objectives of this study were to determine how environmental
conditions during seed maturation influences seed quality and the characteristics
influencing seed bank persistence, using wild oat as a model species. Specifically, we
investigated the effects of elevated carbon dioxide on the dormancy status of wild oat
seeds to determine if elevated carbon dioxide mitigates the negative effects drought tends
to have on wild oat dormancy levels. Because of the anticipated increased photosynthetic
rates and improved water use efficiency under elevated carbon dioxide, it was
hypothesized that resource allocation to seeds (especially of carbon-based compounds
such as phenolic acids) would improve relative to ambient conditions, leading to a
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mitigation of the effects of drought stress on seed quality. Therefore, seeds from wild oat
plants grown under carbon dioxide enrichment and limitation will be more dormant than
seeds from plants grown under ambient carbon dioxide and drought.

Materials and Methods
Wild oat seeds were collected from two growth chamber experiments (conducted
in 2009 and 2010) in which the parent plants were exposed to either ambient (380ppm) or
elevated (760ppm) atmospheric carbon dioxide and either cyclical drought or wellwatered (nondrought) conditions (for more information about growth chamber
conditions, please see Appendix). Two wild oat lines were grown: M73, which produces
highly dormant seeds, and SH430, which produces highly nondormant seeds. Both lines
Both lines were developed from individual seeds that were randomly selected from plants
from different populations. During development, the lines went through at least 10
generations of selfing, and were determined to be homozygous with respect to dormancy
(Adkins et al., 1986).

Reproductive Allocation
After seed set and senescence, seeds were collected from each plant. A separate bag for
each plant was used and labeled to later determine reproductive allocation per plant. Each
plant was cut down at soil level, dried for three days in an oven set to 80°C and weighed
to obtain aboveground biomass.
To determine the reproductive allocation, seeds from each plant were cleaned to
separate filled (apparently viable) seeds from the chaff. After chaff removal, the seeds
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from each plant were weighed so that the reproductive allocation per plant could be
calculated. To determine the number of seeds produced per plant, ten seeds from each
treatment were weighed and the average weights per seed for each treatment were
calculated. This average weight per seed was used to determine the number of seeds
produced per plant.
To determine the average weight per hull and the weight per caryopsis, four
replicates of fifty seeds were counted out and split into hull (palea and lemma) and
caryopsis fractions. The hulls and caryopses were then freeze-dried to remove water, and
then weighed. The average weights per hull and caryopsis for each treatment were then
calculated by dividing the weights by fifty. Average seed weight was determined by
adding hull weights to their corresponding caryopsis weights. Reproductive allocation
was determined by dividing weight per plant by the weight of the seeds produced by that
plant. Average aboveground plant biomass, number of seeds produced per plant, weight
per seed, hull, and caryopsis were calculated.
Analysis of variance and least-squared means tests were done to determine
treatment effects and differences between treatments at the 0.05 level using SAS 9.1
(SAS Institute Inc., Cary, NC).

Dormancy Experiment
The collected seeds were pooled according to treatment, creating a treatment
population, from which 320 seeds were randomly sampled for use in the dormancy
experiment. There were not enough seeds from the ambient drought treatment in the 2010
grow-out to use in the dormancy experiment. All seeds used were from the M73 line
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which is highly dormant compared to the relatively nondormant SH430 wild oat line
(Adkins et al., 1986).
To accelerate the release of dormancy in a controlled way, seeds from the
treatment population were after-ripened by suspending them in a desiccator above a
saturated MgCl2*H2O solution that was placed in a waterbath set to 40°C. These
conditions create a constant 32% relative humidity environment (Dhingra and Sinclair,
1985) that maintains the seeds at 10% water content. Seeds were after-ripened for 0, 6, 9,
or 12 weeks.
To test dormancy, four replicates of 20 seeds randomly chosen from the afterripened seeds from each treatment were placed on Petri dishes containing 1% agar. The
Petri dishes were placed in germination chambers (Hoffman Manufacturing Inc., Albany
OR) set on a cycle of 12 hours at 25°C and 40 µmol m-2 s-1 PAR and 12 hours of dark at
15°C. Germination (as characterized by radicle emergence) was recorded daily for two
weeks. At the end of two weeks, ungerminated seeds were tested for viability using a
0.1% tetrazolium chloride solution. Ambient atmospheric carbon dioxide levels were
used during after-ripening and germination procedures.
Average percent germinated and dead was determined for each treatment and the
remaining live seeds were classified as dormant. Analysis of variance was performed to
determine differences between treatments at the 0.05 level using SAS 9.1 (SAS Institute
Inc., Cary, NC). Before analysis, the data were transformed using an arcsine square root
transformation to account for non-homogenous variances (Ott and Longnecker, 2001).
Any zeros in the raw data were substituted by 0.001 before transformation.
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Results
Aboveground vegetative biomass per plant
In the 2009 growth chamber experiment, vegetative plant biomass ranged from 50
to 175 g· plant-1 among the treatments (data not shown). Analysis of variance indicated a
significant interaction between the drought and carbon dioxide treatments, with elevated
carbon dioxide increasing plant biomass by 41% in the nondrought treatments, but only
36% in the drought treatments. (p = <0.0001; Figure 4.1a). Likewise, drought resulted in
a 74% reduction in plant biomass in the ambient carbon dioxide treatments and a 79%
reduction in plant biomass in the elevated carbon dioxide treatments. There was also a
significant difference between the two lines, with the SH430 line averaging 89 g· plant-1
and the M73 line averaging 110 g· plant-1 (p = <0.0001; data not shown).
In the 2010 growth chamber experiment, vegetative plant biomass ranged from 12
to 194 g plant-1 across all treatments and lines. As in the 2009 experiment, there was a
significant interaction between the carbon dioxide and drought treatments (p = 0.0035;
Figure 4.1b). Elevated carbon dioxide increased the plant biomass by 50% in the
nondrought treatments and by 60% in the drought treatments. Drought decreased plant
biomass by 78% in the ambient carbon dioxide treatments and by 69% in the elevated
carbon dioxide treatments. As in 2009, there was also a significant difference between
the two lines, with the SH430 line averaging 61 g· plant-1 and the M73 line averaging 73
g· plant-1.
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Figure 4.1. Vegetative biomass per plant among the carbon dioxide and drought
treatments in 2009 (a) and 2010 (b). Shown are averages and standard errors. Lines
were pooled for analysis.
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Reproductive output
Seed biomass per plant
There was a general experiment-wide trend that indicated that increased biomass
per plant corresponded to increased seed biomass per plant in both 2009 (r 2 = 0.32) and
2010 (r2 = 0.27) growth chamber experiments when data was pooled across lines and
treatments were pooled. Seed biomass per plant biomass ranged from zero to as high as
0.35 and 0.38 g·seed·g·plant-1, for the 2009 and 2010 growth chamber experiments,
respectively (Figure 4.2).

Seed biomass per plant ranged from zero to 45 and 28

g·plant-1 in the 2009 and 2010 growth chamber experiments, respectively. On a treatment
basis in 2009, analysis of variance indicated that there was a significant interaction
between line and drought treatment on seed biomass produced per plant (p = 0.0003;
Figure 4.3a). In the M73 line, drought reduced seed biomass per plant by 110%,
compared to a 105% reduction in the SH430 line. The SH430 line had 68% higher seed
biomass per plant than the M73 line in the nondrought treatments, but 74% higher in the
drought treatments.
In the 2010 growth chamber experiment, there was a similar line by drought
treatment interaction for seed biomass as observed in the 2009 growth chamber
experiment (p= 0.0063; Figure 4.3b). In the M73 line, drought decreased seed biomass
per plant 149%, compared to a reduction of 139% in the SH430 line. Elevated carbon
dioxide was also found to have a significant effect on seed biomass per plant, with
elevated carbon dioxide treatment having 49% higher seed biomass per plant than the
ambient carbon dioxide treatment (p= 0.0385; Figure 4.4).
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Hull and caryopsis mass
Hull mass ranged from 4 to 8 mg seed-1 in 2009 and 5 to 7 mg seed-1 in 2010
among the experimental treatments (data not shown). Analysis of variance indicated that
drought significantly decreased the hull mass by 12% and 13% in the 2009 (p = 0.0154;
Figure 4.5a) and the 2010 (SH430 only; p = 0.0055; Figure 4.5b) growth chamber
experiments, respectively. Wild oat line also had a significant effect on the hull mass
(2009 only); with M73 seeds having hulls that were 12% heavier than SH430 seeds (p =
0.0148; data not shown). The M73 line did not produce enough seeds in the ambient
carbon dioxide drought treatment in the 2010 growth chamber experiment to analyze hull
mass for that treatment.
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Figure 4.5 Weight per hull by drought treatment. a) Weight per hull for the 2009
growth chamber experiment. Lines and data from the carbon dioxide treatments were
pooled for analysis. b) Weight per hull for the SH430 line from 2010 growth chamber
experiment. Data from the carbon dioxide treatments were pooled for analysis. Shown are
averages and standard errors.
Caryopsis mass ranged from 13 to 18 mg seed-1 in 2009 and 13 to 19 mg seed-1 in
2010 among the experimental treatments (data not shown). In the 2009 growth chamber
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experiment, there was a significant carbon dioxide by drought treatment interaction, with
elevated carbon dioxide resulting in a 10% increase in caryopsis mass in the nondrought
treatments, but a 7% decrease in the drought treatments (p = 0.0087; Figure 4.6a). In the
2010 growth chamber experiment, drought resulted in a 13% decrease in caryopsis mass
(SH430 only; p = 0.0055; Figure 4.6b). The M73 line did not produce enough seeds in
the ambient carbon dioxide drought environment to permit any comparisons with this
treatment.
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Figure 4.6. Weight per caryopsis. a) Weight per caryopsis by carbon dioxide and
drought for the 2009 growth chamber experiment. Lines were pooled for analysis. b)
Weight per caryopsis by drought treatment for the SH430 line from the 2010 growth
chamber experiment. Data from the carbon dioxide treatments were pooled for analysis.
Shown are averages and standard errors.
Reproductive allocation
Reproductive allocation was measured as a ratio of the grams of seed produced
for each gram of plant biomass. In 2009, there was a significant interaction between the
drought and carbon dioxide treatments (p = 0.0071; Figure 4.7). Here, the ambient
carbon dioxide nondrought treatment showed the highest reproductive allocation, 70%
higher than the ambient carbon dioxide drought treatment, which had the lowest
reproductive allocation. Both drought treatments, regardless of carbon dioxide, had the
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lowest reproductive allocation (the elevated nondrought treatment had greater, but
statistically similar reproductive allocation to the drought treatments). Analysis of
variance indicated a significant effect of line for the 2009 grow out (p = <0.0001; data not
shown).
In 2010, there was also a significant line by carbon dioxide interaction (p =
0.0206; Figure 4.8a). The SH430 plants showed a higher reproductive allocation than the
M73 plants. The effects of the carbon dioxide treatments exhibited opposite trends
between the two lines, although these were not statistically significant. Within SH430,
the ambient carbon dioxide treatment had a 28% higher reproductive allocation than the
elevated carbon dioxide treatment. Within M73, the elevated carbon dioxide treatment
had a 67% higher reproductive allocation than the ambient treatment. The SH430 line
exhibited a 94% higher reproductive allocation than the M73 plants. In 2010, there was a
significant line by drought treatment interaction (p = <0.0001; 8b). As in the 2009 growth
chamber experiment, the plants in the SH430 line exhibited higher reproductive
allocation, regardless of drought treatment. The SH430 nondrought treatment had a
reproductive allocation that was 119% higher than its M73 counterpart, while the SH430
drought treatment showed a 137% higher reproductive allocation than the M73 drought
treatment. Within the SH430 line, the nondrought plants had an average 97% higher
reproductive allocation than the drought plants. In the M73 line, the nondrought plants
had a 118% higher reproductive allocation than the drought plants.
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Primary Seed Dormancy
For the 2009 grow-out, analysis of variance indicated that there was a significant
time by drought interaction on the percent of dormant seeds (p = <0.0001; Figure 4.9a).
Overall, the percentage of dormant seeds decreased as the duration of after-ripening
increased. For the drought treatments, the percentage of dormant seeds decreased from
98% in week 0 to 19% in week 12; for the nondrought treatments, the decrease was
slower, from 92% to 34%. The seeds from the drought treatments also had significantly
lower percentages of dormant seeds at each time interval (except for week 0) than the
seeds from the nondrought treatments. The largest difference between the drought
treatments occurred at week six, when the seeds from the drought treatments were less
dormant than the seeds from the nondrought treatments (54% versus 86%, respectively).
For the 2010 grow-out, there was a significant time by treatment interaction
(p=<0.0469; Figure 9b). The drought and carbon dioxide treatments could not be
analyzed separately because the M73 line did not produce enough seeds in the ambient
carbon dioxide drought treatment for the dormancy experiment. As in the 2009 grow-out,
the overall percentages of dormant seeds decreased as the duration of after-ripening
increased. By week 12 the percentage of dormant seeds had decreased from 74% to 0%
in the ambient treatment; for the elevated carbon dioxide treatments, the percentage of
dormant seeds decreased to a greater extent, from 94% to 12.5% in the elevated carbon
dioxide nondrought treatment and from 80% to 3.75% in the elevated carbon dioxide
drought treatment. However, by week 12, there was a higher percentage of dormant
seeds in the elevated carbon dioxide treatments than in the ambient treatment.
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Figure 4.9. Percentage of dormant seeds exposed to after-ripening. A) Percentage of
dormant seeds by drought treatment for the 2009 growth chamber experiment. Data from
the carbon dioxide treatments were pooled within the drought treatments. B) Percentage
of dormant seeds by carbon dioxide and drought treatments for the 2010 grow-out. Not
enough seeds were produced in the ambient carbon dioxide drought treatments for
analysis. Shown are averages and standard errors.
The carbon dioxide treatment also had a significant effect on the percentage of
dormant seeds for the 2009 grow-out (p = 0.0007; Figure 4.10a). Elevated carbon dioxide
increased dormancy from 55 to 65%.
The drought treatment had a significant effect on the percentage of dormant seeds
for the 2010 grow-out (p = <0.0001; Figure 4.10b).

Overall, the seeds from the

nondrought treatments (45%) were more dormant than the seeds from the drought
treatment (39%).
The percent germination for the various treatments were analyzed, however the
trends were the inverse of the dormant seeds, with after-ripening increasing the
percentage of germinated seeds and with seeds from the drought treatments germinating
to a greater extent than seeds from the nondrought treatments. Elevated carbon dioxide
also tended to increase the percent germination relative to the ambient (data not shown).
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Discussion
Reproductive Allocation
It was hypothesized that elevated carbon dioxide may alleviate the effects of
drought stress on seed quality because of the physiological changes that occur under
elevated carbon dioxide. Stomata are thought to be one of the main factors influencing
carbon assimilation during water limitation (reviewed in Chaves and Pereira, 1992) and
elevated carbon dioxide has been found to decrease stomatal conductance and
transpiration (reviewed in Bazzaz, 1990) leading to improved water-use efficiency. Root
biomass also sometimes increases under elevated carbon dioxide and drought stress
(reviewed in Bazzaz, 1990; reviewed in Chaves and Pereira, 1992). Elevated carbon
dioxide also sometimes increases individual seed weight, for example in Abutilon
theophrasti (reviewed in Bazzaz, 1990), although this is not always the case for some
species (Bazzaz et al., 1992; Lewis et al., 2003). Greater seed size has been recognized as
159

an indication of increased nutrient content (Bazzaz, 1990), and perhaps as evidence of
increased allocation of resources, including germination inhibitors such as phenolic
compounds. It was therefore expected that elevated atmospheric carbon dioxide levels
may influence resource allocation to the seeds, even under drought conditions, leading to
more dormant seeds.
As expected, atmospheric carbon dioxide levels and drought influenced the
aboveground biomass per plant. Drought decreased plant biomass by 21-41% in the
elevated carbon dioxide treatments and by 74-78% in the ambient treatments. It was
hypothesized that elevated carbon dioxide levels would mitigate the effects of drought
stress; and our results supported this expectation to some extent. Elevated carbon dioxide
did allow the plants in the drought treatment to accumulate more aboveground biomass
than their ambient counterparts. In addition, measurements of water potential during the
2009 growth chamber experiment indicated that the droughted plants in the elevated
carbon dioxide treatment were maintaining higher osmotic pressures and therefore
experienced less drought stress than the ambient drought treatments (data not shown).
This appears to have allowed the drought-stressed plants to grow to a greater extent than
the ambient plants, although the mitigation did not appear to be complete; the plants from
the elevated carbon dioxide drought treatment did not achieve the same biomass levels as
the plants in the ambient nondrought treatment.
It was hypothesized that elevated carbon dioxide would mitigate the negative
effects of drought stress on seed yield; as for plant biomass, our results partially
supported this hypothesis. Although the M73 plants were generally larger, regardless of
treatment, the SH430 plants generally produced greater seed biomass. Drought stress
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decreased seed biomass per plant by 105-110% in both lines. Elevated carbon dioxide
caused a significant increase (49%) in seed biomass per plant, regardless of drought
treatment. When the number of seeds per plant for each treatment was calculated, drought
suppressed seed number, while elevated carbon dioxide heightened it. This result was
similar to that found by O’Donnell and Adkins (2001), where wild oat plants exposed to
elevated (480 ppm) carbon dioxide levels exhibited a 36% increase in seed number
produced relative to those in the ambient (357 ppm) treatment.

The seed numbers

O’Donnell and Adkins recorded (415 in ambient carbon dioxide and 597 in elevated
carbon dioxide), are lower than those recorded in the 2009 growth chamber experiment
(659 in ambient carbon dioxide and 769 in elevated carbon dioxide), but higher than in
the 2010 growth chamber experiment (138 in ambient carbon dioxide and 202 in elevated
carbon dioxide), during which the plants appeared more stressed than in 2009.
When the seeds were split into fractions (hulls and caryopses), the drought
treatments in particular were found to have significant effects on the allocation to
individual seeds.

Drought decreased weight per hull (by 11-13%) and similarly

decreased caryopsis weight (by 8% in the 2010 experiment), but the effects of carbon
dioxide were not as consistent. Carbon dioxide did not have a significant effect on hull
weight, and did not mitigate the drought effects on caryopsis weight. Although the
elevated carbon dioxide nondrought treatment exhibited the highest average caryopsis
weight (10% higher than the corresponding drought treatment), the elevated carbon
dioxide drought treatment had the lowest overall average caryopsis weight.
Although elevated carbon dioxide increased seed biomass per plant and the
number of seeds, it did not have a significant effect on seed weight. However, drought
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not only decreased seed biomass per plant and seed number, it adversely affected
individual seed weight. These results are consistent with several studies on the effects of
water limitation or carbon dioxide enrichment on reproductive allocation and seed
characteristics. Sultan and Bazzaz (1993) showed a decrease in seed size in Polygonum
persicaria along a soil moisture gradient. Similar to our results, Aronson et al. (1993)
found that when several annual plant species (Bromus fasciculataus, Brachypodium
distachyon and Euracaria hispanica) were exposed to an unpredictable watering regime
and decreased water availability overall, total seed biomass, and total number of seeds
per plant were reduced. However, as in our study, seed size did not respond as strongly as
the other reproductive parameters. Drought stress has been found to reduce the rate of
grain fill, usually because of a loss of photosynthetic efficiency (reviewed in Seiler et al.,
2011). Elevated carbon dioxide has been found to increase photosynthesis levels and
water use efficiency (Drake et al., 1997), which may explain the increase in caryopsis
size under elevated carbon dioxide and nondrought conditions. It appears however, that
any increase in water use efficiency did not translate to an increase in caryopsis weight
under elevated carbon dioxide and drought conditions.
Seed size has often been considered one of the least variable and plastic
reproductive traits (Bazzaz et al., 2000). Plasticity in plant traits by itself is generally
considered a favorable characteristic—plasticity allows plants to take advantage of
favorable environmental conditions, as well as allowing them to adapt to adverse
environments and still maintain fitness (Aronson et al., 1993). In addition, it has been
argued that as environmental unpredictability increases, natural selection should favor the
production of higher numbers of offspring (Smith and Fretwell, 1974). However, there
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may be conditions under which changing seed size in response to environmental
conditions may not be in the mother plants’ and the seed’s, best interest. On a species or
population level, larger seeds have been found to confer advantages to seedlings in
competition with conspecifics (Bazzaz et al., 2000). Aronson et al. (1993) argue that the
larger seed size may be advantageous to seedling establishment and survival, so
decreasing seed size could detrimentally affect seedling success, and therefore the fitness
of the mother plant. Therefore, avoiding environmentally-induced changes in seed size
provides a buffer from having environmental stress decrease plant fitness.
We did not observe a strong correlation between plant biomass and seed yield per
plant. Regardless of treatment, a greater proportion of plant biomass was allocated to
seed production in the SH430 line than in the M73 line. Atmospheric carbon dioxide
level did not appear to have a strong effect on overall reproductive allocation; drought
appeared to have a stronger, more consistent effect, decreasing reproductive allocation
per plant.

Drought decreased reproductive allocation regardless of carbon dioxide

treatment (by up to 70%). In addition, although the elevated carbon dioxide treatment at
times showed higher reproductive allocation in the 2009 experiment, this effect was not
consistent across the 2010 experiment and the lines sometimes showed opposite
responses to elevated carbon dioxide.
There are several potential reasons that our results showed a poor correlation
between plant and seed biomass in wild oat, inconsistent with the observation that
reproductive output is usually correlated to plant size in annual species (reviewed in
Bazzaz et al., 2000). First, the plants may have to reach a certain size before they begin to
allocate resources to reproduction. Once this size requirement is reached, reproduction

163

could increase until a limit on reproduction occurs. Alternatively, plant size could
become uncoupled from reproductive allocation if, as more seeds are produced, the cost
of producing each individual seed is lower (reviewed in Bazzaz et al., 2000). In addition,
studies of resource allocation in plants often assumes that resources are limited and that
plants must split these resources among three mutually exclusive functions—growth,
maintenance and reproduction. However, Bazzaz et al. (2000) argue that these three
functions are not always mutually exclusive; for example, some reproductive structures
can contribute to resource acquisition by carrying out photosynthesis.

Such a

contribution by the reproductive structures in wild oat could confound a search for tradeoffs between aboveground plant growth and seed production.
Our study found that drought had a stronger effect on reproductive output,
affecting seed biomass per plant and seed size, while elevated carbon dioxide generally
affected seed biomass but had little influence on seed weight. These results are similar to
previous studies, in which drought has been found to decrease reproductive allocation,
but the effects of elevated carbon dioxide are generally more variable.
Previous studies have pointed out that pot size may be an important factor
regulating resource allocation (reviewed in McConnaghey et al., 1993). Small pots may
restrict root growth, sink strength, and the ability of the plants to respond to elevated
carbon dioxide levels. Alternatively, root restriction could channel plant growth into
other sources, for

example, enhancing reproductive

allocation (reviewed in

McConnaghey et al., 1993). It is possible that root growth was restricted in our pots,
which may have influenced plant resource allocation. However, we did not measure root
biomass. McConnaghey et al. (1993) found that nutrient concentration can have a greater
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affect on plant responses to elevated carbon dioxide than pot size. During our experiment,
we ensured that fertilizer was applied periodically. The amount of nitrogen applied over
the course of the experiment was higher than the amount that previous studies established
is needed for optimum wild oat growth. Therefore, it is unlikely that nutrient stress
hindered the plants’ response to elevated carbon dioxide.
Elevated carbon dioxide during seed maturation has decreased (Andalo et al.,
1998; Huxman et al., 1998; Wulff and Alexander, 1985) and increased (Garbutt and
Bazzaz, 1984; Steinger et al., 2000) seed mass. The response of plants to elevated carbon
dioxide on seed mass therefore seems to be fairly species specific. However, studies in
which the C:N ratio was investigated have all shown that the carbon component of seeds
increases, while the concentrations of nitrogen generally remains the same (Andalo et al.,
1998; Huxman et al., 1998; Steinger et al., 2000). Steinger et al. (2000) proposed a
mechanism for this phenomenon—that, as occurs in leaves under elevated carbon
dioxide, seeds become a sink for the greater amounts of carbohydrates produced by
higher levels of photosynthesis. Alternatively, the effects could be due to a change in
flowering time or seed maturation phenology (Steinger et al., 2000). However, we did
not observe significant changes in flowering time between the carbon dioxide treatments.
Given the results of our experiments, the most important effects elevated carbon dioxide
may have on reproductive allocation may be by increasing seed number and perhaps by
affecting the resource allocation and nutrient content of the seeds, which may other
demographic characteristics, such as germination and seedling establishment.
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Dormancy
As has been found in previous studies, including those by the Gallagher lab
(Gallagher et al., in prep), drought decreased the dormancy of wild oat seeds, increasing
the percentage of germinated seeds. Drought decreased dormancy by 15% after 12 weeks
of after-ripening. Sawhney and Naylor (1982) found that wild oat seeds that were from
parent plants that had been drought-stressed were significantly less dormant than seeds
from parent plants that were grown with adequate water. Peters (1982) found similar
results with wild oat, where 78-80% of the seeds from stressed plants exhibited
dormancy, compared to 90-100% of seeds from unstressed plants.
In our study, elevated carbon dioxide levels mitigated the effects of drought stress
to some extent, increasing the percentage of dormant seeds by about 10%, and causing a
decrease in the overall percentage of germinated seeds. An increase in dormancy levels is
inconsistent with previous studies that have found carbon dioxide does not affect
germination, (O'Donnell and Adkins, 2001), or causes a density-dependent decrease in
germination (Bazzaz et al., 1992). However, in O’Donnell and Adkins’ (2001) study on
wild oat the hulls were removed before dormancy levels were evaluated. The hulls of
wild oat contain phenolic and fatty acids that may act as germination inhibitors
(Gallagher et al., 2010a; Granger et al., 2011); therefore removing the hulls may have
affected the dormancy levels of the seeds. In addition, gibberellic acid was applied to the
caryopses; this would have induced germination in any viable seeds. Therefore, the
germination trial in that study may more accurately reflect viability, rather than
germination.
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These results suggest that maternal environment (in this case, the soil water levels
and the atmospheric carbon dioxide levels) have a significant effect on dormancy and
germination of wild oat. There are several mechanisms by which this could be
occurring—influencing resource allocation to the seed, changing the morphology of the
seed coat, or affecting inhibitor, hormone, and enzyme levels (reviewed in Luzuriaga et
al., 2006).
There is evidence that resource allocation to the seeds was affected by the
maturation environment. Drought decreased the weight per hull and the weight per
caryopsis in this study, which may indicate a change in the thickness of these structures,
thereby affecting the seeds’ permeability to water and oxygen. The hull and seed coat
may have provided less of a barrier to the leaching of germination inhibitors such as
ABA or phenolic compounds. In addition to affecting permeability, a thinner or thicker
seed coat may affect germination in seeds with coat-imposed dormancy (such as wild
oat). In order for germination to occur, the seed coat must be weakened (reviewed in
Moise et al., 2005). The decrease in caryopsis weight in response to drought stress may
indicate a thinner seed coat, making it easier for the radicle to break through. Although
these mechanisms may have played a role in promoting dormancy breakage in the
drought treatment, the inconsistent effects of carbon dioxide on hull and caryopsis weight
indicate that changes in hull and seed coat morphology alone may not be responsible for
the observed mitigation of drought stress on dormancy.
Seed size has often been used as an overall indicator of seed quality. Although
studies on the correlation between seed size and germination have been inconsistent
(reviewed in Luzuriaga et al., 2006) many studies have shown that a larger seed mass is
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associated with higher levels of viability and dormancy (Baloch et al., 2001; Stamp,
1990). Wright et al. (1999) hypothesized that sufficient soil moisture levels during seed
maturation produced more dormant seeds than drought conditions because the seeds from
nonstressed plants were more developed.

Larger seeds may be indicative of this

increased development. In any case, increased seed size under elevated carbon dioxide
may be indicative of increased resource allocation, including that of germination
inhibitors, such as phenolic compounds or ABA and associated compounds.
Phenolic compounds have been found to act as germination inhibitors (reviewed
in Gallagher and Fuerst, 2006; reviewed in Shirley, 1998; Weidner et al., 1999). Many
studies have shown that seeds produced under drought stress are less dormant (BenechArnold et al., 1992; Peters, 1982; Sawhney and Naylor, 1982), which would be consistent
with decreased levels of germination inhibitors such as phenolic compounds. During the
current study, the concentration of simple phenolic compounds in seeds was measured
using gas chromatography-mass spectrometry. Although the concentration of a few
compounds seemed to respond to drought or carbon dioxide levels, the affects were not
consistent, and the total concentration of simple phenolic compounds did not appear to be
affected. Therefore, it is unlikely that the levels of simple phenolic compounds explain
the effects of carbon dioxide on dormancy, although it is possible that other types of
phenolics that were not measured, such as the more complex flavonoids, may have an
influence.
The dormancy levels exhibited in this study may be due to the differential
allocation and production of hormones such as ABA and GA and related proteins in the
seeds. For example, the effects of drought and elevated carbon dioxide levels could be
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due to an interaction with ABA allocation. ABA is a sesquiterpenoid phytohormone
whose levels have been found to be affected by environmental conditions, including
drought, during which it helps the plant combat stress by inducing stomatal closure
(reviewed in Schramm et al., 2010). During seed development, ABA regulates the
synthesis of storage proteins, promoting grain filling, and may also modulate triaglycerol
and fatty acid production (Bewley and Black, 1994). ABA has also been implicated in
regulating the utilization of starch reserves in the endosperm, hindering α-amylase
production and activating inhibitors of the protein. In addition, by upregulating the
production of LEAs, hydrophilic proteins that can help seeds develop dessication
tolerance, ABA plays a crucial role during the drying phase of seed maturation (Bewley
and Black, 1994). The hormone is an antagonist to gibberellic acid, hindering the activity
of genes that GA induces (reviewed in Zou et al., 2007), and therefore plays a role in
inducing seed dormancy (Bewley and Black, 1994; reviewed in Schramm et al., 2010). In
wild oat, ABA-induced genes block GA activity and are thought to play an important role
in and dormancy maintenance (Shepherd et al., 2007). Breaking dormancy may involve
the changes in the overall concentrations of ABA, GA, or the ratio of those
concentrations, or the alteration of the seed tissues’ sensitivity to either of these hormones
(Bewley and Black, 1994).
Environmental conditions during maturation have been found to affect hormone
levels in plant tissues and seeds. As mentioned previously, ABA may play an important
role in drought tolerance in plants. Droughted plants often have been found to have
elevated levels of ABA in their tissues, leading to the growth of lateral roots, and the
production of root hairs. In Arabidopsis, Huang et al. (2008) found that ABA levels were
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ten times higher in the vegetative tissue of droughted plants compared to control plants.
Two out of the four pathways proposed as mechanisms for plant responses to drought are
ABA dependent, though Huang et al. (2008) point out that it is difficult to identify stressresponse genes that are truly independent of ABA, since stress itself triggers ABA
biosynthesis. Huang et al. (2008) also found evidence that other hormones, including GA
may be involved in drought-induced gene expression, although other than ABA not much
is known of the possible functions of these hormones during drought stress. Relatively
few of the studies on plant responses to carbon dioxide have focused on hormone levels,
especially in seeds. However, there is evidence that elevated carbon dioxide can have a
significant effect on plant hormonal responses. Carbon dioxide levels have been found to
influence ABA levels in vegetative plant tissues, for example, decreasing ABA
concentration in pine needles (Li et al., 2011). Zou et al. (2007) also found that elevated
carbon dioxide and drought stress upregulated the expression of ABA biosynthesis genes,
leading to overall higher levels of ABA in the tissues of Larrea tridentata. Interestingly,
Zou et al. (2007) found that a form of WRKY, a transcription factor involved in stress
responses, is regulated by elevated carbon dioxide and drought. In a study of WRKY’s
function in barley aleurone cells, WRKY induced the expression of ABA responsive
genes, and suppressed an amylase gene thought to be necessary for germination (Zou et
al., 2007). Therefore, there is evidence that plants respond hormonally to elevated carbon
dioxide and drought, and these responses may be responsible for the mitigation of the
effects of drought stress on dormancy, either by changing the concentrations of ABA,
GA, or their metabolites, altering sensitivity to the hormones, or inducing or suppressing
transcription factors involved in hormonally dependent pathways. Certainly, more studies
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must be done focusing on the effects of carbon dioxide on hormonal levels and activity in
seed tissues. Because seed tissues may be an important sink for the additional
carbohydrates produced by plants exposed to elevated carbon dioxide (Steinger et al.,
2000), the hormonal regulation of carbohydrate metabolism and storage in seeds may be
an intriguing avenue for studies of seed quality under climate change.
ABA levels may also play a role in the effects of after-ripening we observed,
arguably the most dominant effect on seed dormancy levels. As expected, after-ripening
had a significant effect on the percentage of dormant and germinated seeds for both
grow-outs. After-ripening decreases the percentage of dormant seeds, subsequently
increasing the number of germinated seeds.

After-ripening, whether in dry-storage

(Schramm et al., 2010) or during exposure to a low-humidity environment and high
temperatures (Taylorson and Brown, 1977; Gallagher et al., in prep), is an established
way of gradually breaking dormancy levels, so the increased dormancy after longer
periods of after-ripening is consistent with previous studies. Schramm et al. (2010) found
that after-ripened wheat seeds were less sensitive to abscisic acid; this could help explain
the effectiveness of after-ripening in breaking dormancy. Given that the carbon dioxide
related mitigation of drought stress on dormancy became more prominent after longer
periods of after-ripening, the mitigation may be related to the seeds’ maintenance of
sensitivity to ABA.
The results for the percentage of dead seeds where somewhat inconsistent
between the two grow-outs; the time by drought interaction was significant in 2009 but
not in 2010; whereas the 2010 grow-out showed week effects of a time by carbon dioxide
interaction. It seems that after-ripening may be the only consistent effect, increasing the
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number of dead seeds to a low extent. It may be that the after-ripening treatment dries up
the seeds by the exposure to the low humidity environment, and seeds from the drought
and ambient carbon dioxide environments are more susceptible. A slight loss in
germinability following after-ripening is consistent with studies done on grasses
(Taylorson and Brown, 1977).

Conclusions and Summary
Atmospheric carbon dioxide and drought levels had a significant effect on
resource allocation to the seeds. Seed size and dormancy levels decrease under drought
stress conditions; however, elevated carbon dioxide levels may mitigate some of the
effects of drought stress, increasing seed size and dormancy levels. This could have
important implications for seedbank dynamics and weed-crop competition in future
climatic conditions. Dormancy allows plants to distribute their offspring over time and
decreases the chances that seedlings will germinate under unfavorable conditions.
Dormancy level also affects the germination timing, which can help determine the fitness
of the emerging seedling (reviewed in Luzuriaga et al., 2006). Under elevated carbon
dioxide, the results show that wild oat seeds may be more dormant, so that when they do
germinate, it will be under conditions that are better for establishment. The increased
seed mass that indicates more resource allocation may make the seeds more able to
survive in the soil seed bank and then, once they do germinate, they may be able to use
those resources to compete with the emerging crop.
This study is only a first step in understanding the interactions between elevated
carbon dioxide levels, drought stress and seed persistence characteristics. The current
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study was done using growth chambers, and imposing a cyclical drought treatment was
necessary to cause drought stress without killing the plants. In a natural environment,
plants may experience more severe chronic or terminal drought conditions, and therefore
the effects of drought stress on plant growth and reproduction may be more pronounced
than seen in this study. In addition, under natural conditions, plants may experience more
varied and interacting stressors that may also limit plant responses to carbon dioxide
levels. Experiments under field conditions therefore may be an important next step, and
more closely show what happens in an agricultural setting. A multi-year study may also
show what happens over several generations, whether the plants acclimate to elevated
carbon dioxide levels, or if the supposed advantages of increased dormancy and resource
allocation to one generation are amplified or negated over time. In addition, more work
needs to be done investigating the mechanisms of how the maternal environment affects
dormancy. The effects of carbon dioxide in particular on resource allocation to the seeds
merits more study. Tracking gene expression and hormone levels during seed maturation
under elevated carbon dioxide may provide an indication of which resources are most
important for determining seed persistence.

Understanding the interactions among

environmental and genetic factors and seed persistence will help determine future weed
problems and perhaps allow managers to take appropriate measures for weed control with
the least detrimental environmental impact.
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Chapter 5: Resistance to Aging and Microbial Decay

Introduction
The establishment of seed banks is an important part of the life cycle of many
annual plants, including agriculturally important weeds. By producing persistent seeds
that can survive for long periods of time in the soil, annual plants can sustain their
populations over time, and through adverse environmental conditions (Baskin and Baskin
1995). Although seed banks can be advantageous for plant species, they can be
problematic for farmers and land managers trying to control weed populations. Control
in one year may be inadequate as persistent seeds in the seedbank act as a source of new
emerging weeds in subsequent years (Cousens and Mortimer, 1995). Understanding the
factors that contribute to seed persistence and survival in the soil seed bank, and the
potential competition the crop may face from germinating weed seedlings, may lead to
more effective management strategies.
Once a weed seed enters the soil, it may be subjected to any of several fates. The
seed may leave the seed bank through germination, after which it may compete with the
crop or other plants, and either establish itself or die. The seed may also be removed from
the seedbank through death in the soil. The seed may be attacked by predators and
pathogens, or age and gradually lose viability (Cousens and Mortimer, 1995; Leishman et
al., 2000). Up to 90% of seeds are removed from seedbanks for one of the above reasons
(reviewed in Leishman et al., 2000).
Given the prevalence of factors that can lead to seed mortality, persistent seeds
must be able to resist such degradation in the soil. Two characteristics in particular may
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be important in promoting seed survival: resistance to microbial decay and resistance to
aging. Pathogens can damage seeds by releasing toxins, cause membrane damage, and
increase exudation of solutes (Wagner and Mitschunas, 2008). Aging can similarly
degrade cellular membranes, inhibit germination and hinder cellular metabolism, so that
seeds lose viability (Priestley, 1986), or if they do germinate, they may be less
competitive (Rice and Dyer, 2001). In addition, by compromising cellular and genomic
integrity, hindering protein function, and disabling metabolic processes (Priestley, 1986),
aging may hinder seed defenses and amplify seed susceptibility to pathogens over time.
Much of the damage associated with aging is thought to be caused by radical oxygen
species produced by lipid peroxidation (Bailly, 2004; Priestley, 1986).
Seed defenses against pathogens and aging, especially those of dormant seeds, are
not well-understood. However, it has been established that seeds potentially have several
means of resistance. Physical defenses against pathogens involve the seed coat and
surrounding structures (for example, the palea and lemma in wild oat seeds). Seeds may
be also be protected against pathogens by endogenous microorganisms that exclude
colonization by other organisms (Chee-Sanford et al., 2006). Chemical defenses involve
both preformed and induced production of phenolic compounds, lignin, and enzymes
such as polyphenol oxidase (reviewed in Fuerst et al., 2011). Similarly, various methods
of seed resistance to aging-associated damage, including enzymatic and nonenzymatic
mechanisms, have been elucidated. Dismutase enzymes and catalase have found to be
important free radical disablers (Bailly, 2004; Kibinza et al., 2011). while other
compounds such as flavonoids, polyphenols, peroxiredoxins and phenolics have been
uncovered as powerful scavengers of free radical activity (Bailly, 2004; Rice-Evans et al.,
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1997). In addition, once damage to seed tissues has been incurred, repair mechanisms can
help to mitigate its effect on cellular function and viability. Hydration has been found to
be associated with an increase in cellular metabolic activity, and a decrease in
chromosomal or other genetic abnormalities (Priestley, 1986). Repair enzymes, such as
methyltransferases, can also restore the function of proteins with abnormal residues and
folding (Ogé et al., 2008).
Environmental conditions during maturation may affect resistance to microbial
decay and aging through resource allocation to seeds. This can occur through several
different mechanisms, including changing hormone levels. For example, drought stress
has been found to influence the ABA content of seeds (Andrade et al., 2009), and
elevated carbon dioxide has been shown to reduce ABA content in plant tissues, such as
pine needles (Li et al., 2011). ABA regulates the synthesis of storage proteins during
seed development, may influence the production of triaglycerols and fatty acids, and
hinders α-amylase production (Bewley and Black, 1994), so any environmentallyinduced changes in ABA content could affect seed reserves, membrane integrity, thus
influence resistance to aging, or susceptibility to pathogens. In addition, studies have
found that drought during decreases seed size and overall reproductive allocation
(Aronson et al., 1993; Luzuriaga et al., 2006; Sultan and Bazzaz, 1993), while elevated
carbon dioxide levels can mitigate these negative effects to some extent (O'Donnell and
Adkins, 2001; Granger et al. unpublished). As well as affecting hormone levels and grain
fill, drought has also been found to decrease the phenolic and fatty acid content of
caryopses and hulls in wild oat (Gallagher et al., 2010b). Hindered allocation of phenolics
and fatty acids may affect seed resistance to microbial decay. Phenolic compounds have
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been found to accumulate at infection sites in plants and may prevent pathogens from
invading further into the seed (Nicholson and Hammerschmidt, 1992), and have also been
found to form esterfied linkages in cell walls, forming physical barriers against pathogens
(reviewed in Nicholson and Hammerschmidt, 1992; Wallace and Fry, 1994). In addition,
they are precursors of lignin, which is thought to be an important cell wall fortification in
many plants (Hammond-Kosack and Jones, 2000; Nicholson and Hammerschmidt, 1992;
Vance et al., 1980) signal molecules required for the activation of pathogen-resistance
genes (Hammond-Kosack and Jones, 2000), and substrates of polyphenol oxidase, an
enzyme that converts phenolics into more toxic o-quinones and melanins (Anderson et
al., 2010; Fuerst et al. 2011).. Fatty acids have also been found to protect seeds from
bacteria (Charnock et al., 2004), and serve as a source of carbon (Chia et al., 2000),
influencing the growth of microorganisms in the spermosphere (Burnham, 2011).
Although studies have shown that environmentally stressful conditions reduce
reproductive allocation, climatic conditions are changing in a way that may mitigate the
effects of stress on plant growth and allocation. Atmospheric carbon dioxide levels have
been increasing by 1.9 ppm per year (Pachari and Reisinger, 2007). Elevated carbon
dioxide levels can affect plant metabolism and stress responses in ways that could have
important implications for seed quality. Elevated carbon dioxide tends to increase the
carbon to nitrogen ratio in plant tissues, as well as the concentration of carbon based
secondary compounds (reviewed in Peñuelas and Estiarte, 1998). In addition, elevated
carbon dioxide levels can benefit plant growth and resource acquisition by reducing
competition for Rubisco fixation, decreasing photorespiration, and improving water use
efficiency (reviewed in Drake et al., 1997). Therefore, although few studies have focused
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on the effects of elevated carbon dioxide on seed quality or chemistry, the ecological
impact on seed bank dynamics could be considerable.
The overall objectives in this experiment were to investigate the effects of
elevated carbon dioxide and drought on seed persistence. It was hypothesized that
drought stress during maturation would decrease seeds’ resistance to aging and microbial
decay, and that because of the greater water use efficiency and carbon fixation, elevated
carbon dioxide would mitigate the effects of drought stress, leading to more resistant and
vigorous seeds and seedlings than those from the ambient drought treatment.
To investigate the effects of carbon dioxide and drought during seed maturation
on seed resistance to aging and microbial decay, wild oat (Avena fatua L.), a C3 grass
and a persistent weed in small-grain crops throughout the world (Holm et al., 1977), was
exposed to drought and elevated carbon dioxide treatments during growth and seed
maturation. Once the seeds were collected, two separate experiments were carried out. To
test seed resistance to aging and the maintenance of seedling vigor, seeds were exposed
to an accelerated aging regime for zero, four, or eight weeks. Emergence and growth of
each seedling was tracked for two weeks. To test the effects of maturation environment
and aging on resistance to microbial decay, wild oat seeds were subjected to an
accelerated aging treatment for zero or six weeks, and then exposed to Fusarium
culmorum, a common soil-borne fungus responsible for Fusarium Head Blight (FHB) in
cereals (Wagacha and Muthomi, 2007). The degree of decay for each seed was
subsequently evaluated.
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Materials and Methods
Plant Materials
Wild oat seeds were collected from two growth chamber experiments (conducted
in 2009 and 2010) in which the parent plants were exposed to either ambient (380ppm) or
elevated (760ppm) atmospheric carbon dioxide and either cyclical drought or wellwatered (nondrought) conditions. For more information on growth chamber conditions,
see Appendix.

All seeds used in the seedling vigor experiment were from the SH430

line, which is relatively nondormant (Adkins et al., 1986) to minimize the confounding
effects of dormancy on the seedling vigor study. All seeds used in the microbial decay
experiment were from the M73 isoline, which is highly dormant, to minimize the effects
of germination on microbial decay. Both wild oat lines were developed from individual
seeds; the lines were subjected to at least 10 generations of selfing and were determined
to be homozygous with respect to dormancy (Adkins et al. 1986).

Accelerated aging regime
To simulate seedbank dynamics in the soil, aging was achieved by placing the
seeds in glass mason jars suspended over a saturated NaNO 3 solution. The jars were
sealed and then placed in a water bath at 35°C, creating a 74% relative humidity
environment (Dhingra and Sinclair, 1985). Seeds were exposed to this treatment for 0, 4,
and 8 weeks for the seedling vigor experiment and 0 and 6 weeks for the microbial decay
experiment.
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Seedling vigor experiment
After aging, the seeds were planted in plug flats (12.5cm 3 well, ITML
Horticultural Products Inc, Ontario Canada) containing Sunshine Potting Mix #2
containing no added nutrients. The flats were placed in a Conviron growth chamber set at
200 µmol×m-2×s-1 and 22°C. Coleoptile emergence for each seed was tracked daily for
two weeks. After two weeks of growth, each seedling was cut at soil level and dried in an
oven at 80° C for at least two days, after which it was weighed to determine biomass. To
determine how elevated carbon dioxide and drought during seed maturation affects
seedling vigor and resistance to aging, the average biomass per seedling, average time
until emergence, and average number and percentage of seedlings emerged per treatment
were calculated.

Microbial decay experiment
After aging, seeds were surface-sterilized by submerging them for 10s in 70%
ethanol, 20s in 50% bleach, and rinsed twice for 20s in distilled water and allowed to dry.
After sterilization, the seeds were placed on 1% agar plates and exposed to Fusarium
culmorum. Whole seeds (with intact palea and lemma) were used in order to simulate
seeds in a seedbank. In a laminar hood, sterilized 6mm agar corers were used to remove a
plug of F. culmorum growing on a petri dish filled with 1% potato dextrose agar. Plugs
were taken from the margin of the mycelium approximately the same distance from the
center to ensure that the seeds were exposed to fungus of the same age. Two plugs were
placed on each petri dish containing 1% water agar, and seeds were placed in a ring
approximately 2mm from each plug. Each water agar plate consisted of one replicate
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containing 20 seeds. There were four replicates per treatment. Plugs from uninoculated
PDA plates were used to make control plates. One extra plate per treatment served to
track the progress of microbial infection until moderate levels of decay were indicated, at
which time all of the plates were rated.
Each plate was sealed with Parafilm and placed in a dark germination chamber
(Hoffman Manufacturing Inc., Albany OR) set to a cycle of 12 hours at 25°C and 12
hours at 15°C. After 12 days, the degree of microbial decay of each seed was rated
according to the system developed by DeLuna et al. (2011). A rating of 0 indicated no
infection; a rating of 1 indicated a black caryopsis tip; a rating of 2 indicated a black tip
with lesions elsewhere on the caryopsis; a rating of 3 indicted a black tip with decay
beginning to spread to the rest of the caryopsis; a rating of 4 indicated 50% of the
caryopsis was brown or black with infection; and a rating of 5 indicated that the entire
caryopsis was brown or black. Before rating, the hull (palea and lemma) of each seed
was removed and excess hyphae were rubbed off of the caryopsis to get a more accurate
determination of the degree of decay. Weighted averages indicating the average decay
rating per treatment was calculated in order to determine how elevated carbon dioxide
and drought affected seed resistance to microbial decay.

Statistical Analysis
Differences among the treatments at the 0.05 level were determined with analysis
of variance and lsmeans comparisons, using SAS 9.1 (SAS Institute Inc., Cary NC).
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Results
Resistance to aging
Days to emergence
For the 2009 growth chamber experiment, average number of days to emergence
was similar among the carbon dioxide and drought treatments within the aging intervals,
but tended to increase as aging duration increased, averaging 3.2, 4.5 and 4.9 days for the
zero, four, and eight week aging periods, respectively (Table 5.1). The same trend was
evident in the 2010 growth chamber experiment, as aging had a significant effect on the
average number of days it took for seedlings to emerge (p = <0.0001; Table 5.1).
Between zero and four weeks of aging, the average number of days to emergence rose
from 3.2 to 5.0; after eight weeks of aging, only one seedling emerged in the elevated
carbon dioxide drought treatment; no seedlings emerged in the other three treatments.

Percentage of emerged seedlings
For the 2009 grow-out, aging duration had a significant effect on the percentage
of emerged seedlings (p = <0.0001; Table 5.1). The percentage of emerged seedlings
across all treatments decreased as the aging duration increased. At zero, four and eight
weeks of aging, 95%, 60% and 4% of the seedlings emerged on average, respectively.
In the 2010 growth chamber experiment, aging duration also had a significant
effect on the percentage of emerged seedlings (p = < 0.0001; Table 5.1). As in the 2009
data, an increased duration of aging decreased the total number of emerged seedlings. At
zero, four, and eight weeks of aging, 91%, 56% and 1% of the seedlings emerged,
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respectively. Preliminary experiments using tetrazolium chloride viability tests indicated
that any remaining seeds that did not emerge were dead (data not shown).

Biomass per seedling
The duration of aging had a significant effect on the average biomass per seedling
in the 2009 growth chamber experiment (p = 0.0003; Table 5.1). After zero, four and
eight weeks of aging, the average biomass per seedling was 0.025, 0.034, and 0.015g,
respectively. The biomass per seedling was highest at 4 weeks of aging and lowest at
eight weeks of aging.
For the 2010 experiment, aging duration also had a significant effect on the
biomass per seedling (p = <0.0001; Table 5.1). In general, the average biomass per
seedling decreased over time, from 0.026g after zero weeks of aging, 0.026g after four
weeks of aging, and 0.0015g after week eight, where only one seedling emerged out of all
of the treatments.

Total plant biomass per treatment
For the 2009 growth chamber experiment, aging duration had a significant effect
on the total plant biomass per treatment (p = 0.0003; Table 5.1). As the duration of aging
became longer, the amount of plant biomass per treatment decreased from 0.481g at week
zero, to 0.386g at week four and to 0.021g at week eight.
For the 2010 growth chamber experiment, aging duration also had a significant
effect on the total plant biomass per treatment (p = <0.0001; Table 5.1). As the aging
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duration increased, the total biomass per treatment decreased, from an average of 0.473g
at week zero, 0.278 at week four and 0.006g at week eight.
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Table 5.1. Average number of days to emergence, percentage of emerged seedlings, biomass per seedling and biomass per
treatment for the 2009 and 2010 growth chamber experiments. Data from the carbon dioxide and drought treatments were pooled,
because the effects carbon dioxide and drought treatments were not statistically significant. Shown are averages according to aging
duration. Values within the same dependent variable followed by the same letters are not significantly different at the p < 0.05
confidence interval.

Days to Emergence

0

Weeks of Aging
4
8

Percentage of
Emerged Seedlings
Weeks of Aging
0
4
8

Biomass per Seedling

0

Weeks of Aging
4
8

Biomass per Treatment

0

Weeks of Aging
4

8

2009

3.2 a

4.5 a

4.9 a

95.0 a

60.3 b

4.1 c

0.025 b

0.034 a

0.015 c

0.481 a

0.386 b

0.021 c

2010

3.2 b

5.0 a

0.7 c

91.3 a

56.3 b

1.3 c

0.026 a

0.026 a

0.002 b

0.473 a

0.278 b

0.006 c
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Resistance to microbial decay
For the seeds from the 2009 growth chamber experiment, analysis of variance
indicated a significant interaction between aging duration and carbon dioxide treatment
(p = 0.0004; Figure 5.1a). Elevated carbon dioxide treatment and accelerated aging
appeared to increase the susceptibility of the seeds to microbial decay. At zero weeks of
accelerated aging, seeds from the elevated carbon dioxide treatment exhibited average
decay ratings that were 12% higher than the seeds from the ambient carbon dioxide
treatments. After six weeks of accelerated aging, the seeds from the elevated carbon
dioxide treatments had average decay ratings that were 60% higher than the seeds from
the ambient carbon dioxide treatments.

Aging by itself had an effect on seed

susceptibility to Fusarium culmorum; six weeks of accelerated aging increased the decay
ratings in the ambient and elevated carbon dioxide seeds by 19% and 68% respectively.
For the seeds from the 2010 growth chamber experiment, analysis of variance
indicated a significant effect of aging on seed decay (p = 0.003). In addition, carbon
dioxide had an almost significant effect on seed decay (p = 0.052), although the time by
carbon dioxide interaction was not significant (p = 0.32; Figure 5.1b). Similar to the 2009
experiment, aging increased susceptibility to Fusarium culmorum. When the carbon
dioxide treatments were pooled by time, the average decay rating increased by 73% after
six weeks of aging. When averages were calculated according to the carbon dioxide
treatments, the decay ratings increased by 43% and 118% in the ambient and elevated
carbon dioxide treatments, respectively. However, unlike the 2009 experiment,
maturation under elevated carbon dioxide tended to decrease susceptibility to microbial
decay. At zero weeks of aging, the seeds from the ambient carbon dioxide treatment had
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an average decay rating that was 99% higher than the elevated carbon dioxide treatment.
At six weeks of aging, the gap between carbon dioxide treatments narrowed, but the
seeds from the ambient carbon dioxide treatment still had an average decay rating that
was 16% higher than the seeds from the elevated carbon dioxide treatment.
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3.5

A

Weighted average decay rating

3.0

2.5

2.0

1.5

1.0

0.5

0.0

2.0

B

Weighted average decay rating

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
0

6

Weeks of Aging
Ambient CO2
Elevated CO2

Figure 5.1. Average decay rating by duration of aging and carbon dioxide
treatment for the 2009 (a) and the 2010 (b) experiments. For the 2009 experiment,
data from the drought treatments were pooled within the carbon dioxide treatments. Note
the difference in scale for the y-axes. Shown are averages and standard errors.
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Discussion
Resistance to aging and seedling vigor
As expected, accelerated aging had a significant effect on wild oat seeds,
increasing the average number of days to emergence. This trend was seen in both the
2009 and 2010 growth chamber experiment, but was only statistically significant in the
2010 experiment, where the average number of days to emergence rose from 3.2 to 5
days between 0 and eight weeks of aging. Aging also decreased the percentage of
emerged seedlings. After eight weeks of aging, the percentage of emerged seedlings
across all treatments for the 2009 growth chamber experiment had decreased to 4%,
whereas for the 2010 experiment, three out of the four treatments had 0% emergence.
Similarly, the average biomass per treatment was also significantly affected by aging. As
the duration of aging became longer, the amount of plant biomass per treatment
decreased from 0.481g at week zero, to 0.386g at week four and to 0.021g at week eight
for the 2009 growth chamber experiment. The trend was similar for the 2010 experiment,
where total biomass per treatment was reduced from an average of 0.473g at week zero to
0.278g at week four and 0.006g at week eight.
Effects of aging on average biomass per seedling were less clear, with the
individual biomass in some cases increasing after 4 weeks of aging. For some treatments,
so few seedlings emerged after eight weeks of aging that the sample size is likely too low
to get an accurate estimate of average biomass per seedling. Calucci et al. (2004) found
that in Triticum aestivum, accelerated aging decreased a delay in radicle emergence
germination capacity, similar to the results of our study. (Their aging regime was
apparently stronger than ours; seeds aged for 10 days did not germinate).
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Although aging clearly had an effect on seed viability, the effects of elevated
carbon dioxide and drought on the resistance to aging and seedling vigor are less clear.
Contrary to our hypothesis, for the most part, maturation environment did not seem to
have a significant effect on the resistance of seeds to aging, or on the indicators of vigor
and viability. Drought and carbon dioxide treatments during maturation did not have a
statistically significant effect on the average number of days to emergence, and only had
an effect on the percentage of emerged seedlings, seedling biomass, and biomass per
treatment in the 2010 growth chamber experiment. Even these effects were the result of a
three-way interaction between aging, carbon dioxide and drought, and the effects of
carbon dioxide and drought treatments did not appear to be consistent; decreasing
emergence or biomass for some parameters and not others, and at some time intervals but
not others.
It has long been known that there are numerous maternal effects that can affect
seed quality. Phenotypic effects, caused by the environment the maternal plant was
exposed to, can influence seed structures such as the seed coat and fruit, and determine
seed quality characteristics such as dormancy, germination, and some of the offspring’s
traits at maturity (Roach and Wulff, 1987). Drought stress has been found to decrease
seed size (Luzuriaga et al., 2006), total phenolic concentration (Gallagher et al., 2010b),
protein and fatty acid concentrations in soybean (Kirnak et al., 2008) and decrease
dormancy levels (Benech-Arnold et al., 1992; Eslami et al., 2010; Peters, 1982; Sawhney
and Naylor, 1982). Elevated carbon dioxide has been found to decrease (Andalo et al.,
1998; Huxman et al., 1998; Wulff and Alexander, 1985) and increase (Garbutt and
Bazzaz, 1984; Steinger et al., 2000)seed size, as well as influence the production of
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secondary metabolites in plant tissues (reviewed in Bazzaz, 1990; Hartley et al., 2000;
Mansfield et al., 1999; Mohan et al., 2006; Peñuelas and Estiarte, 1998), and increase the
carbon to nitrogen ratio of seeds (Andalo et al., 1998; Huxman et al., 1998; Steinger et
al., 2000). Maternal effects on seed characteristics such as seed size could have important
implications for plant fitness and offspring performance. Many studies have shown a
correlation between seed size and rate of growth or the competitive ability of the seedling
or mature plant. Kalisz (1989) found that larger seeds of Collinsia verna emerged later
than smaller seeds, possibly because genes that favored large seeds also favored a delay
in emergence. In a study on wild radish, Stanton (1984) found that larger seeds were
more likely to emerge from the soil than smaller seeds, and were more likely to become
larger plants that produced higher numbers of flowers.
On a study on Plantago lanceolata, Wulff and Alexander (1985) found that seeds
that had matured during exposure of the parent plant to elevated carbon dioxide had a
lower overall seed size. When seeds from the elevated carbon dioxide environment were
germinated under elevated carbon dioxide, their relative growth rates were higher than if
the seeds were grown under ambient carbon dioxide conditions, although this response
was partially affected by the genotype of the mother plant. Although it is clear that
elevated carbon dioxide affected growth rates, because the seedlings were grown under
the same conditions as the mother plant, it is difficult to parse out the separate effects the
maternal environment had on seed quality characteristics.
In our experiments, maturation environment did not have strong effects on seed
size. Drought decreased hull weight by 11% and 13% in the 2009 and 2010 growthchamber experiment, respectively. Carbon dioxide did not affect hull weight. Carbon
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dioxide and drought treatments interacted to influence caryopsis weight. The elevated
carbon dioxide nondrought treatment had the highest weight per caryopsis; which was
10% higher than the ambient carbon dioxide nondrought treatment. However, elevated
carbon dioxide decreased the weight per caryopsis under the drought treatment; the
average for that treatment was 7% lower than for the ambient carbon dioxide drought
treatment. Drought significantly decreased weight per caryopsis in the 2010 grow-out, as
drought seeds had caryopses that were on average 8% lighter than their nondrought
counterparts (Granger et al., unpublished). Although our experiments did see significant
reductions in caryopsis weight due to drought stress, elevated carbon dioxide had a less
consistent effect. Although seed size has been found to correlate to emergence times, the
inconsistent effect of elevated carbon dioxide may have contributed to the relatively weak
effect of maturation environment on vigor characteristics in this experiment.
Accelerated aging has been an established method for estimating the viability of
seed lots for extended storage and a means of evaluating the physiological effects of
aging in shorter amounts of time than would otherwise be possible if researchers waited
for natural aging to occur. However, some researchers have challenged the validity of
accelerated aging as a measure of what actually happens in the soil seed bank over
extended periods of time. Some studies, however have found that the biochemical and
physical changes in seeds exposed to accelerated aging closely mimic the changes that
occur in naturally aged seeds (Hannan and Hill, 1991) including the changes in protein
expression (Rajjou et al., 2008). Although extended storage or a burial experiment during
which seeds could be removed from the soil at multi-year intervals would be ideal, time
constraints precluded those methods in this study.
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Accelerated aging did have an effect on seed viability in this study, although the
effect did not seem to be dependent on the maturation environment treatments. It is
possible that under natural aging, we may have seen more environmental effects on seed
quality. Wild oat has been found to persist in the soil for up to nine years; therefore, the
seeds in this study seemed to have lost viability (after 8 weeks) much faster than they
might have in the soil seedbank. Therefore, it could be argued that accelerated aging
would most likely have exacerbated any treatment effects that were present.
Alternatively, the accelerated aging could have been so destructive that it masked the
effect of maturation environment. Relatively few studies have investigated the direct
effects of maturation environment on resistance to either natural aging in the seedbank,
accelerated aging, or aging during storage.
A number of biochemical changes occur in aged seeds that could account for the
effects of aging we saw on vigor in this experiment. These changes have been reviewed
in the Introduction. Lipid peroxidation could have disrupted membrane integrity and
cellular function (Priestley, 1986). Lipid degradation, as well as respiration or protein
deterioration could have produced radical oxygen species that damaged DNA, and
reduced protein production and activity, particularly those involved in repair or critical to
germination (Murthy and Sun, 2000; Rajjou et al., 2008; Stewart and Bewley, 1980; Xin
et al., 2011). Given that aging increased the number of days to emergence in our study, it
is likely that these proteins were impacted by aging in wild oat seeds, making the repair
and germination mechanisms less efficient. Proteomic analysis on protein expression and
activity, studying solute leakage and membrane structure, or chemical analysis of lipid
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content could provide insight into which mechanisms are responsible for our seeds’
decrease in vigor.
As previously mentioned, environmental conditions during seed maturation can
affect the concentration of phenolics and fatty acids. Drought can decrease the
concentration of these compounds in wild oat (Gallagher et al., 2010b), and numerous
studies have found that elevated atmospheric carbon dioxide levels can increase or
decrease the concentration of carbon-based secondary compounds in plant tissues
(reviewed in Bazzaz, 1990; Hartley et al., 2000; Mansfield et al., 1999; Mohan et al.,
2006; Peñuelas and Estiarte, 1998) including soybean seeds (Thomas (Thomas, 2003
#112). Because phenolic compounds are antioxidants, they are thought to play a role in
the protection against the radical oxygen species that are thought to cause aging (Bailly,
2004; Rice-Evans et al., 1997). Fatty acid composition could also have an effect on
seeds’ ability to maintain vigor over time. Aging causes esterification of lutein (an
antioxidant) by the fatty acids palmitic and linoleic acid (reviewed in Pinzino et al.,
1999), possibly making seeds more susceptible to radical oxygen species damage. Also,
during germination, hydroperoxide lyase activates and breaks down oxygenated fatty
acids, which produces free radicals (reviewed in (reviewed in Bernal-Lugo and Leopold,
1998). Higher concentrations of fatty acids in seeds could therefore make them more
susceptible to radical oxygen species damage and aging.
Because of possible changes in the phenolic and fatty acid composition of seeds
due to exposure to drought and elevated carbon dioxide, it was expected that seeds
exposed to ambient atmospheric carbon dioxide and drought conditions during
maturation may be more susceptible to loss of vigor due to aging than seeds exposed to
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elevated atmospheric conditions. However, when the concentration of simple phenolics
was analyzed using GC-MS, it was found that maturation environment only weakly
affected phenolic compound allocation (data not shown).

Perhaps the weak effects of

maturation environment on seed vigor and resistance to aging parallel the negligible
environmental effects on seed chemical composition; however, our experiments give
little evidence to corroborate previous studies that have found that fatty acids and
phenolics determine seedling vigor. Our study only analyzed the phenolic and fatty acid
concentrations in unaged seeds; in order to gain insight into aging mechanisms, it may be
more useful to look at changes in chemical composition after or during aging.
Aging significantly affected the timing of emergence in our study. The evident
delay in seedling emergence due to aging has been proposed to be caused by the seeds’
need to make repairs before being capable of germination (reviewed in Baskin and
Baskin, 1998). Aging generally affects germination rate before it impacts overall viability
of seeds (Pinzino et al., 1999). This delay in emergence is likely to have important
implications for interspecific dynamics and plant fitness. Stanton (1984) and Kalisz
(1989) found that early emergence in natural populations can significantly impact
competitive ability. In C. verna plants, early emergence indicated a larger survival
probability, and greater fecundity at maturity (reviewed in Kalisz, 1989). Subsequent fast
growth could be important for competitive interactions in the field where seedlings are
competing against different-sized individuals (Stanton, 1984). As in our study, aged
seeds emerged significantly later than unaged seeds of Bromus tectorum, leading to a
decrease in competitiveness (Rice and Dyer, 2001). Rice and Dyer (2001) point out that
establishment is an important part of a plants’ life cycle, during which seedlings are
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establishing roots and aboveground biomass that will allow them to compete with others
for resources. Any delay in this establishment makes it more likely that other individuals
will capture limited resources instead.
In addition to indirectly affecting competitiveness through delaying seedling
emergence, aging has the potential to have more direct effects on the morphology,
growth, and ultimate fitness of plants. Adult wheat plants from seeds exposed to
accelerated aging have been found to produce a lower number of panicles than unaged
seeds. Maize plants from old seeds produced shorter ears and were less productive than
plants from younger seeds (reviewed in Priestley, 1986)
For an agricultural weed such as wild oat, any delay in the emergence or growth
rate of the weed could have a large impact on the competitiveness of the weed and crop
yield. Crop yield decreases in wheat and barley by 3% each day wild oat emerges before
the crop (reviewed in Willenborg et al., 2005). Willenborg et al. (2005) found that yield
losses in oat reached up to 71% when wild oat emerged before the crop, whereas the
losses when wild oat emerged after cultivated oats only reached 46%. In addition, they
also found that wild oat plants that emerged before the crop produced more seeds than
weeds that emerged after the crop, causing more wild oat seed contamination. It should
be noted, however, that even if wild oat seedlings that emerge after the crop are less
competitive, they can still impact yield and may pose more of a management issue than
early-emerging seedlings, since there is currently no way to chemically control wild oat
plants in cultivated oat stands (Willenborg et al., 2005).
It should be noted that the seeds were stored prior to the accelerated aging
treatment, and that the seeds from the 2009 experiment were stored longer than the seeds
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from the 2010 experiment. However, given the length of time wild oat seeds have been
found to persist in the soil and in storage, which is much shorter than the storage time for
this experiment, and that the averages for the various parameters do not appear to be that
different between the 2009 and 2010 seeds, the effect of being stored for several months
at -20° C is likely to be negligible.

Resistance to microbial decay
Contrary to our hypothesis, drought during seed maturation appeared to have little
effect on seed susceptibility to microbial decay; the only statistically significant effects
were those of aging and carbon dioxide treatment. Also contrary to expectations was the
finding that the elevated carbon dioxide treatment, rather than conferring resistance,
actually increased seed susceptibility to decay in the seeds from the 2009 experiment. At
zero weeks of aging, the seeds from the carbon dioxide treatments had decay ratings that
were 12% higher than the ambient treatments, and after six weeks of aging, the elevated
carbon dioxide treatments had decay ratings that were 60% higher than the ambient
treatments. However, in the seeds from the 2010 growth chamber experiment, the
elevated carbon dioxide treatment showed more resistance to decay than the ambient
carbon dioxide treatment. At zero weeks of aging, the ambient carbon dioxide seeds had
decay ratings that were 99% higher than the elevated carbon dioxide seeds. After six
weeks of aging, the ambient carbon dioxide seeds had decay ratings that were 16% higher
than the elevated carbon dioxide treatments.
The one aspect of our hypothesis that was consistently supported by our data was
that aged seeds exhibited higher levels of decay than unaged seeds. In the seeds from the
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2009 growth chamber experiment, six weeks of aging increased the decay ratings by 19%
in the ambient carbon dioxide treatment and 68% in the elevated carbon dioxide
treatment. The trend was similar in the seeds from the 2010 growth chamber experiment,
with six weeks of accelerated aging increasing the decay ratings by 43% in the ambient
treatment and 118% in the elevated treatment. In the seeds from both growth chamber
experiments, the elevated carbon dioxide treatment seemed to be more susceptible to
aging.
Despite using seeds from the dormant line M73 in the microbial decay
experiment, some of the seeds did germinate during the experiment. The number of
germinated seeds did not appear to be different among the treatment populations. It is
possible that exposure to the Fusarium isolate stimulated germination, since fungi
produce gibberellic acids (Bomke and Tudzynski, 2009), germination promoting
hormones. It is likely that germination had an effect on seed defenses and influenced
decay, although those effects are unclear. One might expect that the germinating seeds
may deploy more active defense measures against decay than the dormant seeds, as
germinating seeds have increased levels of metabolic activity, and perhaps a heighted
ability to synthesize new proteins or activate enzymes involved in defense or signaling.
In contrast, however, the emergence of the radicle through the seed coat may disrupt the
seed coat’s function as a physical barrier to pathogen attack. In addition, swelling and
cracking during imbibition and germination causes the leakage of solutes that may make
the seeds more attractive to pathogens and stimulate Fusarium growth. Morkunas and
Gmerek (2007) point out that the process of germination changes carbohydrate
metabolism and may make seeds more susceptible to pathogen attack.
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Several studies have shown that germinating seeds deploy active defenses against
pathogens, and that these defenses are linked to carbohydrate metabolism in the seeds.
Morkunas and Gmerek (2007) found that peroxidase activity increased in embryo axes of
yellow lupine incubated with sucrose and inoculated with Fusarium oxysporum.
Peroxidases oxidize isophenols into more toxic forms and help strengthen cell walls by
initiating lignification (Morkunas et al., 2008; Morkunas and Gmerek, 2007) In one
study, Morkunas et al. (2008) found increases in semiquinone radicals in seeds incubated
with sucrose in response to F. oxysporum infection. These radicals can be incorporated
into lignin, or quench other free radicals that could weaken the cell wall. In addition, the
researchers found increased levels of protective enzymes such as superoxide dismutase,
catalase, and peroxidase. Two studies on yellow lupine embryos showed the linkage
between carbohydrate metabolism and phenypropanoid metabolism and the production of
isoflavonoids in response to fungal infection. Both studies show that sugars, particularly
sucrose, glucose and fructose, can help regulate the production of isoflavonoids and the
activity and transcription of key phenylpropanoid enzymes, including PAL (Morkunas et
al., 2011; Morkunas et al., 2010).
Dormant wild oat seeds have also been found to have their own defenses against
pathogens. Previous studies in our lab (Gallagher et al., 2010a; Granger et al., 2011) have
found phenolic compounds in hulls and caryopses of wild oat seeds, which may be part of
the seeds’ preformed defenses. In addition, dormant wild oat seeds exhibit metabolically
active responses to fungal infection. Burnham (2011) recorded the increase of soluble and
esterfied phenolics (particularly ferulic, vanillic and p-coumaric acids) and long-chain
fatty acids (linoleic and oleic acid) in caryopses and hulls in response to infection by F.
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culmorum. He also noted that the greatest changes in concentration were partially due to
compounds that are lignin precursors. Similarly, other research on dormant wild oat
seeds has shown increased PPO activity and synthesis during Fusarium attack (Anderson
et al., 2010; Fuerst et al., 2011).
It is likely that the wild oat seeds in our study mounted similar defenses against
F. culmorum, whether they produced peroxidases, free radicals, and isoflavonoids as
found in the studies on germinating pea and lupine embryos (Morkunas et al., 2008;
Morkunas and Gmerek, 2007; Morkunas et al., 2011; Morkunas et al., 2010), or, while
dormant, produced more simple phenolic acids (Burnham, 2011) or activated PPO
(Anderson et al., 2010; Fuerst et al., 2011). Although the drought and carbon dioxide
treatments during maturation environment did not appear to have a significant effect on
the initial overall phenolic or fatty acid levels on the seeds used in this study (Granger et
al., unpublished), it is possible that maturation environment affected the seeds in some
way that impacted the seeds’ ability to synthesize more phenolic compounds, redistribute
the existing ones, or activate PPO. This could account for the treatment differences in
susceptibility especially in the seeds from the 2009 growth chamber experiment.
Although we did not see major differences between phenolic and fatty acid contents of
the seeds from the carbon dioxide treatments before inoculation, many studies have
shown that elevated carbon dioxide does have an effect on the C:N ratio of plant tissues
(Andalo et al., 1998; Huxman et al., 1998; Steinger et al., 2000) and that seeds could
serve as a carbohydrate sink under elevated carbon dioxide (Steinger et al., 2000). We did
not measure the carbohydrate levels in our seeds, but it is clear that elevated carbon
dioxide could have changed the carbohydrate levels, which could explain the increased
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susceptibility to decay the seeds from those treatments exhibited in our study. The studies
by Morkunas and colleagues (Morkunas et al., 2008; Morkunas and Gmerek, 2007;
Morkunas et al., 2011; Morkunas et al., 2010) indicate that carbohydrate levels and
metabolism can have important roles in regulating plant defenses against microbial
decay. However, most of the results from their studies indicate that increase carbohydrate
levels facilitate more active defense strategies, and therefore it may be expected that
seeds with higher sugar concentrations would be more resistant to microbial decay.
The difference in trends between the seeds from the 2009 and the 2010 growth
chamber experiments is a bit puzzling. In the seeds from the 2009 growth chamber
experiment, the seeds from the elevated carbon dioxide treatments were significantly
more susceptible to decay than the seeds from the ambient treatment; in the seeds from
2010, the trend was reversed. It could be that in 2010, the elevated carbon dioxide
treatment increased the carbohydrate levels more so than in 2009, and so the seeds were
more able to activate defense mechanisms similar to those found in pea and lupine seeds
(Morkunas et al., 2008; Morkunas and Gmerek, 2007; Morkunas et al., 2011; Morkunas
et al., 2010). However, one notable difference between the two growth chamber
experiments is that the seeds from the 2010 experiment appear to have higher
concentrations of phenolics and fatty acids (Granger et al., unpublished). This could
account for the overall lower rates of decay in the 2010 seeds. In addition, we had to
control aphids once in the ambient growth chamber during the 2010 experiment,
something that was not necessary in 2009. It is possible that this made the 2010 ambient
seeds less able to defend themselves against pathogens during the microbial decay
experiment.
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As discussed previously, aging had the most consistent effect, increasing wild oat
seeds’ susceptibility to decay. The deleterious effect on resistance is most likely due to
the effects of aging on membrane integrity and enzyme production and activity, limiting
the seeds’ ability to mount active defenses against the seeds and prevent the penetration
of hyphae into the seed. As discussed above, aging produces radical oxygen species that
can deteriorate DNA, and cause the carbonylation and inactivation of numerous proteins
(Rajjou et al., 2008; Stewart and Bewley, 1980; Xin et al., 2011). The active defenses that
seeds have exhibited against pathogens—increased peroxidase and PPO activity, free
radical and phenolic acid production and changes in sugar metabolism all rely on the
efficient production and function of several enzymes and signaling pathways. Disruption
of these enzymes’ activity or production due to aging could explain the increase in
susceptibility as the seeds are less able to defend themselves effectively.
In addition, aging can cause the degradation of cellular membranes (Priestley,
1986) which could help account for the increased susceptibility of decay in aged seeds. In
increase in membrane permeability could facilitate the leakage of solutes, such as
carbohydrates or fatty acids. Sugar leakage (such as raffinose) out of embryos has been
found to increase with aging (Ouyang et al., 2002), and sugars can act as substrates for
soil pathogens (reviewed in Morkunas et al., 2010). Fatty acids have also been found to
leach into the spermosphere, even from seeds that were not exposed to aging treatments
(Burnham, 2011).

Ruttledge and Nelson (1997) found that unsaturated fatty acids

(including palmitic and linoleic) can stimulate Pythium activity. If, as the seeds age, they
release more solutes into the soil, they could stimulate more aggressive pathogen attack
and infection, which may account for the aged seeds’ higher decay ratings.

The leakage
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of solutes could also be one reason why the 2009 elevated carbon dioxide seeds were
more susceptible. If the seeds from the elevated carbon dioxide treatments contained
higher levels of carbohydrates in their reserves, these higher levels may have stimulated
pathogen growth and higher levels of infection.
It should be noted that that we did not sterilize our seeds before the accelerated
aging treatment, although seeds were surface sterilized before exposure to the Fusarium.
It could be that accelerated aging stimulated fungal growth during the treatment, and this
caused some of the impact on viability and resistance to microbial decay that appears to
be due to aging here. However, there were no visible signs of deterioration or microbial
attack on the seeds evaluated for seedling vigor. In addition, the surface sterilization
before exposure to F. culmorum was not entirely effective; some of the seeds showed
growth of a microbe that was identified as either penicillin or aspergillus in addition to F.
culmorum. When caryopses were inspected under the microscope, it appeared that only
Fusarium hyphae were present on the caryopses, and the penicillin or aspergillus was not
hindering F. culmorum infection. Therefore, it is likely that most of the decay found on
wild oat seeds during the microbial decay experiment was due to attack by F. culmorum.
During both the seedling vigor and the fungal decay experiment, the seeds were
exposed to ambient atmospheric carbon dioxide levels. In this experiment, we were
interested in the effects that maturation environment might have on resource allocation
and subsequent seed characteristics (resistance to aging and seedling vigor). Under
future climate change conditions, seeds that matured under elevated atmospheric carbon
dioxide and drought would likely emerge and establish under elevated atmospheric
carbon dioxide levels as well. However, continuing the carbon dioxide treatments during
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seedling establishment would have confounded the influence of maternal maturation
environment on seed characteristics. Elevated atmospheric carbon dioxide would likely
have little effect on the seeds in the soil, as soil carbon dioxide levels are already much
higher than atmospheric levels (as much as 1% of the air in soil) (Bewley and Black,
1994). Therefore, it is unlikely that continuing the elevated atmospheric carbon dioxide
treatment would have influenced seed viability (the number of days to emergence or the
percentage of seedlings that emerged). However, once the seedlings did emerge, elevated
carbon dioxide may have favored seedling establishment and growth. Elevated carbon
dioxide levels may have caused the seedlings to grow faster, either directly by providing
more carbon dioxide for photosynthesis, and thus more energy for biomass accumulation,
or indirectly, by providing more energy to repair any damage to cellular structures and
metabolic machinery caused by aging (Wulff and Alexander, 1985).

Conclusions and Summary
In conclusion, these experiments showed that exposure to elevated carbon dioxide
and drought during maturation did not strongly affect seedling vigor characteristics or
resistance to microbial decay, although some trends were evident. The most consistent
and visible effect was that of aging, which increased the number of days to emergence,
decreased the total number of seeds that emerged, and markedly increased the
susceptibility to microbial decay across all treatments. The impact of aging seedling vigor
and defense against pathogens could have extensive implications on seed persistence in
the soil seed bank and competitive interactions between plants. This study shows that
aging could potentially severely impact the survival of seeds in the soil, either through
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causing gradual decline in seed viability, or by making seeds more vulnerable to soil
pathogens. The seeds that do survive could germinate later than more vigorous seedlings,
putting these seeds at a disadvantage as they contend for resources such as water or
sunlight, impacting their chances of establishment. This disadvantage at the seedling
stage could translate into reduced yields when the plants mature; leading to a decrease in
fitness.
Clearly, the effects of maturation environment and aging on seedling vigor and
resistance to microbial decay merits further study. In particular, the mechanisms behind
seeds’ resistance to aging and microbial decay, and their interaction exposure to elevated
carbon dioxide during maturation, remain to be elucidated. It may be instructive to look
specifically at the levels of carbohydrates and phenylpropanoid metabolism in seeds after
exposure to pathogens, to see the impact of elevated atmospheric carbon dioxide levels
during maturation and whether changes in these pathways could account for the seeds’
susceptibility. In addition, our experiments only looked at the concentrations of simple
phenolics; using HPLC analysis would enable us to look at more complex phenolics and
flavonoids, which have also been found to play a role in seed defense against radical
oxygen species and pathogens. Assays could also study lignification or enzyme levels
and activity to see how these processes are affected by aging and microbial attack.
Although many studies have been done on the effects of pathogens on seeds, it is
still unclear how prevalent microbial decay is in natural settings. Gallandt et al. (2004)
showed that microbial decay accounted for only 4% of the mortality seen in wild oat
seeds buried for 10 months. Our experiments took place in laboratory settings, where the
inoculation levels may be much higher than the seeds are exposed to in the soil; in
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addition, there may be numerous other microbes in the soil, some of which may be
beneficial to the seed or outcompete Fusarium culmorum. Therefore, seed burial
experiments could help show seed persistence and microbial decay in the field under
more realistic conditions. Future experiments could also expose germinating seedlings to
elevated carbon dioxide, to study whether or not any effects on seed quality are
transmitted or enhanced through subsequent generations.
The effects of aging and microbial decay on seed persistence could have
important implications not only for ecologists studying the population dynamics of
natural communities, but also for farmers attempting to control weeds and minimize yield
losses. Our results show that under future environmental conditions, seeds will be
susceptible to aging and to microbial decay. Seeds that do survive and germinate may be
less competitive with the crop; therefore, farmers may be able to use less aggressive
measures (such as fewer herbicide applications) to maintain crop yields.
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Chapter 6: Conclusions and Future Directions

Soil seed banks pose a particular management issue for farmers and play an
important ecological role in influencing population dynamics in plant communities.
Although seed persistence characteristics have been shown to be at least partially
environmentally-regulated, relatively little of the scientific literature on climate change
has focused on seeds. In particular, very few studies have focused on how seed chemistry
is affected by elevated atmospheric carbon dioxide levels, despite numerous studies
showing that elevated carbon dioxide can dramatically affect carbon-based secondary
compounds in other plant tissues. The current study shows that elevated carbon dioxide
could significantly influence plant community dynamics, principally by affecting
reproductive allocation to seeds and partially mitigating the effects of drought stress on
allocation and seed dormancy levels.
In the first series of experiments, various methods for extracting and quantifying
phenolic concentrations were investigated, comparing an aggressive extraction procedure
involving a suite of polar solvents and hydrolysis coupled with GC-MS analysis to
simpler extraction protocols paired with spectrophotometric assays. We found that the
spectrophotometric assays overestimated phenolic concentrations compared to GC-MS
analysis. In addition, the more complex extraction procedure allowed quantification of
cell-wall bound compounds while the simpler procedures did not, thereby missing a
major portion of the phenolic constituents. Consequently, GC-MS analysis coupled with
the extraction procedure involving hydrolysis was determined to be the most suitable
method for subsequent studies on the effects of drought and carbon dioxide on the
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chemical constituents of wild oat. However, GC-MS only allows the analysis of simple
phenolic compounds. Further studies could quantify the concentrations of more complex
phenolic compounds, such as flavonoids, using HPLC and LC-MS. It is possible that the
larger concentrations of phenolic compounds indicated by the spectrophotometric assays
could be due to the reaction of the reagents with flavonoids in the samples. The results of
this study show, however, that methods such as GC-MS analysis, which allow the
quantification and identification of individual compounds, may be more useful to
ecological studies than spectrophotometric methods. The overestimation of phenolic
concentrations indicated by spectrophotometric methods may confound efforts to
correlate these concentrations to ecological functions. In addition, they provide no
information on the possible functions or importance of individual compounds.
The second series of experiments investigated the effects of seed maturation
during exposure to drought and elevated carbon dioxide on the chemical composition of
seeds. Elevated carbon dioxide did increase phenolic, aliphatic and long-chain fatty acid
concentration in the caryopses of the SH430 line, and in the hull bound seed and
chemical fraction to some extent. However, the effects of drought and carbon dioxide
were largely inconsistent between lines, seed and chemical fractions, and experimental
replicates. The reasons for this are unclear. Gallagher et al. (2010b) showed that drought
stress slightly decreased phenolic content in wild oat seeds, although many seed fractions
were largely unaffected, as was found in our study. Inconsistencies between the current
and past results obtained by our lab may be due to the differences between the
greenhouse environments used in the past and the growth chamber environments in the
current study.

In addition, differences between the light and temperature regimes
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between the two growth chamber experiments may have differentially affected resource
allocation in the two years.
It is evident from our study that organic acid allocation to seeds is potentially
upregulated by elevated carbon dioxide. It also appears that individual compounds may
be differentially regulated by environmental conditions. The biological significance of
the changes in concentration, and the importance of individual compounds, are unclear
and merit further study. Research examining enzyme activity and gene expression may
show how the environment is interacting with genetics to regulate the biosynthesis of
these compounds. Mutants with knock-out genes may also help to show the function and
importance of these organic compounds. Because wild oat is hexaploid and its genome
has not been mapped, studying gene expression and developing primers for use in wild
oat would be difficult. Creating knock-out mutants where all six copies of the gene of
interest would be challenging. Because the genome has not been mapped, the exact
sequence for target genes (such as PAL) are unknown, and primers would have to be
developed by mapping conserved sequences from other species. The efficacy of the
developed primers, especially where there are multiple types or isoforms of the target
gene and protein, would have to be tested.
Therefore, other species may be more suitable for future genetic research on
phenolic biosynthesis. Knock-out mutants involving changes in phenolic and flavonoid
biosynthesis have been developed in Arabidopsis for use in dormancy studies (Koornneef
et al., 2002). Arabidopsis has been preferred as a model species due to its small size and
short lifespan. However, it may also be useful to expand molecular studies to weedy and
invasive plant species. Although it may be more difficult to develop the molecular tools
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to study these species, knowing how environmental and genetic factors specifically affect
agricultural weeds of economic importance may be of more practical use to farmers and
land managers than studies on Arabidopsis. In addition, given the evidence that chemical
responses to elevated carbon dioxide can be species-specific, expanding genetic studies to
a wider range of species may help elucidate more general trends showing commonalities
in the environmentally-mediated regulation of organic acid biosynthesis among species.
At the least, these studies on the regulation of biosynthesis may help explain speciesspecific effects. The current study is one of the few to examine how individual chemical
constituents are affected by elevated atmospheric carbon dioxide and the possible
consequences for seed quality and seedbank dynamics.

Clearly, more studies are

necessary in order to understand the regulation of seed chemistry by elevated carbon
dioxide, the importance of individual compounds or classes of compounds, and the
ecological implications.
The third series of experiments investigated the effects of elevated carbon dioxide
and drought on the growth, reproductive allocation, and dormancy level of wild oat. As
expected, elevated carbon dioxide increased aboveground biomass and reproductive
allocation (particularly seed number and seed size) and to some extent mitigated the
effects of drought stress on these parameters, as well as on dormancy level. This effect
could have significant implications for seedbank and plant community dynamics, because
more dormant seeds could persist in the soil until conditions are most suitable for
establishment, and because of their larger size, these seedlings may be more competitive
when they do emerge, posing a greater management issue for farmers.
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The growth chamber experiments conducted in this study were an appropriate and
necessary first step in assessing the potential impacts of elevated carbon dioxide on wild
oat fecundity and seed persistence. Further experiments in field conditions may more
clearly indicate the interaction between drought stress and carbon dioxide levels, and the
consequences for agroecosystems and natural plant communities. In addition, a multiyear study would be beneficial in order to assess the longer-term impacts. A study
spanning several generations would be able to address whether wild oat would acclimate
to elevated carbon dioxide levels over time (and the mechanisms responsible). Another
question to address would be whether any advantages conferred by the increased
dormancy or resource allocation due to elevated carbon dioxide are transmitted to the
next generation. Over time, are these advantages amplified or negated?
Future research could also investigate the mechanisms determining dormancy, as
the regulation of dormancy and its interaction with the environment are still largely
unclear. The current study showed that organic acid concentrations and dormancy levels
were not well-correlated. Examining gene expression or enzyme activity could provide
insight on the genes being regulated by elevated carbon dioxide and drought, and
therefore provide a more targeted approach to assessing which compounds may be
involved the environmental regulation of dormancy. Possible compounds for future
analysis could be the hormones ABA and GA, as well as flavonoids and carbohydrates.
All of these compounds have been implicated in determining seed persistence
characteristics, and their synthesis has been found to be sensitive to environmental
conditions.
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The fourth series of experiments analyzed the potential effects of elevated carbon
dioxide, drought, and aging on resistance to microbial decay and aging. Carbon dioxide
and drought during seed maturation did not strongly affect seedling vigor or resistance to
microbial decay; of the three treatments, accelerated aging had the most consistent effect
on seed persistence characteristics, increasing the average number of days to emergence,
reducing the total number of emerged seedlings, and increasing susceptibility to
microbial decay. The results of this study show that aging could have a profound effect
on the survival of seeds in the soil and on aboveground community dynamics by reducing
seedlings’ competitive ability. Therefore, the age structure of seedbanks should be
considered when considering seed bank size and management strategies.
Clearly, more work needs to be done investigating the mechanisms of how seeds
prevent aging and microbial decay.

Previous studies have shown that phenolic

compounds may be involved in the response of even dormant seeds to microbial attack.
The current study also provided evidence that phenolic compounds may provide some
protection against pathogens—non-inoculated seeds from the 2010 growth chamber
experiment, which exhibited higher organic acid concentrations than seeds from the 2009
growth chamber experiment, also exhibited less evidence of microbial decay.
Experiments could look at the changes in gene expression, or enzymatic activity during
aging or pathogen attack in order to determine the metabolic or enzymatic changes that
occur. In addition to simple phenolic compounds or organic acids, the regulation of more
complex compounds such as flavonoids could be examined using HPLC and LC-MS.
These larger compounds, similar to simple phenolics, have also been found have
antimicrobial properties, serve as components of lignin, and combat radical oxygen
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species as antioxidants and therefore may play important roles in resistance to both
microbial decay and aging.
As with most research conducted in laboratories, it is unclear whether the results
shown in the lab correspond to what occurs in natural conditions. This is especially true
of microbial decay and aging studies. It is unclear how prevalent microbial decay is in
the field; while inoculation levels in the lab are higher than what seeds may experience in
the field. In addition, in natural conditions, other microbes may be present that may be
beneficial to the seed or out compete many pathogens. Accelerated aging is a common
tool to study the mechanisms of aging, but it is also unclear how the effects of accelerated
aging may differ from the processes involved in natural aging. Laboratory studies like
the current study are therefore a useful way to investigate the regulation of aging and
resistance to pathogens, but more field-based studies are also needed.

Seed burial

experiments could shed light onto the effects of natural aging as well as the occurrence of
microbial decay in the field.
Field-based studies could also focus on the implications of maturation
environment and aging for seedling establishment. During the seedling vigor experiment,
the emerging seedlings were not exposed to elevated carbon dioxide. Further studies
could investigate how exposure to elevated carbon dioxide affects seedling establishment
and whether it amplifies or negates any effects maturation environment has on seed
quality. Other studies could examine the implications of later emergence on plant
competition and the impact of weeds on crop yield.
The results of the current study show that exposure to elevated carbon dioxide,
and drought during seed maturation, and seed aging could have important consequences
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for seed persistence in the soil and plant community dynamics. The mechanisms behind
resource allocation, dormancy, and the resistance to microbial decay and aging merit
further study. This study shows that simple organic acids may play important roles in
seed persistence, particularly in defense against pathogens; however, there are numerous
other compounds that could also be vital to seed survival in the soil. Genetic and
enzymatic studies could investigate how the environment regulates the allocation of these
compounds, and field studies could better show the implications for seed persistence in
future climatic conditions. Clearly, elevated carbon dioxide and drought appear to impact
the fecundity and seed persistence of wild oat seeds, leading to the production of more
seeds that could be more dormant and more of a management issue for farmers. Seed
aging, however, could lead to greater rates of seed death in the soil due to a gradual loss
of viability or a greater susceptibility to microbial decay, which would result in fewer
emerging weeds and a lesser need for aggressive control mechanisms.

The current

research therefore shows that future climatic conditions could impact the growth,
fecundity and seed characteristics of weedy and invasive species and the management
strategies that will be needed to control them.
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Appendix: Growth Chamber Layout, Treatments, and
Measurements

Plants were grown in two separate growth chamber grow-outs. The first grow-out
was carried out from December 2008 to July 2009 (“2009 growth chamber experiment”
hereafter), and the second lasted from November 2009 to July 2010 (2010 growth
chamber experiment” hereafter). Penn State University is equipped with walk-in
Conviron (PGW36) growth chambers with 2.8m2 growth areas, one of which was retrofitted with a Conviron CO2 monitoring and control system (Conviron, Winnipeg,
Canada). Both the control and the treatment chamber were set for a 75% RH
environment, on a 16hr light, 22°C/ 9hr dark 15°C cycle, and the lights increased and
decreased in intensity over the course of the day to mimic natural light cycles (see Table
A.1, Table A.3 and Table A.4). During the 2009 growth chamber experiment, actual
daytime temperatures averaged 24.7° C +/- 0.2°C in the ambient CO2 chamber, and
24.1°C+/-0.1°C in the elevated CO2 chamber. Actual nighttime temperatures averaged
15.3°C +/-0.1°C in both the ambient CO2 and elevated CO2 chambers.
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Table A.1. Example growth chamber program. Growth chambers were set for an
average nighttime temperature of 15°C from 6:01pm to 6:00 am. Daytime temperatures
were set for 22 °C from 6:00am to 6:00pm. Relative humidity (%RH) was set for 75%.
Light levels, using HHRL (metal halide) and HPSOO (high pressure sodium) fluorescent
tubes and incandescent bulbs, were set to gradually increase and decrease during the day
to simulate natural conditions. In the carbon dioxide chamber, the CO 2 column was set
for 760. Auxiliary options were left unchanged. Temperatures and light levels were
adjusted throughout the experiments to maintain similar conditions between the
chambers.
Time °C % RH HHRL HPSOO CO2 Aux
0:00

15

75

0

0

0

0

5:59

15

75

2

2

0

0

6:00

22

75

2

2

0

0

8:00

22

75

4

4

0

0

10:00 22

75

6

6

0

0

14:00 22

75

4

4

0

0

16:00 22

75

2

2

0

0

18:00 22

75

0

0

0

0

18:01 15

75

0

0

0

0

23:59 15

75

0

0

0

0
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Table A.2. Actual average temperatures for the growth chambers during the 2009
and 2010 growth chamber experiments. Temperatures within each growth chamber
were monitored using a Campbell CR23X datalogger connected to copper/constantin
thermocouples. Each chamber contained four thermocouples placed in identical locations
within the chambers. Temperatures were logged every five minutes. Shown are averages
and standard errors.
2009 Growth Chamber Experiment

2010 Growth Chamber Experiment
°C

Daytime
Standard
Average
error

Nighttime
Standard
Average
error

Daytime
Standard
Average
error

Nighttime
Standard
Average
error

Ambient
CO2
Chamber

24.7

0.2

15.3

0.1

22.2

0.1

15.3

0.1

Elevated
CO2
Chamber

24.1

0.1

15.3

0.1

26.4

0.2

15.5

0.1

Table A.3. Light level readings for 2009 growth chamber experiment. Readings were
taken using a Skye SpectroSense 2/2+ light meter at a height of 5 feet.
Low Light Level

Medium Light Level

High Light Level

µmol×m-2 ×s-1

Ambient
CO2
Chamber
Elevated
CO2
Chamber

Average

Standard
error

Average

Standard
error

Average

Standard
error

429

20

774

25

878

51

397

18

694

41

397

18
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Table A.4. Light chamber readings for the 2010 growth chamber
experiment.Readings were taken using a Skye SpectroSense 2/2+ light meter at a height
of 5 feet.
Low Light Level

Medium Light Level

High Light Level

µmol×m-2 ×s-1

Ambient
CO2
Chamber
Elevated
CO2
Chamber

Average

Standard
error

Average

Standard
error

Average

Standard
error

424

16

670

122

947

22

339

13

697

33

782

41

Wild oat individuals from the SH430 (non-dormant) and M73 (dormant) lines
were planted in tree pots (2682 cm3, Stuewe Sons Inc., Corvallis Or.) containing a mix of
20% Hagerstown silt loam, 10% compost and 70% Sun-Gro Sunshine Mix #1. (SunGro
Horticulture, Vancouver, B.C, Canada). The compost and soil fractions were added to
allow beneficial microbes to persist along with the plants. Pots were placed in metal grids
supported by 0.6m x 1.2m treated wooden frames.
Preliminary trials indicated that wild oat plants require 0.7g of nitrogen per plant.
In order to ensure the plants received adequate nitrogen, 2.4 g of nitrogen was applied to
each plant over the course of each experiment, as either Peters fertilizer (20:20:20) or
ammonium nitrate solution. About 1.4 g of nitrogen was also applied through
Osmotocote Vegetable and Bedding Smart Release Plant Food (14:14:14). Table 2 shows
the micronutrient content of the compost/soil/potting mix before the beginning of each
experiment.
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Table A.5. Micronutrient concentrations for the soil/compost/potting mix used in the
2009 and 2010 growth chamber experiments. Three replicates of unused mix were
analyzed for each growth chamber experiment.
Copper

Iron

Manganese

Zinc

mg kg-1
Average
2009

1.00

Standard
error
0.04

2010

1.70

0.04

Average

Average

206.06

Standard
error
8.68

Average

73.95

Standard
error
4.47

4.51

Standard
error
0.31

128.38

6.38

49.31

0.65

5.57

0.35

Within each chamber, containing ambient (~380ppm) or elevated (760ppm)
carbon dioxide environments, the plants were exposed to either a well-watered or a
drought regime. The drought regime was imposed after the 5-tiller stage and consisted of
allowing the pots to dry down to a 10% gravimetric water content for 3 days, after which
the pots will be watered again to saturation. Pots in the well-watered treatment were
watered as needed to maintain moisture. Moisture levels were monitored in the first
chamber experiment using EC-20 moisture probes (Decagon Devices Inc., Pullman, WA)
placed in the pots 6 drought plants and 4 nondrought plants per treatment. These probes
stopped functioning during the second chamber experiment, after which the readings
taken from the first growth chamber experiment informed the watering pattern for the
second. Watering was achieved through a drip irrigation system. The treatments were
arranged in a randomized complete block design and rotated periodically during plant
growth to ensure exposure to uniform conditions within the chambers. Each block
contained 3 nondrought (ND) and 6 drought (D) plants (one replicate per line in each
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chamber had 4 nondrought plants), for totals of 10 nondrought and 18 drought plants per
treatment.
Carbon dioxide was monitored in the retrofitted growth chamber with the
chamber’s internal sensor. Light quantity (PAR) and quality (R/FR) was monitored using
a Skye SpectroSense 2/2+ light meter (Skye Instruments Ltd., Powys, UK). Temperatures
within each growth chamber were monitored using a Campbell CR23X datalogger
(Campbell Scientific, Inc., Logan, UT, USA) connected to copper/constantin
thermocouples. Each chamber contained four thermocouples.
At anthesis, the panicles of each plant were covered with Agribon® fabric
(Polymer Group, Inc.) to prevent cross-pollination and to facilitate seed collection at the
end of the experiment. After the plants senesced, plants were cut at soil level and the
seeds were collected from inside the fabric.

Seeds from each plant were pooled

according to line and treatment after seed biomass per plant was measured.
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Randomized complete block design
Back of chamber
Chamber work area: 1.3m x 2.4 m

1.2 m

0.6 m

SH430
D
ND

M73
ND
D

T1
0.3 m
SH430
ND
D

T2

M73
D
ND

T3
0.3 m
M73
ND
D

SH430
ND
D
T4

Door
Figure A.1. Growth chamber layout. The ambient and carbon dioxide chambers were
arranged according to the above schematic. Each block consisted of a metal grid in which
pots were placed. Dashed lines indicate the center of the block. Two lines, the dormant
M73 and the non-dormant SH430 were. Each block contained either 3 or 4 nondrought
(ND) and 6 drought (D) plants, for totals of 9 or 10 ND plants and 12 D plants per
treatment. “T” markers indicate thermocouple location. Blue lines indicate location of
irrigation piping, and circles indicate location of stopcocks.
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