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ABSTRACT OF THESIS

IMPROVING METHODS FOR THE SUCCESSFUL ESTABLISHMENT OF
SWITCHGRASS
Our research investigated whether priming switchgrass seeds with water or
ethephon would increase stand establishment in the field. ‘Alamo’ seed germinated faster
and grew taller than ‘Cave-in-Rock.Seeds primed for six days in water or for one day in
ethephon 10 mM had the greatest seedling densities. In growth chamber environments
seed priming were tested to hasten germination velocity. Seeds primed for two, four or
six days in water germinated faster than unprimed seeds. Ethephon treatments reduced
overall germination and germination velocity. Accent and Accent Q herbicides
containing nicosulfuron are used to control weeds. To test ‘Alamo’ sensitivity to these
herbicides, greenhouse evaluations were conducted. Seedlings treated with Accent Q had
lower shoot fresh and dry weights than Accent treated seedlings. Seedling atrazine
tolerance was examined in a greenhouse study at various growth stages (1, 2 and 4 true
leaves). One and two true leaf were more sensitive to herbicide damage than the 4 leaf
seedlings. To investigate difference in atrazine tolerance due to differential atrazine
metabolism, 14C atrazine metabolism was examined in 1, 2 and 4 leaf ‘Alamo’ seedlings.
24-48 hours after exposure, 4 leaf seedlings metabolized atrazine at a greater rate than 1
and 2 leaf stage seedlings.
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Chapter 1
Introduction
The world of agriculture is changing. Each year producers seek out crops,
knowledge and technology that will facilitate: greater sustainability in agriculture,
increased yields and the means to create fuel security. With these goals in mind, the
production of switchgrass in the United States has been of great interest to producers and
researchers.
Switchgrass (Panicum virgatum L.) is an erect, perennial, warm season, bunchtype grass that is native to North America. Switchgrass is currently grown in 47 states in
the United States (USDA, 2011). Switchgrass is an adaptable plant; it can be found
growing in prairies, open woods, brackish marshes, and pine woods. Not only is
switchgrass grown in a variety of environments, but it can also produce substantial yields
on marginal cropland with little to no fertilizer application (Vogel, 2004). Studies suggest
switchgrass can be grown on these marginal lands as a means of: reducing erosion,
preventing land degradation, creating a buffer crop to improve water quality from
agricultural run-off, increasing carbon sequestration, increasing crop and wildlife
diversity when compared row crops, as a livestock forage, and as a renewable feedstock
for the production biomass used in the production of liquid fuels and pelletized for home
heat (Eghball et al 2000; Garten and Wullschleger, 2000; Gilley et al., 2000; Vogel,
1996; McLaughlin, et al., 2002b; McLaughlin & Walsh, 1998; Sanderson et al., 1996;
Mitchell et al., 2008; Vogel, 2004).
Switchgrass is a highly polymorphic species with sizeable physiological variation
related to climatic factors (Casler, 2012). This range of variation in physiology can most
1

easily be observed in the clear differences between switchgrass ecotypes and phenotypes.
After years of adaptation and natural selection, two distinct ecotypes have developed: an
upland ecotype and a lowland ecotype. Parish and Fike (2005) suggest that these adaptive
differences are largely the result of latitude. Upland ecotypes are adapted to the northern
part of the United States. They have a slow growth rate, are short, exhibit a prostrate
drooping growth habit, and are more tolerant to droughty and semi-arid conditions when
compared to their lowland counterparts. Lowland ecotypes thrive in the southern United
States, are tall, have a course rigid texture, produce large amounts of dry matter, and
prefer wet conditions (Christian & Elberson, 1998; Sanderson et al., 1996; Serba et al.,
2013). Within both ecotype classes, researchers have observed a gradient of differences
in phenotypes. Recently, two distinct phenotypes were classified: stemmy and leafy
phenotypes (Bhandari et al., 2013). It is important to note that each ecotype/phenotype
combination has a distinctly different yield potential, and subsequently, are suited to
different production goals. This variation adds to the versatility of switchgrass and
increases production potential.
While it is important to understand the positive adaptability, versatility, and
morphological differences that govern the production of switchgrass; it is essential for
producers to understand the physiological processes that limit switchgrass establishment
growth, and yield. Switchgrass stands are commonly established from seed. In order for a
stand to be profitable, it should be fully established in one growing season (Perrin et al.,
2008). However, it is not uncommon for switchgrass to take 3-4 growing seasons to
generate harvestable stands (Heaton et al., 2004; Madakadze et al., 1998b; McLaughlin
and Kszos, 2005; Sharma et al., 2003; Christian et al., 2001, 2002).
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Slow stand establishment and poor seedling germination can be attributed to
many factors, one of which is poor seedling vigor. Small seed size has been associated
with low rates of seed germination, slow seedling emergence, slow emergence of
adventitious roots, and overall poor seedling vigor (Kneebone and Cremer, 1955; Zhang
and Maun, 1991). Switchgrass seed is intermediate in terms of seed weight compared to
other grass species, averaging 370,000 seed per pound (Renz et al., 2009). Aiken and
Springer (1985) found a nonlinear increase in germination percentage as a function of
seed size in ‘Alamo,’ ‘Blackwell,’ ‘Cave-in-Rock,’ ‘Pathfiner,’ and ‘Trailblazer’
switchgrass. A similar study by Boe (2003) showed a positive correlation between
switchgrass seed weight and seedling vigor. He reported that not only did heavier
‘Summer’ and ‘Sunburst’ seed lots significantly outperform lighter seed lots in terms of
yield and stand height; but also that the progeny from heavier seed lots were also heavier
and more viable than the progeny produced by the lighter parents. Furthermore, studies
by Smart and Moser (1997, 1999) suggested that amount of shoot tissue produced by a
switchgrass plant is strongly correlated with adventitious root tissue; and they confirmed
that heavier seed produced more adventitious roots. Additional research suggests, that
once adventitious roots are developed, the likelihood of successful establishment is
greatly increased (Hyder, 1971). These studies confirm that seedling vigor and
development of adventitious roots are not only important factors in determining stand
establishment, but also essential to the development of shoot tissue. The creation of shoot
biomass is a determinant of crop value. Thus, despite its production versatility and wide
adaptability as a crop, switchgrass production is severely limited by overall seedling
vigor.
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Another production obstacle is switchgrass seed dormancy (Duclos et al., 2013;
Teel et al., 2003). While the mechanism of switchgrass seed dormancy is not completely
understood, research has shown that varying degrees of dormancy exist between
switchgrass cultivars (Mullen et al., 1985). Regrettably, this natural dormancy can be so
severe that in freshly harvested seed lots it is not uncommon to observe up to 95%
dormancy (Shen et al., 2001; Parrish & Fike, 2005). Fortunately, much of this dormancy
can be broken through several means; one of the easiest strategies used to break
switchgrass seed dormancy is seed ripening. Unfortunately, ripening takes time, in many
production systems waiting for up to 2 years for seed ripen to achieve the adequate level
of seed viability is not an option. Thus, researchers and producers have resorted to means
such as, mechanical scarification (Jensen & Boe, 1991; Byers, 1973); stratification (Shen
et al. 2001; Bewley and Black, 1982; Mayer and Poljakoff-Mayber, 1989); pre-chilling
(Smith et al. 2012); application of plant growth regulators (PGRs) to seed (Zarnstorff et
al., 1994); exposing seeds to various chemical compounds such as: calcium silicate
(Hacisalihoglu, 2008), nitric oxide, cyanide, ferrocyanide (Sarath et al., 2006) sodium
nitroprusside, potassium ferrocynide, and hydrogen peroxide (Sarath & Mithchell, 2008;
Sarath et al., 2006), acid applications to seed, and even exposure of seed to ultrasonic
waves (Chen et al., 2012) to break dormancy and hasten seed germination.
Even under the best production circumstances the physical and physiological
obstacles of small seed size, seed dormancy, slow germination and slow emergence of
adventitious roots, makes switchgrass establishment a difficult task for producers. It is
very uncommon to encounter perfect conditions. In most production systems, switchgrass
seedlings will not only be struggling to germinate, but will also be competing with weeds
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for nutrients, water and light (Boydston et al., 2010). Controlling weeds in a switchgrass
stand is important for successful stand establishment. Studies have shown that weed
control during the first year of establishment can increase biomass yields in subsequent
years (Mitchell et al., 2010). Moreover, lack of weed control during establishment
commonly leads to stand failure (Buhler et al.; 1998). Crabgrass (Digitaria spp.),
johnsongrass (Sorghum halepense), nutsedge (Cyperus esculentus), bermudagrass
(Cynadon dactylon), foxtail (Setaria spp.), tall fescue, pigweed (Amaranthus spp.), curly
dock (Rumex crispus), horsenettle (Solanum carolinense), field bindweed (Convolvulus
arvensis), and carpetweed (Mollugo verticillata) are some of the most detrimental weeds
when establishing switchgrass (Redfearn, 2012; Biermacher et al., 2008; Hancock, 2012).
In crops other than switchgrass, producers have a wide arsenal of preemergence and
postemergence herbicides to control these weeds. Unfortunately, switchgrass seedlings
are extremely sensitive to herbicide damage and should not be sprayed until reaching the
3-4 true leaf stage (Renz et al., 2009; Kering et al. 2013; Vogel, 2004). Switchgrass
seedlings emerge, on average, 5-7 days post seeding, but can take 1 month or longer to
reach the 3-4 true leaf stage (Wolf & Fisk, 2009). This early leaf stage sensitivity
presents a huge conundrum for producers wishing to control weeds in their newly
emerged stands and to preserve switchgrass seedlings.
Researchers have developed integrated strategies to: plant heavier seed,
mechanically or chemically break seed dormancy. They are also have incorporated
priming strategies to hasten germination and have tried numerous herbicide cocktails to
control weeds; but many of these strategies are not practical to be scaled up for large
switchgrass production. This thesis investigates practical, on-farm switchgrass
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establishment strategies by examining the ability of using water and/or PGR seed priming
treatments to hasten switchgrass germination and increase stand establishment; assessing
the level of seedling tolerance atrazine and nicosulfuron herbicides; and investigating the
relationship between switchgrass seedling growth stage and atrazine tolerance and plant
metabolism.
This thesis has been written and formatted into individual chapters. These chapter
separations were made with the intention of each chapter being published individually in
a referred journal. Thus, we grant that there may be repetition of information cited within
the body of each manuscript.
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Objectives
The chief goals associated with the body of this research were to:
1. Provide producers with simple recommendations to enhance the establishment of
switchgrass.
2. Make switchgrass a more economically viable crop in the state of Kentucky and
across the United States.
3. Reduce input cost associated with the establishment and production of
switchgrass.

With regards to individual experiments, I established several specific objectives.
These objectives were to:
1. Determine the ability of seed priming with water or ethephon to hasten
germination velocity of switchgrass.
2.

Evaluate the ability of seed priming with water or ethephon to increase the
establishment of switchgrass.

3.

Investigate whether the field observations of switchgrass seedling sensitivity to
atrazine could be replicated in the greenhouse environment.

4. Analyze whether switchgrass leaf stage influences the uptake and metabolism of
atrazine and, subsequently, impacts seedling sensitivity to atrazine.
5. Determine whether switchgrass treated with Accent ® (no safener added
formulation) versus Accent Q ® (safener added formulation) herbicide, sprayed in
combination with or without crop oil concentrate (COC) surfactant, would
influence switchgrass tolerance to Accent and Accent Q.
7

Chapter 2
Field Evaluation of Seed Priming to Hasten Germination of Switchgrass
Introduction
Switchgrass (Panicum virgatum L.) is an erect, perennial, warm season, bunchtype grass that is native to North America and typically established from seed.
Switchgrass is a widely adaptable plant that can be grown on marginal lands, with few
soil amendments (Vogel, 2004). Switchgrass can be grown on these marginal lands as a
means of reducing erosion, preventing land degradation, increasing carbon sequestration,
increasing crop and wildlife diversity compared to row crops, as a livestock forage, as a
biomass feedstock liquid fuels and even pelletized for home heat (Eghball et al., 2000;
Garten and Wullschleger, 2000; Gilley et al., 2000; Vogel, 1996; McLaughlin, et al.,
2002b; McLaughlin & Walsh, 1998; Sanderson et al., 1996; Mitchell et al., 2008; Vogel,
2004).
Despite the versatility and wide range of adaptability of switchgrass, stand
establishment and production are often limited by poor seedling vigor and high levels of
seed dormancy (Kneebone & Cremer, 1955; Zhang & Maun, 1991; Duclos et al., 2013;
Teel et al., 2003; Parrish & Fike, 2005). To overcome this obstacle, researchers and
producers have used: mechanical scarification (Jensen & Boe, 1991; Byers, 1973);
stratification (Shen et al. 2001; Bewley & Black, 1982; Mayer & Poljakoff-Mayber,
1989); pre-chilling (Smith et al. 2012); application of plant growth regulators (PGRs) to
seed (Zarnstorff et al., 1994); priming seeds with chemical compounds such as calcium
silicate (Hacisalihoglu, 2008), nitric oxide, cyanide, ferrocyanide (Sarath et al., 2006)
sodium nitroprusside, potassium ferrocynide, and hydrogen peroxide (Sarath &
8

Mithchell, 2008; Sarath et al., 2006), acid applications to seed, or even exposure of seed
to ultrasonic waves (Chen et al., 2012) to break dormancy and hasten seed germination.
Many of these dormancy breaking and vigor stimulating strategies have proven to
be successful at hastening germination and improving establishment; however, they often
require high levels of scientific expertise, special facilities, and/or expensive equipment;
thus making them ill-suited strategies for large scale, on-farm switchgrass production.
However, there is a simple, inexpensive strategy that has gone largely unstudied, but
holds the potential to hasten germination and increase establishment in switchgrass; seed
priming with water. Seed priming, where seeds are soaked in an osmotic solution is a
low-cost and low-risk treatment; which allows the seed to imbibe water and begin the
first stages of germination, but does not allow for the radicle to break the seed coat
(Parera & Cantiliffe, 1994; Brede & Brede, 1989; Heydecker et al., 1973; Heydecker &
Coolbear, 1977). Seed priming with water has been used in: corn (Zea mays) (Warren &
Bennett, 1997), wheat (Triticum aestivum) (Harris et al., 2001), sorghum (Sorghum
bicolor) (Harris, 1996), flax (Linum usitatissimum) (Akin et al., 2003), sunflower
(Helianthus annuus) (Dos Santos, 2013), zoysia grass (Zoysia spp.) (Xu et al., 2005),
perennial ryegrass (Lolium perenne) (Lush & Birkenhead, 1987), buffalo grass
(Bouteloua dactyloides) (Fry et al., 1993), Kentucky blugrass (Poa pratensis) (Brede &
Brede, 1989), spruce trees (Picea abies) (Himanen & Nygren, 2013), peppers (Capsicum
annuum L.) (Pandita et al., 2013), cucumbers (Cucumis sativus) (Evenari, 1980), lettuce
(Lactuca sativa), (Cantliffe, 1984), peach (Prunus persica), plum (Maloideae Prunus),
and apricot (Prunus armeniaca) (Shah, 2013). It has been shown to improve seedling
vigor, increase number of tillers, hastening germination velocity, allow for a more
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uniform emergence, stimulate photosynthetic activity, and increase yields. Seed priming
with water has also increased crop yields and hastened germination in less than desirable
growing conditions, such as high soil salinity (Ashraf & Fooland, 2005), soils deficient in
P and Zn (Ajouri et al., 2004), droughty conditions (Kaya, 2006) and cool temperatures
(Hardegree, 1994). However, many of these aforementioned works studied water priming
intervals that were limited to minutes or several hours. Furthermore, when reviewing the
body of water priming research related to crop and ornamental species, there are few
trials that investigate the ability of water priming to hasten germination and increase
establishment in native perennial grasses, like switchgrass.
Studies suggest that priming seeds with PGRs may help stimulate emergence,
increase yields, and allow for more uniform germination (Tiryaki & Buyukcingil, 2009;
Farooq et al., 2009b; Tzortzakis, 2009; Pill & Finch-Savage, 2008). Plants naturally
produce PGRs called phytohormones. These phytohormones regulate numerous functions
in the plant system ranging from new root formation and apical dominance, to stomatal
conductance and photosynthetic capacity. When exogenously applied at very low
concentrations PGRs can affected the levels of these phytohormones and influence the
physiological processes of plants (Farooq et al., 2009a; Morgan, 1990).
Ethephon [(2-chloroethyl)phosphonic acid] is a commercially available systemic
plant growth regulator which is widely used to promote pre and post-harvest ripening for
many fruits and vegetables, flower induction and fruit coloration. Ethephon is
metabolized to ethylene (EPA, 1995; Segall et al, 1991). Many studies have used various
concentrations of ethephon priming solutions, in combination with other PGRs or alone,
to increase germination rates and seedling emergence. For example, Akanda et al. (1996)
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showed that priming soda apple (Solanum viarum), a perennial shrub weed, with 0.69
mM ethephon increased the germination rate by 53%. They also primed soda apple seed
with water and saw a 26% increase in seed germination. Ethephon has also been used in a
limited number of studies with native grasses as a means of breaking dormancy. One
such study, conducted by Sexton et al. (1999), primed ‘Great Basin Wild’ rye grass
(Leymus cinereus), indian ricegrass (Oryzopsis hymenoides), and needle-and thread grass
(Hesperostipa comate) in a 1 mM solution of ethephon. Directly after priming, seeds
were removed from solution, allowed to dry overnight, and then sown in the field.
Ethephon significantly increased emergence of indian ricegrass. Furthermore, a study by
Murphy and Reese (2008), showed treating ‘Sunburst’ switchgrass seed with ethephon
significantly increased germination.
Another chemical often used to hasten germination is fluridone (1-methyl-3phenyl-5-3-(trifluoromethyl)phenyl|-41H|-pyridinone)). Fluridone is an abscisic acid
biosynthesis inhibitor (ABA). Many species naturally produce ABA in the seed coat
following imbibition, however, for a seed to germinate it must cease producing ABA and
begin producing gibberellic acid (GA). Once GA is produced within the seed the embryo
is able to allocate nutrient, grow, and emerge (Deaton, 2012). Thus the application of
fluridone to seeds should hasten the germination process. Allowing seeds to imbibe with
fluridone has been shown to increase germination in lettuce (Lactuca sativa L. cv. Grand
Rapids) (Yoshiok et al., 1998) and eggplant (Gisbert et al., 2011). Fluridone has also
been shown to restore germination rates to tomato seeds in environments where
germination was inhibited by osmotic stress (Piterkova et al., 2012). Deaton (2012)
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showed that priming ‘Riviera’ bermudagrass seeds (Cynodon dactylon (L.) Pers.)
decreased germination time and increased total bermudagrass germination percentage.
Based on previous studies, we hypothesized that switchgrass seeds primed for
longer intervals in water would germinate quicker, produce taller plants, and yield denser
stands in the field when compared to untreated (un-primed) seed or seed primed for a
shorter interval water primed seed. We also hypothesized that seeds primed with
ethephon or treated with fluridone would germinate faster than water primed seed, thus
producing taller, denser stands when compared to water primed treatments. To test these
hypotheses, a series of objectives were developed. In field studies our objectives were to:
1. Determine the ability of priming switchgrass seed with water, ethephon or fluridone to
hasten germination velocity of switchgrass seed, 2. Evaluate the ability of seed priming
with water, fluridone and ethephon to increase the establishment of switchgrass.
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Materials and Methods
Seed.
Two commercial available cultivars of switchgrass were purchased and used in all
field and germination chamber evaluations, ‘Alamo’ (99.89% pure live seed, 72%
germination, and 0% dormant) and ‘Cave-in-Rock’ (98.97% pure live seed, 21%
germination, and 59% dormant) (Johnston Seed Company, Encid, OK).
Priming Treatments and Soaking Conditions.
Priming treatments were done at the Turfgrass Science Laboratory in Lexington,
Kentucky. Multiple priming treatments were applied to each cultivar. Based on the
desired field seeding rate of 10 kg PLS/HA (Smith, Lacefield, & Keene, 2009), 3g of
seed were placed in a beaker, representative of one experimental unit. Priming treatments
included: 0 days no priming (Untreated Control), 2 days (d) water, 4 d water, 6 d water, 1
d ethephon (5 mM), 1 day ethephon (10 mM), 1 day fluridone (50 μM), and 1 day
fluridone (100 μM). While soaking, all seeds remained in glass beakers with 50ml of tap
water pH 7.34, covered with parafilm and kept at room temperature (approximately 22
C). Many grass seeds excrete chemical toxins during priming which can inhibit
germination (Brede & Brede, 1989). To prevent an undesirable build-up of chemical
toxins, seeds were strained from their soaking solution, the spent solution was discarded
and fresh solution was reapplied each day. All seeds were removed from their soaking
beaker and allowed to air dry for 1 day prior to being sown in the field. At no point in the
priming process did radicles emerge from the seed coat. Previous studies indicate that
storage or long drying times may mitigate the ability of primed seeds to germinate, thus
drying was minimized (Hacisalihoglu, 2008).
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Field Evaluations of Priming Treatments Efficacy.
All field evaluations were conducted in the summers of 2012 and 2013 at the AJ
Powell Turf Research Center at Spindletop Farm in Lexington, Kentucky. The soil was a
maury silt loam (fine, mixed mesic typic Paleudalf) with a pH of 6.3 and approximately
4% organic matter in the top 5 cm. Seed beds were prepared for seeding using a
Blecavator (Blecavator, BV 400 HDX, BLEC Global Ltd, Crowland, Peterborough, GB).
The experimental design was a randomized complete block split-plot with four
replications; split-plots were 1.5 m2. Switchgrass seed was hand sown at a rate of 10 kg
PLS/HA (Smith, Lacefield, & Keene, 2009). Plots were seeded 1 July 2012 and 23 July
2013. Irrigation was applied as needed during establishment to prevent drought stress. No
herbicide, fungicides or fertilizers were used in the establishment of the experiment. All
weeds were removed by hand.
Statistical Analysis: Field Evaluations.
Daily observations were made of germination and weekly for establishment to
determine the efficacy of priming treatments. Data collected included: days to
germination, plant height, and plant density. Days to germination data were collected
each day following sowing until all plots had emerged switchgrass. Plots were counted as
germinated when the first green switchgrass seedling emerged from the soil surface. Plant
height measurements were made weekly after average experiment stand height reached
approximately 15 cm tall and continued until the first killing frost. Five random height
measurements were recorded weekly from actively growing plants in each plot. Plant
density measurements were made weekly at the first observation of tillering within the
stand. Twenty-five random tiller counts were recorded weekly from actively growing
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plants in each plot. Data were analyzed with means separated using Fishers protected
Least Significant Difference (LSD) (p≤0.05 at α =0.05) PROC GLM of SAS© (SAS
version 9.3; SAS Institute, Cary NC). Results from 2012 and 2013 were significantly
different from each other and exhibited a treatment by year interaction, and were
therefore, analyzed and are presented separately. Fluridone treatments priming treatments
allowed for seed germination; however, shortly after germination all seedlings primed
with fluridone turned white and died. Hence, all fluridone treatments were removed from
analysis.
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Results
Field Evaluation of Priming Treatments Efficacy.
2012 Field Evaluations.
Seedling emergence was detected 7 days after seeding (DAS), with germination
observed in all plots 8 DAS. Seed priming treatments did not affect germination velocity
(days until seed emergence). However, cultivar (p=0.0259) (Table 2.1) did impact
germination velocity, with ‘Alamo’ plots germinating approximately 3% faster than
‘Cave-in-Rock’ (Table 2.2). The main effects of seed priming treatment (p=0.0042)
influenced plant density (Table 2.3). 6 d water and ethephon 10 mM primed seed had the
greatest plant density averaged over the entire experiment. However, the plant densities
of seed primed in ethephon 5mM, 2 and 4 d in water were not statistically different from
Ethephon 10 mM primed seed. Untreated (unprimed) seeds exhibited the lowest seedling
plant density (Figure 2.1). Also, the main effect of cultivar over the course of the growing
season (cultivar by time interaction) (p=0.0174) was highly significant for plant density
(Table 2.4). ‘Alamo’ plants produced more tillers than ‘Cave-in-Rock’ (Table 2.5).
Additionally, the main effect of cultivar (p <0.0001) was significant in determining plant
height (Table 2.6). On average ‘Alamo’ plants were 20% taller than ‘Cave-in-Rock.’ A
cultivar by time interaction was also significant in determining plant height (p <0.0001)
(Table 2.7). ‘Alamo’ plants were taller than ‘Cave-in-Rock’ 5-10 WAS (Table 2.8).

2013 Field Evaluations.
Seedling emergence was detected 3 DAS post seeding, with seedlings noted in all
plots by 7 DAS. The main effect of replication (p=0.0353) affected field germination
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velocity (Table 2.9). However, based on other established observations it is unlikely that
this rep effect influenced production potential. As in 2012, seed priming treatments
(p=0.0314) (Table 2.10) significantly affected plant density. Seeds primed in ethephon 10
mM, 2 and 6 d in water had the greatest plant density. However, the plant densities of
seed primed in ethephon 5mM and 4 d in water were not statistically different from
Ethephon 10 mM primed seed. Untreated (unprimed) seeds exhibited the lowest seedling
plant density (Figure 2.2). A cultivar by time interaction also affected plant density
(p=0.0006) (Table 2.11). ‘Alamo’ plants produced more tillers than ‘Cave-in-Rock’ only
at the last observation point 9 WAS (Table 2.12). The main effects of cultivar (p
<0.0001) and seed priming treatment (p=0.0321) were significant in determining plant
height. (Table 2.13). 6 d water and ethephon 10 mM primed seed had the greatest plant
height averaged over the entire experiment. However, the plant densities of seed primed
in ethephon 5mM, 2 and 4 d in water were not statistically different from Ethephon 10
mM primed seed. Untreated (unprimed) seeds exhibited the lowest seedling plant height
and was not different from the plant height of ethephon 5 mM primed seeds (Figure 2.3).
‘Alamo’ stands were, on average, 22% taller than ‘Cave-in-Rock.’ A cultivar by time
interaction was also significant in determining plant height (p =0.0006) (Table 2.14).
‘Alamo’ plants were taller than ‘Cave-in-Rock’ 5-9 WAS (Table 2.15).
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Table 2.1. 2012 Analysis of variance (ANOVA) for the main effects of replication,
cultivar, seed priming treatment and tests of appropriate interactions on plant germination
velocity.
2012 Field Germination Velocity ANOVA
Source of Variation
F Value
Pr>F
Rep
0.11
0.9530
Cultivar
5.44
0.0259*
Seed Priming Treatment
1.44
0.2345
Cultivar*Seed Priming Treatment
0.91
0.4858
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001, respectively.

Table 2.2. 2012 germination velocity by the main effect of cultivar.

Cultivar
Alamo
Cave-in-Rock
LSD < 0.05

2012 Field Germination Velocity
Mean Days to Germination
7.5
7.8
0.26
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Table 2.3. 2012 ANOVA for the main effect of replication, cultivar, seed priming
treatment and tests of appropriate interactions on plant density.
2012 Plant Density ANOVA
Source of Variation
F Value
Pr>F
Rep
1.46
0.1796
Cultivar
1.62
0.1748
Seed Priming Treatment
4.27
0.0042**
Cultivar*Seed Priming Treatment
1.66
0.1714
*, **,*** denotes significance at P ≤ 0.05, 0.01 and 0.001, respectively.
Table 2.4. 2012 repeated measures ANOVA for the main effect of replication, cultivar,
seed priming treatment and tests of appropriate interactions on plant density.
2012 Plant Density Repeated Measures ANOVA
Source of Variation
F Value
Pr>F
Time
137.28
0.0001***
Time*Rep
4.92
0.0001***
Time*Cultivar
3.93
0.0174**
Time*Seed Priming Treatment
1.12
0.3596
Time*Cultivar*Seed Priming Treatment
2.89
0.0284
*, **,*** denotes significance at P ≤ 0.05, 0.01 and 0.001, respectively.
Table 2.5. 2012 plant density by the main effect of cultivar.

4

2012 Plant Density
Weeks After Seeding
5
6
Mean Number of Tillers per Plant
5.08
5.63

7

Cultivar
Alamo

2.56

Cave-in-Rock

1.35

4.15

4.63

7.23

LSD < 0.05

0.38

0.85

1.33

1.22
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Figure 2.1. 2012 mean plant density ratings by seed priming treatment. Bars with different letters indicate germination percentages are
significantly different by Fishers F-protected LSD (p < 0.05).
2012 Field Switchgrass Plant Density Differences Due to Seed Priming Treatment
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Table 2.6. 2012 ANOVA for the main effects of replication, cultivar and seed priming
treatment and tests of appropriate interactions on plant height.
2012 Plant Height ANOVA
Source of Variation
F Value
Pr>F
Rep
1.49
0.2357
Cultivar
36.76
<0.0001***
Seed Priming Treatment
1.87
0.1269
Cultivar*Seed Priming Treatment
0.86
0.5160
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001, respectively.

Table 2.7. 2012 repeated measures ANOVA for the main effect of replication, cultivar,
seed priming treatment and tests of appropriate interactions on plant height.
2012 Plant Height Repeated Measures ANOVA
Source of Variation
F Value
Pr>F
Time
610.61
<0.0001***
Time*Rep
1.25
0.2582
Time*Cultivar
15.71
<0.0001***
Time*Seed Priming Treatment
0.89
0.6271
Time*Cultivar*Seed Priming Treatment
0.80
0.7401
*, **,*** denotes significance at P ≤ 0.05, 0.01 and 0.001, respectively.

Table 2.8. 2012 plant height by the main effect of cultivar.

5
Cultivar
Alamo
28.59
Cave-in-Rock 18.98
LSD < 0.05
4.11

2012 Plant Height
Weeks After Seeding
6
7
8
9
Mean Plant Height (cm)
46.30
54.75
81.91
96.91
30.76
37.59
59.97
87.05
7.41
4.97
4.81
6.40
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10

11

112.04
104.67
7.24

122.48
117.65
7.14

Table 2.9. 2013 ANOVA for main effects of replication, cultivar and seed priming
treatment and tests of appropriate interaction on field germination velocity.
2013 Field Germination Velocity ANOVA
Source of Variation
F Value
Pr>F
Rep
3.22
0.0353*
Cultivar
0.01
0.9121
Seed Priming Treatment
1.30
0.2877
Cultivar*Seed Priming Treatment
1.74
0.1538
*, **,*** denotes significance at P ≤ 0.05, 0.01 and 0.001, respectively.

Table 2.10. 2013 ANOVA for the main effects of replication, cultivar and seed priming
treatment and tests of appropriate interactions on plant density.
2013 Plant Density ANOVA
Source of Variation
F Value
Pr>F
Rep
2.84
0.0528
Cultivar
1.12
0.2976
Seed Priming Treatment
2.82
0.0314**
Cultivar*Seed Priming Treatment
1.43
0.2403
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001, respectively.

Table 2.11. 2013 repeated measures ANOVA for the main effect of replication, cultivar,
seed priming treatment and tests of appropriate interactions on plant density.
2013 Plant Density Repeated Measures ANOVA
Source of Variation
F Value
Pr>F
Time
56.11
<0.0001***
Time*Rep
4.19
0.0002***
Time*Cultivar
6.56
0.0006***
Time*Seed Priming Treatment
1.26
0.2427
Time*Cultivar*Seed Priming Treatment
1.11
0.3693
*, **,*** denotes significance at P ≤ 0.05, 0.01 and 0.001, respectively.
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Figure 2.2. 2013 mean plant density by seed priming treatments. Bars with different letters indicate germination percentages are
significantly different by Fishers F-protected LSD (p < 0.05).
2013 Field Switchgrass Plant Density Differences Due to Seed Priming Treatment
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Table 2.12. 2013 plant density by the main effect of cultivar.

Cultivar
Alamo

1.18

2013 Plant Density
Weeks After Seeding
6
7
8
Mean Number of Tillers per Plant
1.50
1.97
4.13

Cave-in-Rock

1.52

1.27

1.8817

3.62

2.43

LSD < 0.05

0.38

0.29

0.38

0.79

0.57

5

9
3.24

Table 2.13. 2013 ANOVA for the main effects of replication, cultivar and seed priming
treatment and tests of appropriate interactions on plant height.
2013 Plant Height ANOVA
Source of Variation
F Value
Pr>F
Rep
1.56
0.2177
Cultivar
32.79
<0.0001***
Seed Priming Treatment
2.81
0.0321*
Cultivar*Seed Priming Treatment
0.34
0.8833
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.
Table 2.14. 2013 repeated measures ANOVA for the main effect of replication, cultivar,
seed priming treatment and tests of appropriate interactions on plant height.
2013 Plant Height Repeated Measures ANOVA
Source of Variation
F Value
Pr>F
Time
177.73
<0.0001***
Time*Rep
1.51
0.1536
Time*Cultivar
11.52
<0.0001***
Time*Seed Priming Treatment
0.77
0.7339
Time*Cultivar*Seed Priming Treatment
1.41
0.1547
*, **,*** denotes significance at P ≤ 0.05, 0.01 and 0.001, respectively.
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Table 2.15. 2013 plant height by the main effect of cultivar.
2013 Plant Height
Weeks After Seeding
5
Cultivar
Alamo
Cave-in-Rock
LSD<0.05

16.32
13.81
1.92

6
20.80
17.85
2.74

7
8
Mean Plant Height (cm)
27.23
36.88
20.74
27.37
3.01
3.46

25

9
41.85
28.49
4.30

Figure 2.3. 2013 mean plant height by seed priming treatments. Bars with different letters indicate germination percentages are
significantly different by Fishers F-protected LSD (p < 0.05).
2013 Field Switchgrass Plant Height Differences Due to Seed Priming Treatment
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Discussion
This study investigated the effect of water, fluridone and ethephon priming on
germination velocity and establishment of two different cultivars of switchgrass, ‘Alamo’
and ‘Cave-in-Rock.’ Our study revealed that switchgrass is highly sensitive to fluridone .
Rafii and Ashton (1978) showed that soybean (Glycine max) exhibited a much higher
tolerance of fluridone than cotton (Gossyoium birsutum). Thus, our results simply
indicate that switchgrass, like cotton, may be a very sensitive to fluridone injury and is
not a good candidate to benefit from fluridone priming. Results also found that, while
seed priming treatments did not hasten germination velocity or increase plant height, seed
priming treatments except fluridone did increase plant density (number of tillers per
plant) when compared to unprimed seeds. This increased density was observed in both
‘Alamo’ and ‘Cave-in-Rock’ cultivars and in both years of the trials. The ability of water
priming treatments to increase plant density is a pivotal finding. Increased switchgrass
plant density has many benefits to large and small scale production systems. Increased
plant density means that a greater number of tillers are being produced per plant, which
suggests that more biomass is being produced per acre. More biomass per acre could
account for greater yields and more profit for producers. In order for a stand to be
profitable, it should be fully established in one growing season (Perrin et al., 2008).
However, it is not uncommon for switchgrass to take 3-4 growing seasons to generate
harvestable stands (Heaton et al., 2004; Madakadze et al., 1998b; McLaughlin & Kszos,
2005; Sharma et al., 2003; Christian et al., 2001, 2002). Furthermore, according to Briske
(1991), the ability of grasses to continuously produce tillers is perhaps the most
significant ecological benefit to plant production. Moreover, the ability of parental tillers
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to allocate resources to juvenile tillers confers a greater likelihood of persistence. Thus,
by simply priming seed with water or ethephon prior to sowing, producers could produce
higher yields and save time, money, and resources.
Not only does increased plant density provide for a greater production potential
for farmers and greater profit; this increase in switchgrass plant density could also allow
for a decrease in weed density (Buhler et al., 1998; Sanderson et al., 2006). In a study by
Wardle et al. (1992), 10 pasture species were evaluated, and results showed that the
germination velocity of musk thistle and total percent germination of bull thistle were
negatively correlated with pasture cover and plant density. Simply, a dense stand of
switchgrass will ultimately take nutrients, water and light from competing weeds, and
shade out emerging weed seedlings.
In our evaluation it is clear that all priming treatments were not equal. In 2012,
across all observation times, seeds primed for 6 d in water produced the greatest level of
plant density; and on average produced 36% more tillers than un-primed seed. Two d
water, 4 d water and ethephon 10 mM priming treatments plant densities were not
statistically different from 6 d water primed seed. In 2013, 6 d water primed seeds again
proved to produce the greatest plant density; and on average produced 28% more tillers
than un-primed seed. However, 2 d water, 6 d water and ethephon 10 mM primed plant
densities were not statistically different.
Cultivar selection is key to stand establishment in Kentucky. Our results indicate
that cultivar was a significant factor in determining plant height. In 2012 ‘Alamo’ stands
were, on average, 20% taller than ‘Cave-in-Rock’; and in 2013 ‘Alamo’ stands were 23%
taller than ‘Cave-in-Rock.’ Also in 2012 plant density was influenced by cultivar, with
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‘Alamo’ plots exhibiting greater densities than ‘Cave-in-Rock.’ ‘Alamo’ is a lowland
ecotype and ‘Cave-in-Rock’ is an upland ecotype. Parish and Fike suggest that ecotype
adaptive differences are largely the product of latitude (2005). Upland ecotypes are
adapted to the northern part of the United States; they have a slow growth rate, are short,
exhibit a prostrate drooping growth habit, and are more tolerant to droughty and semiarid conditions when compared to their lowland counterparts. Lowland ecotypes thrive in
the southern United States, are tall, have a course rigid texture, produce high levels of dry
matter, and prefer wet conditions (Christian & Elberson, 1998; Sanderson et al., 1996;
Serba et al., 2013). Therefore, our results suggest that ‘Alamo’ is easier to establish in
Kentucky. To confirm potential ecotype differences relating to crop establishment, future
establishment studies may be done to test seed priming treatment efficacy with multiple
lowland and upland ecotypes.
It is important to note that seed dormancy and seed quality may have influenced
the establishment difference noted between ‘Alamo’ and ‘Cave-in-Rock’ seeds. ‘Alamo’
(99.89% pure live seed, 72% germination, and 0% dormant) and ‘Cave-in-Rock’ (98.97%
pure live seed, 21% germination, and 59% dormant) seed had very different levels of
seed dormancy (as determined by Johnston Seed Company). This seed dormancy can be
inhibited by chemical (embryo immaturity, lack of germination initiating hormones, etc.)
or physical mechanisms (seed coat thickness) (Hashemi and Sadeghpour, 2013). Thus,
the higher level of dormancy in ‘Cave-in-Rock’ seedlings may have limited their overall
establishment.
The objectives of this series of field evaluations were to: 1. Determine the ability
of switchgrass seed priming with water and ethephon to hasten germination velocity of
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switchgrass seed, 2. Evaluate the ability of seed priming with water and ethephon to
increase the establishment of switchgrass. Our initial hypothesis proved to be partially
true, that seeds primed for longer intervals in water would yield denser stands in the field
when compared to untreated control (un-primed) seed or shorter interval water primed
seed. However, no results indicate that priming influenced germination velocity or stand
height. With regards to ethephon priming, we hypothesized based on previous research
that seeds primed with ethephon would germinate faster than all other water primed
treatments, and would produce taller, denser stands when compared to water primed and
un-primed treatments (Akanda et al., 1996; Sexton et al., 1999; Murphy & Reese, 2008).
However, our trials failed to fully support that hypothesis. The results show, that while
ethephon did improve plant density when compared to un-primed seed, ethephon priming
treatments were not statistically different from water priming; in terms of improving
germination velocity, plant height or plant density.
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Chapter 3
Growth Chamber Evaluation of Seed Priming to Hasten Germination Velocity and
Increase the Germination Rate of Switchgrass
Introduction
Slow seed germination, poor seedling vigor and high levels of seed dormancy
represent major obstacles for switchgrass (Panicum virgatum L.) production (Kneebone
& Cremer, 1955; Zhang & Maun, 1991; Duclos et al., 2013; Teel et al., 2003; Parrish &
Fike, 2005). Switchgrass is a perennial, warm season, grass native to North America,
which has gained popularity as a forage and a biomass feedstock for biofuel production
(Vogel, 1996; McLaughlin, et al., 2002b; McLaughlin & Walsh, 1998; Sanderson et al.,
1996; Mitchell et al., 2008; Vogel, 2004). Switchgrass has great utility in terms of crop
production; but unfortunately, successful production is often limited by its’ seed.
Switchgrass seed has a high level of natural dormancy; that is it is not uncommon to
observe up to 95% dormancy in freshly harvested seed lots (Shen et al., 2001; Parrish &
Fike, 2005). To break this dormancy and hasten germination velocity, researchers have
investigated means such as: mechanical scarification (Jensen & Boe, 1991; Byers, 1973);
stratification (Shen et al. 2001; Bewley & Black, 1982; Mayer & Poljakoff-Mayber,
1989); pre-chilling (Smith et al. 2012); application of plant growth regulators to seed
(Zarnstorff et al., 1994); exposing seeds to various chemical compounds such as: calcium
silicate (Hacisalihoglu, 2008), nitric oxide, cyanide, ferrocyanide (Sarath et al., 2006)
sodium nitroprusside, potassium ferrocynide, and hydrogen peroxide (Sarath &
Mithchell, 2008; Sarath et al., 2006), and even exposure of seed to ultrasonic waves
(Chen et al., 2012). Many of these strategies have proven to be very successful in
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hastening germination and improving germination rates; however, they often require high
levels of scientific expertise, special facilities, and expensive supplies and/or equipment,
making them ill-suited strategies for large scale, on-farm switchgrass production.
However, there is a simple, inexpensive strategy that has gone largely unstudied which
holds the potential to hasten germination and increase establishment in switchgrass,
simply priming switchgrass seed with water and plant growth regulators (PGRs).
Seed priming is a low-cost and low-risk treatment, where seeds are soaked in an
osmotic solution; which allows the seed to imbibe water and begin the first stages of
germination, but does not allow for the radicle to break the seed coat (Parera & Cantiliffe,
1994; Brede & Brede, 1989; Heydecker et al., 1973; Heydecker & Coolbear, 1977). Seed
priming with water has been used in many crop, turf and ornamental species; and it has
been shown to improve seedling vigor, increase number of tillers, hasten germination
velocity, allow for a more uniform emergence, stimulate photosynthetic activity, and
increase yields (Warren & Bennett, 1997; Harris et al., 2001; Harris, 1996; Xu et al.,
2005; Lush & Birkenhead 1987; Fry et al., 1993; Brede & Brede, 1989). Many of these
studies have utilized water priming, but priming intervals have been limited to only
minutes or several hours; and little research has been done to analyze the effect of simple
water priming on perennial grass.
Additionally many studies have used priming solutions containing PGRs to
induce germination, break seed dormancy, and hasten germination velocity (Tiryaki &
Buyukcingil, 2009; Farooq et al., 2009b; Tzortzakis, 2009; Pill & Finch-Savage, 2008).
One such PGR is ethephon. Ethephon [(2-chloroethyl)phosphonic acid] is a widely used,
systemic, commercially available plant growth regulator. Ethephon will promote pre and
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post-harvest ripening for many fruits and vegetables, flower induction, and affect fruit
coloration (EPA, 1995; Segall et al, 1991). Previous studies indicate that seed priming
with ethephon may be a solution for increasing germination in switchgrass. One such
study, conducted by Sexton et al. (1999), primed multiple perennial grasses: ‘Great Basin
Wild’ rye grass (Leymus cinereus), indian ricegrass (Oryzopsis hymenoides), and needleand thread grass (Hesperostipa comate), in a 1 mM solution of ethephon. Immediately
after priming, seeds where removed from solution, allowed to dry overnight and then
sown in the field. Results indicated that ethephon significantly increased emergence of
indian ricegrass. Murphy and Reese (2008), showed treating ‘Sunburst’ switchgrass seed
with ethephon significantly increased total germination.
Previous studies have investigated the germination of switchgrass in in vitro
growth environments (Seepaul et al., 2011; Shen et al.; 2001; Aiken & Springer, 1995).
The most efficient method of testing seed priming effects is under controlled conditions
without the complication of variability found in the field. Thus, our experiment sought to
test the effects of water and ethephon seed priming treatments to improve the germination
rate and velocity in two common switchgrass cultivars, ‘Alamo’ and ‘Cave-in-Rock’
under controlled conditions We hypothesized that seeds that had been primed for longer
intervals of time would germinate quicker and more completely than control (un-primed)
seed or shorter interval primed seed and that ethephon primed seed would induce faster
germination and higher germination rates than water alone.
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Materials and Methods
Seed.
Two commercial available cultivars of switchgrass were used for these
germination chamber evaluations, ‘Alamo’ (99.89% pure live seed, 72% germination,
and 0% dormant) and ‘Cave-in-Rock’ (98.97% pure live seed, 21% germination, and
59% dormant) (Johnston Seed Company, Encid, OK).
Priming Treatments and Soaking Conditions.
Priming treatments were administered at the Turfgrass Science Laboratory in
Lexington, Kentucky. Multiple priming treatments were applied to each cultivar. Based
on desired field seeding rate of 10 kg PLS/HA (Smith, Lacefield, & Keene, 2009), 3g of
seed were placed in each beaker, representative of each experimental unit. Priming
treatment solutions and soaking intervals included: 0 day no solution (Untreated Control),
2 day water, 4 day water, 6 day water, 1 day ethephon 5mM, 1 day ethephon 10mM, 1
day fluridone 50 μM, and 1 day fluridone 100 μM. While soaking all seeds stayed in
glass beakers with 50ml of tap water pH 7.34, covered with parafilm, and maintained at
room temperature (approximately 22 C). Many grass seeds excrete biochemicals during
priming imbibition that could inhibit germination (Brede & Brede, 1989). To prevent an
undesirable build-up of chemical toxins, seeds were strained from their soaking solution,
the spent solution was discarded and fresh solution was reapplied each day. At no point in
the priming process did radicles emerge from the seed coat. All seed were removed from
their soaking beaker and allowed to air dry for 1 day prior to being placed in the growth
chamber. Previous studies indicate that storage or long drying times may mitigate the
ability of primed seeds to germinate, thus drying was minimized (Hacisalihoglu, 2008).
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Switchgrass seedling germination was evaluated using a protocol developed by
Michael Deaton (2012) for growth chamber experiments. After seeds completed their 1
day drying period following pre-soak; seeds were counted by hand and placed in petri
dishes (50 seed/100 X 15mm petri dishes) (Fisher Scientific, Pittsburg, PA) on top of a
double layer of blotter paper (Double layer of CDB 3.25 blue blotter paper) (Anchor
Paper Co., Saint Paul, MN), and imbibed with 12 ml of tap water. Water was added twice
a week (approximately 1ml) to prevent drying out of seeds. After being filled with
designated primed dry seed and water, petri dishes were placed in a completely
randomized design with four replications on the growth chamber racks: (Hoffman Mfg.,
Albany OR. (Model SG8F), Percival, Boone, IA. (Model I-66LLVL), Conviron,
Winnepeg Canada (Model CMP 3244), Hoffman Mfg., Albany, OR. (Model SG2-22),
Precision Scientific, (India Model 805)). White fluorescent lamps provided light for both
evaluations with a photon flux density ranging from 7 to 19 μmols·m-2 s-1. To best
replicate the July-September growing conditions in Kentucky, growth chamber
temperature were set at 28.3 C (day)/ 22.8 C (night) with a 16hr light/8hr dark
photoperiod.
Statistical Analysis: Growth Chamber Evaluations.
Observations were made daily to evaluate switchgrass germination velocity.
Germination counts were taken every day for 21 days after imbibition. Seed were
considered germinated after the radicle and coleoptile had emerged. After being
designated as germinated seeds, seeds were removed from their respective plate and
discarded. At the end of the 21 day period all remaining un-germinated seeds were
counted and recorded. Data were analyzed using PROC GLM of SAS© (SAS version
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9.3; SAS Institute, Cary NC) with means separation by Fischer’s Least Significant
Difference (LSD) (p≤0.05 at α =0.05). The entire experiment was repeated twice. Due to
a run by treatment interaction, runs were are analyzed and are presented separately.
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Results
January 2013 Growth Chamber Evaluations.
The main effects of cultivar (p<0.0001) and seed priming treatment (p=0.0262)
were highly significant in determining total germination percentage of switchgrass seeds
(Table 3.1). ‘Alamo’ seeds germinated 18% more than ‘Cave-in-Rock’ (Table 3.2). The
highest percent germination was observed in seeds soaked for 4 d water, however, this
percent germination was not statistically different from the un-primed (untreated control)
and 2 d water primed seed. Unprimed seed, 2 d water, 6 d water, and ethephon 10 mM
total percentage of seed germination were statistically the same; however, 6 d water and
ethephon 10 mM did not prove to be significantly different from ethephon 5 mM primed
seeds, which had the lowest percentage of seed germination (Figure 3.1).
The main effects of cultivar and seed priming treatment proved to be significant
in determining germination rate and germination velocity throughout the course of the 21
d test (Table 3.3). Germination was detected in both cultivars 4 days after seeding (DAS);
however, data showed only minimal differences in germination velocity based on
cultivar. Initially, 4 and 5 DAS ‘Alamo’ seeds germinated at a higher rate than ‘Cave-inRock.’ However, 7 and 12 DAS the roles changed and ‘Cave-in-Rock’ exhibited higher
germination rates than ‘Alamo’ (Table 3.4 and Figure 3.2). Seed priming treatment did
impact the germination velocity of switchgrass seeds. Four DAS all treatments reported
some degree of germination; however, unprimed seed had a significantly smaller
percentage of seeds germinating. Our test seemed to reveal that while many of the seed
priming treatments did not improve total germination percentage they did hasten the
germination velocity of the seed. These differences in germination velocity can be
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quantified by the differences in distribution of percent germination across the 21 d test.
Over the course of the 21 d test, un-primed seed logged 7 d of no germination, very
similar to ethephon treatments which had 6 d of no germination. However, seed primed 2
d water had 9 d without germination; additionally 4 d and 6d water primed seeds had 10 d
where no seeds germinated in plates. Thus, primed with water hastened germination
velocity and allowed for a greater percentage of seed to emerge earlier in the test rather
than germination being spread more evenly over the 21 d period as seen with control
seeds and ethephon primed seeds (Table 3.5 and Figure 3.3).
September 2013 Growth Chamber Evaluations.
The main effects of cultivar (p=0.0001) and seed priming treatment (p=0.018) and
a cultivar by seed priming treatment interaction (p=0.0321) were highly significant for
total germination percentage of switchgrass seeds (Table 3.6). The cultivar by seed
priming treatment interaction showed that the greatest to least percentage of germination
was observed in the following order ‘Alamo’ (AL) unprimed seeds = AL primed seed for
6 d water = AL 4 d water = AL 2 d water > AL ethephon 5 mM = ‘Cave-in-Rock’ (CNR)
unprimed seed = CNR 6 d water = CNR 2 d water = CNR ethephon 10 mM = AL
ethephon 10 mM = CNR 4 d water > CNR ethephon 5 mM (Figure 3.6).
The main effects of cultivar, seed priming treatments and cultivar by seed priming
treatment interactions where significant in determining germination rate and germination
velocity throughout the course of the 21 d test (Table 3.7). Germination was detected in
both cultivars 3 DAS. Results showed differences in how each cultivar germinated at the
beginning of the test. Generally, ‘Alamo’ seeds germinated faster than ‘Cave-in-Rock.’
At 3, 4 and 18 DAS ‘Alamo’ seeds germinated at a statistically higher rate than ‘Cave-in-

38

Rock.’ However, as the test continued 5, 6 and 7 DAS ‘Cave-in-Rock’ exhibited higher
germination rates than ‘Alamo’ (Table 3.8 and Figure 3.7). Seed priming treatment did
impact the germination rate and velocity of switchgrass seeds. 3 DAS all treatments
reported some degree of germination; however, unprimed seed, ethephon 5 mM and
ethephon 10 mM, had a significantly smaller percentage of seeds germinating. Our trials
again revealed that, while many of the seed priming treatments did not improve total
germination percentage (in fact ethephon treatments may have limited germination) they
did hasten the germination velocity of the seed. This can be seen in the distribution of
percent germination across the 21 day test. Again, over the course of the 21 d test unprimed seed logged only 4 d of no germination, very similar to ethephon treatments
which had 5-6 d of no germination. However, seed primed 2 d water had 10 d without
germination and 4 d primed seed had 8 d where no seeds germinated in plates. Thus,
priming seed with water hastened germination velocity and allowed for a greater
percentages of seed to emerge earlier in the test (Table 3.9 and Figure 3.8).
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Table 3.1. Jan. 2013 Analysis of variance (ANOVA) for main effects of replication,
cultivar and seed priming treatment and tests of appropriate interactions on total
germination percentage.
Growth Chamber Percent Germination ANOVA
Source of Variation
F Value
Pr>F
Cultivar
55.42
<0.0001***
Seed Priming Treatment
2.91
0.0262*
Cultivar*Seed Priming Treatment
2.22
0.0734
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.

Table 3.2. Jan. 2013 mean total germination percentage by cultivar.

Alamo
Cave-in-Rock

Jan. 2013 Growth Chamber Percent Germination
Cultivar
Mean Germination (%)
62.371
44.148

LSD < 0.05

4.7586
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Figure 3.1. Jan. 2013 mean total germination percentage by seed priming treatment mean separation. Bars with different letters
indicate percent germination was significantly different by Fishers F-protected LSD (p < 0.05).
Percent Germination by Seed Priming Treatment: Jan. 2013
70

A
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AB

AB
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C
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Germination (%)
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2 Day Water

4 Day Water
6 Day Water
Seed Priming Treatments

Ethephon 5 mM Ethephon 10 mM

Table 3.3. Jan. 2013 ANOVA for main effe̊ts of replication, cultivar and seed priming treatment and test of appropriate on
germination. Within the 21 d germination test, germination velocity was only influenced by a sources of variation at days 4, 5, 7, 11,
and 12 after seeding.
Jan. 2013 Growth Chamber Germination Velocity ANOVA
DAS†
Source of Variation

4
F Value Pr>F

Cultivar

117.81 <.0001***

5
F Value Pr>F
25.42 <.0001***

6
F Value Pr>F
NS NS

7
F Value Pr>F
4.32 0.04*

11
F Value Pr>F
NS NS
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Seed Priming
8.51 <.0001***
NS NS
2.92 0.029*
NS NS
3.97 0.007**
Treatment
Cultivar by Seed
NS NS
NS NS
NS NS
NS NS
NS NS
Priming Treatment
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.
† data reported represents only the DAS where germination rate was significantly affected by a given source of variation.

12
F Value Pr>F
4.25 0.04*
NS NS
2.59 0.04*

Table 3.4. Jan. 2013 mean daily germination of two cultivars.
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DAS
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Germination Velocity: Jan. 2013
Alamo
Cave-in-Rock
Germination (%)
0
0
0
0
0
0
26.03
9.28
15.38
8.44
10.46
9.80
4.26
6.23
1.43
2.30
1.84
2.17
0.80
1.60
0.75
0.84
0.35
1.03
0.52
0.17
0.44
0.42
0
0.25
0.07
0.08
0
0.25
0.42
0.32
0.19
0.50
0.074
0.33
0
0

LSD< 0.05
0
0
0
3.15
2.81
2.65
1.93
1.11
1.24
0.98
0.75
0.67
0.49
0.54
0.27
0.23
0.39
0.50
0.29
0.38
0

Table 3.5. Jan. 2013 mean daily germination by seed priming treatments.

Control

44

DAS
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

0
0
0
9.22
14.40
15.32
5.3
2.76
2.99
0.51
2.50
0.77
0.48
0.24
0.26
0
0
0.50
0
0.26
0

2 Day Water
0
0
0
19.66
13.17
8.02
6.04
2.15
2.64
1.86
0.27
1.34
0.51
0.52
0
0
0
0.25
0
0
0

Germination Velocity: Jan. 2013
Seed Priming Treatment
4 Day Water 6 Day Water Ethephon 5 mM
Germination (%)
0
0
0
0
0
0
0
0
0
24.10
22.51
15.23
11.98
11.47
8.84
10.68
9.14
8.23
6.12
3.73
4.13
2.56
0.98
1.99
1.26
1.35
1.77
1.33
0.50
1.99
0.748
0.92
0.32
0.83
0.26
0.49
0
0
0.56
0
0.49
1.07
0
0
0
0
0
0.47
0
0.5
0
0.50
0
0.70
0
0
0.32
0.23
0
0.47
0
0
0

Ethephon 10 mM

LSD< 0.05

0
0
0
15.20
11.61
9.40
6.15
0.73
2.02
1.00
0
0.47
0.53
0.23
0.49
0
0.25
0.28
0.26
0.25
0

0
0
0
5.46
4.87
4.59
3.34
1.92
2.15
1.70
1.30
1.16
0.85
0.93
0.47
0.40
0.68
0.87
0.50
0.66
0

Figure 3.2 Jan. 2013 germination velocity by cultivar. *,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.
Germination Velocity Comparison of 'Alamo' and 'Cave-in-Rock' Switchgrass
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Figure 3.3. Jan. 2013 mean germination velocity by seed priming treatments mean separation. *,**,*** denotes significance at P ≤
0.05, 0.01 and 0.001 respectively.
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Figure 3.4. Jan. 2013 mean germination velocity for ‘Alamo’ by seed priming treatments.

Germination Velocity of Primed 'Alamo' Switchgrass Seeds
37
32

47

Germination (%)

27
22
17
12
7
2
-3

1

2

3

4

5

6

7

8

9

10

11 12
DAS

13

14

15

16

17

18

Alamo Control

Alamo 2 Day H2O

Alamo 4 Day H2O

Alamo 6 Day H20

Alamo Ethephon 5mM

Alamo Ethephon 10 mM

19

20

21

Figure 3.5. Jan. 2013 mean germination velocity by ‘Cave-in-Rock’ by seed priming treatments.
Germination Velocity of Primed Cave-in-Rock Switchgrass Seeds
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Table 3.6. Sept. 2013 ANOVA for main effects of replication, cultivar and seed priming
treatment and tests of appropriate interactions on total germination percentage.
Sept. 2013 Growth Chamber Percent Germination ANOVA
Source of Variation
F Value
Pr>F
Cultivar
18.80
0.0001***
Seed Priming Treatment
4.83
0.0018**
Cultivar*Seed Priming Treatment
2.78
0.0321*
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.
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Figure 3.6. Sept. 2013 mean total germination percentage cultivar by seed priming treatment interaction. Bars with different letters
indicate germination percentages are significantly different by LSMeans (p < 0.05).
Total Percent Germination Cultivar by Seed Priming Treatment Interaction
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Table 3.7. Sept. 2013 ANOVA for main effects of replication, cultivar and seed priming treatment and tests of appropriate interactions
on germination. Within the 21 d germination test, germination rate was only influenced by a sources of variation at days 3, 4, 5, 6, 7,
8, 16, and 18 after seeding.

Source of
Variation
Cultivar
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Seed
Priming
Treatment
Cultivar by
Seed
Priming
Treatment

3
F Pr>F
42.0 <.0001***
22.2 <.0001***

3.1 0.221*

Sept. 2013 Growth Chamber Germination Rate ANOVA
DAS†
4
5
6
7
F Pr>F
F Pr>F
F Pr>F
F Pr>F
13.7 0.0008***

8
F Pr>F

16
F Pr>F

18
F Pr>F

4.2 0.05*

4.6 0.04*

4.3 0.05*

NS NS

7.0 0.013*

4.3 0.05*

NS NS

2.9 0.02*

3.1 0.020*

4.7 0.003*

3.4 0.01*

NS NS

NS NS

NS NS

2.5 0.05*

NS NS

NS NS

NS NS

NS NS

NS NS

*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.
† data reported represents only the DAS where germination rate was significantly affected by a given source of variation.

Table 3.8. Sept. 2013 mean germination velocity by cultivars.

Germination Velocity : Jan. 2013
Alamo
DAS

Cave-in-Rock

LSD< 0.05

Germination (%)

1
2
3
4
5
6
7
8
9

0
0
17.18
22.24
12.68
5.0
2.46
2.21
1.29

0
0
6.87
14.57
15.26
7.26
4.03
2.71
1.37

0
0
3.25
4.22
2.57
2.13
1.53
1.07
0.98

10
11
12
13
14
15
16
17
18
19
20
21

1.18
0.51
0.60
0.17
0.35
0.18
0
0.17
0.26
0.09
0.28
0.09

1.43
1.21
0.33
0
0.86
0.18
0.49
0.26
0
0.41
0.33
0.17

0.89
0.97
0.53
0.25
0.77
0.38
0.38
0.36
0.25
0.49
0.54
0.31
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Table 3.9. Sept. 2013 mean germination velocity by seed priming treatment.

Control

Sept. 2013 Germination Rate by Treatment
Seed Priming Treatment
2 Day Water
4 Day Water
6 Day Water Ethephon 5 mM

Ethephon 10 mM

LSD<
0.05

53

DAS
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

0
0
3.29
14.86
18.49
9.98
6.46
4.61
2.06
2.09
0.50
0.77
0
0.77
0.26
0
0.78
0.26
0.52
0.26
0.25

0
0
17.79
21.86
12.49
5.23
2.79
1.50
0.77
0.98
0.73
0.25
0
0
0
0.25
0
0
0
0
0

0
0
23.05
20.44
11.17
3.15
0.99
1.26
0.79
1.96
0.24
0.49
0
0
0.28
0.48
0
0
0
0.25
0

Germination (%)
0
0
19.92
19.76
11.87
6.43
2.52
2.55
0.54
0.55
0.51
0.51
0.25
0.29
0.54
0.25
0.25
0
0.26
0.83
0.56

0
0
2.66
17.31
12.42
6.75
4.74
2.58
2.03
1.02
1.91
0.52
0
1.55
0
0.26
0.27
0.52
0.49
0.25
0

0
0
5.50
16.21
17.38
5.22
1.99
2.25
1.78
1.26
1.27
0.26
0.26
1.02
0
0.25
0
0
0.25
0.26
0

0
0
5.63
7.31
4.45
3.70
2.66
1.85
1.69
1.54
1.68
0.92
0.44
1.33
0.66
0.66
0.63
0.44
0.84
0.93
0.53

Figure 3.7. Sept. 2013 germination velocity by cultivar. *,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.

Germination Velocity Comparison of 'Alamo' and 'Cave-in-Rock' Switchgrass
25

***

54

Germination (%)

20

***
*

15

10
*
*

5

*

*

0
1

2

3

4

5

6

7

8

9

Alamo

10

11 12
DAS

13

14

Cave-in-Rock

15

16

17

18

19

20

21

Figure 3.8. Sept. 2013 mean germination velocity by seed priming treatment. *,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001
respectively.

Germination Velocity Comparison of Switchgrass Priming Treatments
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Figure 3.9. Sept. 2013 mean germination velocity for ‘Alamo’ by seed priming treatments.
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Figure 3.10. Sept. 2013 mean germination velocity for ‘Cave-in-Rock’ by seed priming treatments.
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Discussion
Our experiment sought to evaluate water and ethephon seed priming treatments as
a means of improving of germination rate and velocity in two common switchgrass
cultivars, ‘Alamo’ and ‘Cave-in-Rock.’ We hypothesized that seeds that had primed for
longer intervals of time would germinate quicker and more completely than control (unprimed) seed or shorter interval primed seed and that ethephon primed seed would induce
faster germination and higher germination rate than water. However, our results told a
different story. In both evaluations ‘Alamo’ seed exhibited an overall higher germination
percentage than ‘Cave-in-Rock.’ These results were not surprising given the superior
quality of ‘Alamo’ seed, ‘Alamo’ (99.89% pure live seed, 72% germination, and 0%
dormant) and ‘Cave-in-Rock’ (98.97% pure live seed, 21% germination, and 59%
dormant). It is also possible that germination chamber conditions may have favored the
preferred growing conditions of ‘Alamo,’ a low-land ecotype, verse ‘Cave-in-Rock’ an
up-land. Low-land ecotypes thrive in wet environments and are more commonly grown
in the southern U.S.; while up-land ecotypes prefer drier conditions and cooler
temperature (Parrish & Fike, 2005). Growth chambers where kept at 28.3 C (day)/ 22.8
C (night), so the warmer temperatures and weekly watering to keep seeds moist may have
favored ‘Alamo.’
Previous studies indicate that simple water priming increased overall germination
levels in multiple crop and ornamental species like wheat, buffalo grass, and zoysia grass
(Harris et al., 2001; Harris, 1996; Xu et al., 2005; Lush & Birkenhead 1987). However,
our studies did not support such findings. Results of both of our experiments showed no
difference in total germination percentage between un-primed seeds and all water primed
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seeds. Previous studies indicated that ethephon may have the ability to increase
germination. One study with soda apple (Solanum viarum), a perennial shrub weed;
results showed that priming with water increased germination rate by 26%; however,
ethephon increased germination rate by 53%, when compared to untreated seed (Akanda
et al., 1996). Furthermore, a study by Murphy and Reese (2008) showed treating
‘Sunburst’ switchgrass seed with ethephon significantly increased germination. However,
our studies actually yielded contradictory results, and indicated that ethephon primed
seeds actually germinated less than water and un-primed seeds.
Despite the fact that priming did not increase overall levels of seed germination,
our study revealed that water seed priming treatments may successfully hasten seed
emergence/germination velocity. Emergence was observed 3 and 4 DAS, for each trial
respectfully, and all treatments showed signs of germination on those days however, over
the course of the 21 d test it became evident that seeds soaked for 2 d, 4 d and 6 d in
water were germinating significantly faster than un-primed or ethephon primed seeds.
Thus, we conclude that priming switchgrass seed with water may confer an establishment
benefit to switchgrass production.
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Chapter 4
Comparison of Switchgrass Sensitivity to Nicosulfuron With and Without
Herbicide Safner
Introduction
Switchgrass (Panicum virgatum L.) is a perennial, warm season grass, native to
North America, which has gained popularity as a forage and a biomass feedstock for
biofuel production (Vogel, 1996; McLaughlin, et al., 2002b; McLaughlin & Walsh, 1998;
Sanderson et al., 1996; Mitchell et al., 2008; Vogel, 2004). Unfortunately, switchgrass
seed has high levels of dormancy and seedlings are slow to establish (Shen et al., 2001;
Parrish & Fike, 2005; Aiken & Springer, 1995). This slow establishment often makes
switchgrass stands susceptible to high levels of weed pressure and forces young
switchgrass seedlings to compete for nutrients, water and light with weeds (Boydston et
al., 2010). Controlling weeds in switchgrass is critical for successful establishment. Weed
control during switchgrass establishment can increase crop biomass yields in subsequent
years (Mitchell et al., 2010). Whereas, lack of weed control commonly leads to
establishment failure (Buhler et al.; 1998). Unfortunately, young switchgrass is very
sensitive to herbicide damage; and many labels advise switchgrass should not be sprayed
postemergence until reaching the 3-4 true leaf stage (Renz et al., 2009; Kering et al.
2013; Vogel, 2004). Switchgrass seedlings emerge on average 5-7 days post seeding, but
can take 1 month or greater to reach 3-4 true leaf stage (Wolf & Fisk, 2009). This early
leaf stage sensitivity presents a huge conundrum for producers wishing to control weeds
in their newly emerging switchgrass stands.
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Many different broad-leaf and grassy weeds pose a threat to successful stand
establishment; however, there are currently very few labeled pre-emergence and
postemergence herbicides options to control weeds in switchgrass crop production
systems (Kering et al., 2013). Presently, only quinclorac (Paramount®) is labeled for
switchgrass use across the entire United States (Kering et al., 2013). Many other products
have supplementary or restricted labels for weed control in switchgrass, such as:
metsulfuron+chlorsulfuron (Cimarron Plus®), 2, 4-D amine, aminopyralid+2,4-D
(GrazonNext HL®), aminopyralid (Milestone®), triclopyr+fluroxypyr (PastureGard® or
PastureGard HL®), nicosulfuron+metsulfuron (Pastora®), and atrazine (AAtrex®)
(Steckel et al., 2013; Kering et al., 2013; Parrish & Fike, 2005).
One product of great interest recently used for postemergence control of grass
weeds (barnyardgrass (Echinochloa spp.), broadleaf signal grass (Urochloa platyphylla),
johnsongrass (Sorghum halepense), foxtails (Setaria spp), fall panicum (Panicum
dichotomiflorum), and ryegrass (Lolium spp.)) in switchgrass is nicosulfuron (Dupont™,
Accent®). Tennessee recently made Accent (nicosulfuron 2-[[(4, 6-dimethoxypyrimidin2yl)aminocarbonyl]aminosulfonyl]-N,N-dimethyl-3-pyridinecarboxamide 75% a.i.)
available for supplementary labeled (24(c) restricted lable) use in biofuel production
systems (Anonymous, 2008). Accent is an amino acid synthesis (ALS synthase enzyme)
inhibitor and has a recommended application rate of 2-3 ounces per acre with a nonionic
surfactant .25% v/v. The label indicates that it is safe to be sprayed on switchgrass at the
2 true leaf stage. In addition to being used to control weeds in switchgrass, Accent has
been tested in other perennial grass systems. One such study tested the response of
eastern gamagrass to postemergence Accent treatment and found that, in field and
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greenhouse, Accent caused chlorosis; but that Accent had no effect on plant height, leaf
number, or vigor (Salon & Van der Griten, 1997).
Recently, DuPont has released Accent Q ®. Much like Accent, Accent Q is an
ALS inhibitor labeled for post-emergence grassy weed control in corn. However, unlike
Accent, Accent Q (nicosulfuron 2-[[(4, 6-dimethoxypyrimidin2yl)aminocarbonyl]aminosulfonyl]-N,N-dimethyl-3-pyridinecarboxamide 54.5% a.i.)
recommends application rates of 0.9 ounces per acre applied with crop oil concentrate
(COC) 1% v/v per acre, Accent Q controls a wider range of grass (barnyardgrass,
broadleaf signal grass, foxtails, johnsongrass, panicum, ryegrass, itchgrass (Rottboellia
cochinchinensis), quackgrass (Elytrigia repens), sandbur (Cenchrus spp.), shattercane
(Sorghum bicolor), timothy (Phleum pratense), wild oats (Avena spp.), wild proso millet
(Panicum miliaceum), wirestem muhly (Muhlenbergia mexicana), witchgrass (Panicum
capillare), wooly cupgrass (Eriochloa villosa)) and broadleaf (burcumber (Sicyos
angulatus), dandelion (Taraxacum officinale), hemp dogban (Apocynum cannabinum),
jimson weed (Datura stramonium), morning glory (Convolvulaceae), pigweed
(Amaranthus spp.), pokeweed (Phytolacca americana), smartweed (Polygonum spp.) ,
and thistle (Silybum marianum)) weeds. Accent Q has a unique formulation that includes
the crop safener isoxadifen-ethyl (ethyl 4,5-dihydro-5,5-diphenyl-1,2-oxazole-3carboxylate 13.6%). Isoxadifen-ethyl (Bayer CropScience™) is thought to enhance
herbicide metabolism and reduce incidences of crop injury associated with environmental
extremes (Prostko, 2010). Studies conducted at the University of Delaware indicated that
Accent Q caused significant less herbicide injury (% chlorosis), in corn seedlings than
Accent (VanGessel et al., 2010). Another study found that Accent Q caused significantly
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less injury to sweet corn than Accent (Peachy & Greco, 2008). In another study
isoxadifen-ethyl was tank mixed with nicosulfuron+rimsulfuron and sprayed for weed
control in corn. Isoxadifen-ethyl did not cause any significant differences in crop
herbicide injury as compared to plots sprayed with nicosulfuron+rimsulfuron alone
(Bunting et al., 2004).
To our knowledge, no research has been done to test the ability of Accent Q to
control weeds in switchgrass stands. However, based on previous research we
hypothesized that Accent + COC applied to switchgrass seedlings would result in the
greatest level of herbicide injury, yield the lowest fresh and lowest dry weights when
compared to all other treatments of Accent Q (regardless of application rate). We also
hypothesized that Accent Q alone would result in the lowest herbicide injury and yield
the greatest fresh and dry weights from switchgrass plants. To test these hypotheses,
several objectives were developed. The objectives of this study were to conduct a series
of greenhouse experiments to evaluate: 1. The utility of Accent Q for establishing
switchgrass by assessing the herbicide tolerance level of switchgrass seedlings sprayed
with Accent (0.093 kg a.i. ha-1 or 0.047 kg a.i. ha-1) vs. Accent Q (0.078 kg a.i. ha-1 or
0.039 kg a.i. ha-1) and 2. Determine if the presence or absence of COC (1% v/v) affects
switchgrass herbicide sensitivity.

63

Materials and Methods
Seed, Herbicide and Surfactant.
Commercially available ‘Alamo’ switchgrass seed (99.89% pure live seed, 72%
germination, and 0% dormant) was and used for all greenhouse evaluations (Johnston
Seed Company, Encid, OK). Accent® and Accent Q® herbicide was obtained from
DuPont ™ (DuPont Crop Protection, Wilmington, DE). Treatments containing surfactant
utilized crop oil concentrate (COC) 1% v/v.
Greenhouse Evaluation of Switchgrass Seedling Sensitivity to Accent.
A greenhouse study was conducted to determine switchgrass seedling sensitivity
to Accent and Accent Q. The study was in greenhouse facilities at the University of
Kentucky in Lexington, KY in the autumn of 2013 and spring of 2014. ‘Alamo’
switchgrass plants were established in a greenhouse (16 hour photoperiod and 21-30 C).
Pots were arranged in a completely randomized design with four replications. Seeds were
planted in 161 cm2 pots in a soil media containing Osmocote® (2 g/ 0.001 m3) (The
Scotts Company LLC, Marysville, OH) slow release fertilizer (19-19-19) and equal parts
sand (Clay Ingels Co. LLC, Lexington, KY), maury silt loam, and Pro-Mix® (Premier
Tech Horticulture, Quebec, CA). After emergence, seedlings were thinned to four plants
per pot prior to herbicide application in a pressurized spray chamber (207 kPa, equipped
with an 8004E nozzle and at 26g/A). All seedlings were sprayed at the 2-3 true leaf stage.
Treatments included:
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Accent

Accent Q

0.093 kg a.i. ha-1

0.078 kg a.i. ha-1

0.047 kg a.i. ha-1

0.039 kg a.i. ha-1

0.093 kg a.i. ha-1+ COC 1% v/v

0.078 kg a.i. ha-1 + COC 1% v/v

0.047 kg a.i. ha-1 + COC 1% v/v

0.039 kg a.i. ha-1 + COC 1% v/v

Statistical Analysis: Greenhouse Evaluation of Switchgrass Seedling Sensitivity to
Nicosulfuron Herbicide With and Without Safener.
Visual estimates of herbicide injury on a scale 0-100% (0% indicating no injury
100% indicating all dead plants and shoot weights) were taken two weeks after treatment.
Following harvest, shoot tissue was allowed to air dry and shoot dry weights were
collected. Data were analyzed using PROC GLM of SAS© (SAS version 9.3; SAS
Institute, Cary NC) and Least Significant Differences (LSD) with means separation
(p≤0.05 at α =0.05). The experiment was repeated three times. Only two runs were used
to analyze experimental findings. There was no run by treatment interaction; therefore,
data were combined, analyzed, and presented together.
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Results
Herbicide injury was not affected by any experimental variable (p>0.05). The
main effect of herbicide (p=0.0236) was significant for shoot fresh weights of
switchgrass seedlings (Table 4.1). When analyzed as a percent of the untreated control,
Accent treated seedlings were significantly heavier than Accent Q treated seedlings
(Table 4.2 and Figure 4.1). Herbicide rate and the presence or absence on COC did not
significantly influence the shoot fresh weight of seedlings.
The main effect of herbicide also proved to be significant in reducing the shoot
dry weight of harvested switchgrass seedlings (p=0.00200) (Table 4.3). Shoot dry weight
was greatest in Accent treated seedlings and was not significantly different from
untreated control plants. Shoot dry weight was lowest in seedlings treated with Accent Q
(Table 4.4 and Figure 4.2).
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Table 4.1. Accent vs Accent Q: analysis of variance (ANOVA) for the main effects of
herbicide, herbicide rate and COC and all appropriate test of interaction on herbicide
injury.
Shoot Fresh Weight: Accent vs Accent Q Test ANOVA
Source of Variation
F Value
Pr>F
Herbicide
5.41
0.0236*
Herbicide Rate
0.58
0.4498
COC
0.17
0.6849
Herbicide*Rate
1.44
0.2346
Herbicide*COC
0.11
0.7395
Rate*COC
0.82
0.3697
Herbicide*Rate*COC
1.12
0.2954
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.

Table 4.2. Accent vs Accent Q: main effects of herbicide on shoot fresh weight (% of
untreated control).
Effect of Herbicide on Shoot Fresh Weight
Herbicide
Mean shoot fresh weight (% of untreated control)
Accent
104.92
Accent Q
86.37
LSD<0.05
17.415
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Table 4.3. Accent vs Accent Q: ANOVA for the main effects of herbicide, herbicide rate
and COC and all appropriate test of interaction on shoot dry weight
Shoot Dry Weight: Accent vs Accent Q Test ANOVA
Source of Variation
F Value
Pr>F
Herbicide
10.49
0.0020*
Herbicide Rate
0.17
0.6806
COC
1.61
0.2094
Herbicide*Rate
2.53
0.1173
Herbicide*COC
0.01
0.9039
Rate*COC
1.39
0.2442
Herbicide*Rate*COC
0.47
0.4963
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.

Table 4.4. Accent vs Accent Q: main effects of herbicide on shoot dry weight (% of
control).

Herbicide
Accent
Accent Q
LSD<.0.05

Effect of Herbicide on Shoot Dry Weight
Mean shoot dry weight (% of untreated control)
107.18
83
14.851
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Discussion
The objectives of this study was to evaluate the efficacy of Accent Q to be used
during establishment of switchgrass. To meet this objective, herbicide tolerance level was
assessed by treating switchgrass seedlings with Accent (0.093 kg a.i. ha-1 or 0.047 kg a.i.
ha-1) or Accent Q (0.078 kg a.i. ha-1or 0.039 kg a.i. ha-1). Data indicated that, contrary to
our hypothesis, regardless of application rate or the addition of COC, there was no
difference in the level of observed herbicide injury between Accent and Accent Q treated
seedlings. Previous research found that Accent Q reduced crop damage to corn when
sprayed with Accent Q at the v4-v6 growth stage (Prostko, 2010; VanGessel et al., 2010;
Peachy & Greco, 2008); however, this safening ability of Accent Q was not observed in
our trials. It is important to note that chlorosis and leaf tip browning were observed in
seedlings treated with both Accent and Accent Q. This damage is consistent with that of
ALS inhibitor sensitivity. The presence of this symptomology suggests we had high
levels of herbicide activity in our experiments. Rhodes and Phillips (2006) found the use
of Pastora® (a nicosulfuron containing herbicide like Accent) used to control weeds in
bermudagrass (Cynodon dactylon) hay or grazing system will cause severe bermudagrass
discoloration; and should not be grazed for 30 days after treatment, to allow for plant
recovery. Eventually the stand did recover. Thus, it is possible that the injury ratings
observed two weeks after treatment, may have diminished if plants were allowed to
continue to grow.
Our experiment also revealed that switchgrass seedling shoot fresh and dry
weights were significantly less in plants treated with Accent Q. This may suggest that if
switchgrass stands were treated with Accent Q, there would be a potential loss in overall
69

yield. However, our study did not find any differences between the dry weights of Accent
treated and the untreated control plants. Much like the findings of Salon and Van der
Griten (1997) our experiment suggests that despite high levels of observed discoloration,
Accent treatments did not compromise the biomass potential of the switchgrass.
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Chapter 5
The Effects of Switchgrass Growth Stage on Tolerance to Applications of Atrazine.
Introduction
Switchgrass (Panicum virgatum L.) is a perennial, warm season grass, native to
North America. It has gained popularity as a forage and a biomass feedstock for biofuel
production (Vogel, 1996; McLaughlin, et al., 2002b; McLaughlin & Walsh, 1998;
Sanderson et al., 1996; Mitchell et al., 2008; Vogel, 2004). Switchgrass seed has high
levels of dormancy and is slow to establish (Shen et al., 2001; Parrish & Fike, 2005;
Aiken & Springer, 1995). This slow establishment often makes switchgrass stands
susceptible to high levels of weed pressure and forces young switchgrass seedlings to
compete for nutrients, resources and sunlight with weeds (Boydston et al., 2010).
Controlling weeds in a switchgrass stand is critical for successful crop establishment.
Previous research shows that weed control during the first year of establishment can
increase biomass yields in subsequent years (Mitchell et al., 2010). Whereas, lack of
proper weed control during the establishment year can commonly lead to stand failure
(Buhler et al., 1998).
Atrazine (1-chloro-3-ethylamino-5-isopropylamino-2,4,6-triazine) is one
herbicide that has been used to control weeds in warm season grasses like switchgrass
(Parrish & Fike, 2005). More specifically, atrazine has been used to aid in the
establishment of many warm-season species (Bahler et al., 1987). Atrazine has proven
effective at controlling many cool season grassy annual weeds and broadleaf weeds in
switchgrass (Sanderson et al., 2012; Martin et al., 1982) making it an attractive broad
spectrum herbicide.
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Bahler et al., (1990) used atrazine during establishment of ‘Pathfinder’
switchgrass (upland ecotype). They found that switchgrass seedlings treated at 7, 14, or
21 days after planting were tolerant to atrazine. In a similar study, Bovey and Hussey
(1991) showed that ‘Alamo’ switchgrass (low land ecotype) treated with 0.6 or 1.1 kg a.i.
ha-1 atrazine at the 3-4 true leaf stage were not injured. Atrazine was also effective in
controlling weeds during the establishment of switchgrass and big blue stem
(Andropogon gerardii) as companion crops in corn (Hintz, 1998). Vogle (1987) showed
that even relatively high rates of atrazine (2.2 kg a.i. ha-1 and 3.0 kg a.i ha-1), were
tolerated by establishing switchgrass stands. Buhler (1998) found not only that
switchgrass was tolerant to atrazine but that switchgrass stand density was increased and
weed population decreased following atrazine treatment.
This observed switchgrass tolerance to atrazine may be due to the metabolism
(detoxification) of atrazine in switchgrass (Weimer et al., 1988; Bahler et al., 1984).
Atrazine detoxification in plants can occur through multiple pathways: N-dealkylation, 2hydroxylation or glutathione conjugation (Weimer et al., 1988; Lamoreux et al., 1973;
Shimabukuro et al., 1973). Because of the ability of switchgrass to rapidly metabolize
atrazine, several studies suggested switchgrass could be used to prevent non-point source
atrazine pollution of soil and water ecosystems or even to phytoremedate atrazine
residues in contaminated soils (Albright, 2011; Murphy & Coats, 2009).
Despite the tolerance of switchgrass to atrazine, atrazine has also been reported to
damage switchgrass when applied postemergence to the crop (Renz et al., 2009; Kering
et al. 2013; Vogel, 2004). Some studies indicated that atrazine injury to switchgrass
seedlings was much greater on soils low in organic matter content or when the soil was
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freshly tilled or dry (Henning, 1993; LeBaron, 1970; Lavy, 1968). Other studies also
found that switchgrass tolerance to atrazine applied postemergence was a function of
growth stage at the time treatment. It is recommended that atrazine should not be applied
postemergence until switchgrass reaches the 3-4 true leaf stage (Renz et al., 2009; Kering
et al. 2013; Vogel, 2004). Switchgrass seedlings emerge, on average, 5-7 days after
planting but can require one month or more to reach the 3-4 true leaf stage (Wolf & Fisk,
2009). Atrazine sensitivity in switchgrass at an early leaf stage presents a conundrum for
producers wishing to control weeds in their new stand without injurying the switchgrass
seedlings. Currently, atrazine does not have a federal label for use in switchgrass;
however, some states do have restricted use labels to make atrazine applications for
prairie conservation (Nebraska, Oklahoma, Oregon, and Texas) and biomass production
(Iowa).
The objective of this study was to further understand the relationship between
switchgrass seedling size, atrazine tolerance, and metabolism. We hypothesized that
switchgrass seedlings in the greenhouse treated with atrazine at the (1, 2 or 4 true leaf
stage) would be injured more at early (1 or 2) leaf stages compared to a later (4) leaf
stage. In addition, we hypothesized that this sensitivity would be a function of reduced
atrazine metabolism in the plants at the juvenile growth stage relative to more advanced
growth stages.
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Materials and Methods
General Materials.
‘Alamo’ switchgrass seed (99.89% pure live seed, 72% germination, and 0%
dormant) was used for all greenhouse and laboratory evaluations. To test seedling
tolerance to atrazine, Aatrex® 4L (Syngenta Crop Protection LLC, Greensboro, NC) was
used in all herbicide treatments. All greenhouse atrazine treatments included crop oil
concentrate (COC) 1% v/v. Laboratory evaluations used uniformly ring labeled 14C
atrazine (160 mCi/mmol) (Fisher Scientific, Pittsburgh, PA).
Switchgrass Seedling Sensitivity to Atrazine.
A greenhouse study was conducted to determine switchgrass seedling atrazine
tolerance at several leaf stages. The study was conducted in greenhouse facilities at the
University of Kentucky in Lexington, KY in the autumn of 2013. ‘Alamo’ switchgrass
plants were established in the greenhouse (16 h photoperiod and 21-30 C). Pots were
arranged in a completely randomized design with four replications. Seeds were planted in
161 cm2 pots containing a soil media of Osmocote® (2 g/ 0.001 m3) (The Scotts
Company LLC, Marysville, OH) slow release fertilizer (19-19-19) and equal parts sand
(Clay Ingels Co. LLC, Lexington, KY), maury silt loam, and Pro-Mix® (Premier Tech
Horticulture, Quebec, CA). After emergence, seedlings were thinned to four plants per
pot prior to herbicide treatment. The plants were treated in a pressurized spray chamber
(207 kPa, equipped with an 8004E nozzle and at 26 g/A). Seedlings were sprayed with
atrazine at 2.2 kg a.i. ha-1 or 4.4 kg a.i. ha-1 at the 1, 2, or 4 true leaf stage. All atrazine
treatments contained COC at 1% v/v (Anonymous, 2012). An untreated control for each
leaf stage was included for treatment effect comparison.
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Statistical Analysis: Greenhouse Evaluation of Switchgrass Seedling Sensitivity to
Atrazine.
Visual estimates of herbicide injury on a scale 0-100% (0% indicating no injury
100% indicating all dead plants) and shoot weights were taken two weeks after treatment.
Following harvest, shoot tissue was allowed to air dry and shoot dry weights were
collected. Data were analyzed using PROC GLM of SAS© (SAS version 9.3; SAS
Institute, Cary NC) and Least Squared Means (LSM) with means separation (p≤0.05 at α
=0.05) to analyze statistical interactions, Fischer’s Least Significant Difference (LSD)
(p≤0.05 at α =0.05). The entire experiment was repeated twice. Because there was a
treatment by run interaction; runs were analyzed and evaluated separately (Tables 5.25.4).
14Atrazine

Treatment: 14C Atrazine Uptake and Metabolism in Switchgrass

Seedlings.
A laboratory experiment was conducted to determine the uptake and metabolism
of atrazine in ‘Alamo’ switchgrass at the 1, 2, or 4 true leaf stage. Plants were established
in a greenhouse just as the seedlings used in the seedling sensitivity to atrazine
experiment (see above) Seeds were planted at weekly intervals in order to have
switchgrass seedlings of various leaf stage at the beginning of the treatments. Plants were
selected at 1, 2, or 4 true leaves and transferred to the laboratory before treatment.
Once in the lab, the newest fully emerged leaf was cut from each switchgrass
plant using sterilized scissors while the leaf was completely submerged in distilled water.
The cut leaves were then placed in 16 x 125 mm test tubes (Disposable Culture Tubes,
Fisher Scientific, Pittsburgh, PA) containing 4 ml (for the 4 true leaf and 2 true leaf) or 2
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ml (for the one true leaf) of a solution of 14C atrazine (280 nM) prepared in deionized
water. Leaves were then positioned in test tube racks arranged in a randomized block
design with block separation based on harvest time after the 24 hour (h) uptake interval
(0, 8, 24, and 48 h). Leaves were exposed to continuous light provided by 20 watt
florescent bulbs with an average photon flux density of 0.25 μmols•m-2 s-1 suspended
approximately 20 cm above all plants. Temperature was maintained at approximately 28
C. After exposure to atrazine solution for 24 hours (h), all leaves were removed from
their atrazine solution, rinsed with distilled water, and placed back in test tubes
containing 4 ml (for the 4 true leaf and 2 true leaf) or 2 ml (for the one true leaf) of
distilled water. Leaves were harvested: 0, 8, 24, and 48 h after uptake. At harvest, leaves
were removed from their test tube, rinsed in distilled water, dried, weighed, and frozen
until further analysis.

14

Atrazine Uptake and Metabolism Determination:.
To extract radioactivity from the switchgrass leaves, individual leaves were

ground into a fine powder in liquid nitrogen using a mortar and pestle. Methanol (4 ml)
was added to the powder and the mixture transferred to centrifuge tubes. Following
centrifujation at 5000 rpm (2515.5 g force) for 5 minutes, the supernatant was removed
and; 4 ml of additional methanol was added to the centrifuge tube. The tubes were placed
re-centrifuge at 5000 rpm (2515.5 g force) for 5 min. Again, the second supernatant was
combined with the first. The pellet was removed and air dried.
The extracts were concentrated to 1.5 ml using a roto-evaporating system
(Rotavapor-RE serial #68931, BUCHI Labortechnik AG Meierseggstrasse Flawil,
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Swizerland). The sample was then transferred to a microfuge tube (Marathon 13K/M,
Fisher Scientific, PA) and centrifuged at 7000 rpm (3971.695 g force) for 3 minutes. The
supernatant was removed and filtered through a 45 µm filter (Fisher Scientific,
Pittsburgh, PA). Filtered samples were placed in 1.5 ml autosampler vials (Prominence
HPLC vials, Shimadzu, 1,Nishinokyo-Kuwabara-cho, Nakagyo-ku, Kyoto 604-8511,
Japan)and kept at -20 C until high performance liquid chromatography (HPLC) analysis.
To determine the total extracted radioactivity an aliquot was removed from each auto
sampler vial. Radioactivity was determined by liquid scintillation spectrometry (LSS), in
(TriCarb® 2200CA, Perkin Elmer™ Life Sciences, 2200 Warrenville Rd, Downers
Grove, IL 60515).
Radioactivity in the air-dried pellets was determined by combustion in a sample
oxidizer (Packard Sample Oxidizer model #307, Perkin Elmer™ Life Sciences, 940
Winter Street Waltham, MA 02451). Released 14CO2 was trapped and quantified by using
LSS
HPLC was used to determine the presence of atrazine and atrazine metabolites in
the extracts. An aliquot of the filtered extracts was injected into an HPLC (Prominence
UFLC, Shimadzu, 1,Nishinokyo-Kuwabara-cho, Nakagyo-ku, Kyoto 604-8511, Japan)
system coupled to a radio-chromatography detector (Radiomatic FLO-ONE® Beta Series
A-500, Canberra Industries, Inc. 800 Research Parkway, Meriden, CT 06450). The HPLC
was equipped with a C18 5µm 4.6 x 250 mm reverse phase column (GL Sciences Inc.
Shinjuku Square Tower 30F, 6-22-1 Nishi Shinjuku, Shinjuku-ku, Tokyo, 163-1130
Japan). The HPLC mobile phase was a gradient mode beginning with 75% HPLC-grade
water and 25% HPLC-grade acetonitrile (ACN) (Fisher Scientific, Pittsburgh, PA). The
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flow rate through the HPLC was 1 ml/minute for a 22 minute total run time. HPLC
method was adapted from previous switchgrass metabolism studies conducted by
Albright (2001) (Table 5.1). Preliminary experiments established 98% of atrazine was
recovered using this method. 14C atrazine stands eluted at 16.2-16.7 minutes using this
method.
Statistical Analysis: Laboratory Evaluations of 14C Atrazine Uptake and
Metabolism in Switchgrass Seedlings.
Data collected included extracted radioactivity as a percent of the total (extracted
plus pellet) radioactivity recoved from the leaves and atrazine and atrazine metabolites as
a % of the total extracted radioactivity. Data were analyzed using PROC GLM of SAS©
(SAS version 9.3; SAS Institute, Cary NC) and Least Squared Means (LSM) with means
separation (p≤0.05 at α =0.05) to analyze statistical interactions, Fischer’s Least
Significant Difference (LSD) (p≤0.05 at α =0.05). The entire experiment was repeated
twice. Due to run by treatment interactions (Tables 5.11-5.13); runs are analyzed and
presented separately.
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Results
Greenhouse Evaluation of Switchgrass Seedling Atrazine Sensitivity Run #1:
The main effects of herbicide rate (p= 0.0004), leaf stage at treatment (p <0.0001)
and the interaction of herbicide rate by leaf stage (p =0.0231) were highly significant in
determining visual herbicide injury inflicted on switchgrass seedlings (Table 5.5). The
greatest level of herbicide injury was in observed in the seedlings treated at: 1 leaf 4.4 kg
a.i. ha-1 > 2 leaf 4.4 kg a.i. ha-1 > 1 leaf 2.2 kg a.i. ha-1 > 2 leaf 2.2 kg a.i. ha-1 > 4 leaf 4.4
kg a.i. ha-1 = 4 leaf 2.2 kg a.i. ha-1 > 1 leaf control > 2 leaf control > 4 leaf control (Figure
5.1).
The main effect of leaf stage (p < 0.0001) was highly significant in determining
shoot fresh weight (Table 5.6). Switchgrass seedling fresh weights were statistically
different based on leaf stage at treatment (when analyzed as a percent of the untreated
controls). The shoot fresh weight of seedlings was greatest in seedlings treated at the 4
true leaf stage > 2 true leaf stage = 1 true leaf stage (Figure 5.2).
Lastly, the main effect of leaf stage (p < 0.0001) was highly significant for shoot
dry weight (Table 5.7). Like shoot fresh weights, switchgrass seedling fresh weights were
statistically different based on leaf stage at treatment (when analyzed as a percent of the
untreated controls). The shoot dry weight of seedlings was greatest in switchgrass treated
at the 4 true leaf stage, with no difference in the dry weight of seedlings treated at the 1
and 2 true leaf stages (Figure 5.3).
Greenhouse Evaluation of Switchgrass Seedling Atrazine Sensitivity Run #2:
Similar to the first experiment run, the main effect of herbicide rate (p= 0.0410),
leaf stage at treatment (p < 0.0001) and the interaction of herbicide rate by leaf stage
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(p=0.0242) were significant in determining visual herbicide injury inflicted on
switchgrass seedlings (Table 5.11). The greatest level of herbicide injury was in observed
in the seedlings treated at: 1 leaf 4.4 kg a.i. ha-1 > 1 leaf 2.2 kg a.i. ha-1> 2 leaf 2.2 kg a.i.
ha-1 = 2 leaf 4.4 kg a.i. ha-1 > 4 leaf 4.4 kg a.i. ha-1 > 4 leaf 2.2 kg a.i. ha-1 >1 leaf control
> 2 leaf control > 4 leaf control (Figure 5.4).
The main effects of leaf stage (p < 0.0001) and herbicide rate (p=0.0250) were
significant in for shoot fresh weight (Table 5.9). Seedlings treated with atrazine at 4.4 kg
a.i. ha-1 had significantly lower shoot fresh weights when compared to those treated with
atrazine at 2.2 kg a.i. ha-1 (Figure 5.5). Switchgrass seedling fresh weights were
significantly different based on leaf stage at treatment (when analyzed as a percent of the
untreated controls). The shoot fresh weight of seedlings was greatest in seedlings treated
at the 4 true leaf = 2 true leaf stage > 1 true leaf seedlings (Figure 5.6).
The main effect of leaf stage (p =0.0093) was significant for shoot dry weight
(Table 5.10). The shoot dry weight of seedlings was greatest in switchgrass treated at the
4 and 2 true leaf stage; 4 and 2 true leaf stage seedling shoot dry weights were not. One
true leaf stage seedlings had the lowest shoot dry weight (Figure 5.7).
Laboratory Evaluation of Switchgrass Seedling Uptake and Metabolism of Atrazine
Laboratory Run #1.
The main effect of leaf stage (p < 0.0001) was significant in influencing the
radioactivity recovered in the liquid extracted portions of switchgrass leaves (Table 5.14).
Based on the total disintegrations per minute (DPM) of radioactivity recovered (liquid
extract + pellet), 1 and 2 true leaf seedlings had the greatest percentage of this DPM
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recovered in the liquid extract and had significantly greater DPM when compared to 4
true leaf samples (Table 5.15).
Overall, 14C uptake efficiency (recovered DPM/available DPM in uptake solution)
was very low. However, the main effect of leaf stage (p < 0.0001) was significant for this
uptake efficiency (Table 5.16). The greatest uptake efficiency was observed in 4 true
leaves, which was statistically greater than the uptake efficiency of 1 and 2 leaves. No
statistical difference in uptake efficiency was observed between 1 and 2 leaf true leaf
seedlings (Table 5.17).
Radio-chromatography analysis of liquid extraction samples creates a
chromatogram to quantify the metabolic fate of radioactivity within each sample of
seedling leaf tissue. Based on research conducted by Albright (2011), and analysis of a
known quantity of 14C atrazine, it was determined that the parent peak of atrazine would
be observed in the chromatograph at 16.2-16.7 minutes. The amount of radioactivity
(counts) retained in this peak is expressed as the parent peak area. The main effects of
leaf stage (p=0.0012), harvest time after uptake (p=0.0002) proved to be highly
significant for the amount of atrazine observed under the parent peak (Table 5.18). The
distribution of counts under the parent peak are expressed as percentages of the total
peaks in the total run area. The greatest amount of atrazine was observed in 1 true leaf
seedlings, with no difference between the amount of atrazine in 2 and 4 true leaves
(Figure 5.8). The amount of atrazine retained in the parent peak was also the product of
harvest interval (hours after initial 24 h 14C-atrazine exposure). Leaves harvested at 0, 8,
24 h had the greatest level of atrazine contained in the parent peak and were not
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statistically different from each other. However, leaves harvested 48 h after atrazine
exposure had significantly less atrazine contained in the parent peak (Figure 5.9).
Laboratory Evaluation of Switchgrass Seedling Uptake and Metabolism of Atrazine
Laboratory Run #2.
The main effects of leaf stage (p=0.0337) and harvest interval after exposure
(p=0.0456) was significant in influencing the radioactivity recovered in liquid extracted
portions of switchgrass leaves (Table 5.19). Based on the total DPM of radioactivity
recovered (liquid extract + pellet), 1 and 2 true leaf seedlings had the greatest percentage
of this DPM recovered in the liquid extract. Two true leaf DPM liquid extract percentage
was not significantly different from 1 or 4 true leaves, however 4 true leaf samples were
significantly less DPM than 1 true leaf (Table 5.20). Recovered radioactivity in liquid
extractions was significantly different based on harvest time after uptake. Samples
harvested at 48, 24 and 0 h had the greatest level of DPM recovered and were not
statistically different. Leaves harvested at 0 and 8 h were not statistically different;
however, 8 h recovered DPM was significantly less than the DPM of 48 and 24h liquid
extractions (Table 5.21).
Again, 14C uptake efficiency (recovered DPM/available DPM in uptake solution)
was very low. The main effect of leaf stage (p < 0.0001) was highly significant in
determining this uptake efficiency (Table 5.22). The greatest uptake efficiency was
observed in 4 true leaves, which was statistically greater than the uptake efficiency of 1
and 2 leaves. No statistical difference was observed between 1 and 2 leaf true leaf
seedlings (Table 5.23).
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Finally, no sources of variation significantly influenced the amount of atrazine
contained in the parent peak (p>0.05) (Table 5.24).
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Table 5.1. HPLC conditions for compound separation and determination (Albright,
2011).
Compound

Column Conditions

Blank
Cyanuric Acid
Didealkylatrazine
Deisopropylatrazine
Deethylatrazine
Hydroxyatrazine
Atrazine
Blank

Isocratic 75:25 water:acetonitrile (0-3 min)
Linear Gradient from 75:25 water:acetonitrile to
25:75 water:acetonitrile (3-11 min)

Linear Gradient from 25:75 water:acetonitrile to
75:25 water:acetonitrile (11-16 min)
Isocratic 75:25 water:acetonitrile (16-20 min)

Greenhouse Evaluation of Switchgrass Seedling Atrazine Sensitivity.

Table 5.2. Atrazine Test: Analysis of variance (ANOVA) for the main effects of run,
herbicide rate, leaf stage and tests of appropriate interactions on percent herbicide injury.
Percent Herbicide Injury: Atrazine Test Combined Run Analysis ANOVA
Source of Variation
F Value
Pr>F
Run
0.59
0.4459
Herbicide Rate
19.05
<0.0001***
Leaf Stage
73.92
<0.0001***
Herbicide Rate*Leaf Stage
3.93
0.0280*
Run*Leaf Stage
8.66
0.0008
Run*Herbicide Rate
3.44
0.0715
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.
Table 5.3. Atrazine Test: ANOVA for the main effects of run, herbicide rate, leaf stage
and tests of appropriate interactions on shoot fresh weight.
Shoot Fresh Weight: Atrazine Test Combined Run Analysis ANOVA
Source of Variation
F Value
Pr>F
Run
52.46
<0.0001***
Herbicide Rate
2.92
0.0956
Leaf Stage
284.42
<0.0001***
Herbicide Rate*Leaf Stage
0.37
0.6937
Run*Leaf Stage
12.63
<0.0001***
Run*Herbicide Rate
6.35
0.0161*
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.
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Table 5.4. Atrazine Test: ANOVA for the main effects of run, herbicide rate, leaf stage
and tests of appropriate interactions on shoot dry weight.
Shoot Dry Weight: Atrazine Test Combined Run Analysis ANOVA
Source of Variation
F Value
Pr>F
Run
35.63
<0.0001***
Herbicide Rate
2.39
0.1307
Leaf Stage
410.51
<0.0001***
Herbicide Rate*Leaf Stage
2.15
0.1305
Run*Leaf Stage
16.07
<0.0001***
Run*Herbicide Rate
3.21
0.0811
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.

Run #1:
Table 5.5. Atrazine Test: Experimental Run #1: ANOVA for the main effects of
herbicide rate, leaf stage and tests of appropriate interactions on herbicide injury.
Percent Herbicide Injury: Atrazine Test Run #1 ANOVA
Source of Variation
F Value
Pr>F
Herbicide Rate
18.78
0.0004***
Leaf Stage
21.76
<0.0001***
Herbicide Rate*Leaf Stage
4.68
0.0231*
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.
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Figure 5.1. Atrazine Test Run #1: Mean percentage of visual herbicide injury inflicted on switchgrass is a product of the interaction
between leaf stage at the time of treatment and atrazine rate. Bars with different letters indicate percentages of herbicide injury are
significantly different by LSMeans (p < 0.05).
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Table 5.6. Atrazine Test: Experimental Run #1: ANOVA for the main effects of
herbicide rate, leaf stage and tests of appropriate interactions on shoot fresh weight.
Shoot Fresh Weight (% of Untreated Control): Atrazine Test Run #1 ANOVA
Source of Variation
F Value
Pr>F
Herbicide Rate
0.04
0.8317
Leaf Stage
25.73
<0.0001***
Herbicide Rate*Leaf Stage
1.21
0.3212
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.
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Figure 5.2. Atrazine Test Run #1: Mean shoot fresh weight (% of control) by leaf stage at treatment. Bars with different letters
indicate shoot fresh weights are significantly different by Fishers protected LSD (p < 0.05).
Shoot Fresh Weight: Atrazine Test Run #1
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Table 5.7. Atrazine Test Run #1: ANOVA for the main effects of herbicide rate, leaf
stage and tests of appropriate interactions on shoot dry weight.
Shoot Dry Weight: Atrazine Test Run #1 ANOVA
Source of Variation
F Value
Pr>F
Herbicide Rate
0.01
0.9090
Leaf Stage
71.28
<0.0001***
Herbicide Rate*Leaf Stage
0.22
0.8085
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.
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Figure 5.3. Atrazine Test Run #1: Mean shoot dry weight (% of control) by leaf stage at treatment. Bars with different letters indicate
shoot dry weights are significantly different by Fishers protected LSD (p < 0.05).
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Greenhouse Evaluation of Switchgrass Seedling Atrazine Sensitivity.
Run #2:
Table 5.8. Atrazine Test Run #2: ANOVA for the main effects of herbicide rate, leaf
stage and tests of appropriate interactions on percent herbicide injury.
Percent Herbicide Injury: Atrazine Test Run #2 ANOVA
Source of Variation
F Value
Pr>F
Herbicide Rate
4.85
0.0410*
Leaf Stage
92.55
<0.0001***
Herbicide Rate*Leaf Stage
4.61
0.0242*
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.
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Figure 5.4. Atrazine Test Run #2: mean percentage of herbicide injury to switchgrass seedlings is a product of an interaction between
the main effects of leaf stage at the time of treatment and atrazine rate. Bars with different letters indicate percentages of herbicide
injury are significantly different by LSMeans (p < 0.05).
Percent Herbicide Injury: Atrazine Test Run #2
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Table 5.9. Atrazine Test Run #2: ANOVA for the main effects of replication, herbicide
rate, leaf stage and tests of appropriate interactions on shoot fresh weight.
Shoot Fresh Weight: Atrazine Test Run #2 ANOVA
Source of Variation
F Value
Pr>F
Herbicide Rate
5.98
0.0250*
Leaf Stage
16.78
<0.0001***
Herbicide Rate*Leaf Stage
0.20
0.8236
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.
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Figure 5.5. Atrazine Test Run #2: mean shoot fresh weight (% of control) by atrazine application rate. Bars with different letters
indicate shoot fresh weights are significantly different by Fishers protected LSD (p < 0.05).
Shoot Fresh Weight: Atrazine Test Run #2
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Figure 5.6. Atrazine Test Run #2: mean shoot fresh weight (% of control) by leaf stage at treatment. Bars with different letters indicate
shoot fresh weights are significantly different by Fishers protected LSD (p < 0.05).
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Table 5.10. Atrazine Test Run #2: ANOVA for the main effects of replication, herbicide
rate, leaf stage and tests of appropriate interactions on plant shoot dry weight.
Shoot Dry Weight: Atrazine Test Run #2 ANOVA
Source of Variation
F Value
Pr>F
Herbicide Rate
0.04
0.8490
Leaf Stage
6.13
0.0093**
Herbicide Rate*Leaf Stage
1.57
0.2347
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.
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Figure 5.7. Atrazine Test Run #2: Mean shoot dry weight (% of control) by leaf stage at treatment. Bars with different letters indicate
shoot dry weights are significantly different by Fishers protected LSD (p < 0.05).
Shoot Dry Weight: Atrazine Test Run #2
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Laboratory Evaluation of Switchgrass Seedling Uptake and Metabolism of Atrazine.
Table 5.11. Atrazine Metabolism Test: Analysis of variance (ANOVA) for the main
effects of run, leaf stage, harvest and tests of appropriate interactions on percent herbicide
injury.
Percent Recovered Radioactivity: Liquid Extract ANOVA
Source of Variation
F Value
Pr>F
Run
0.15
0.7016
Leaf Stage
18.31
<0.0001***
Harvest Time
0.74
0.5335
Harvest Time*Leaf Stage
0.65
0.6928
Run*Leaf Stage
4.08
0.0207*
Run*Harvest Time
4.67
0.0047**
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.
Table 5.12. Atrazine Metabolism Test: ANOVA for the main effects of run, leaf stage,
harvest and tests of appropriate interactions on percent herbicide injury.
Percent Recovered Radioactivity: Uptake Efficiency ANOVA
Source of Variation
F Value
Pr>F
Run
4.07
0.0471*
Leaf Stage
66.36
<0.0001***
Harvest Time
0.83
0.4788
Harvest Time*Leaf Stage
1.25
0.2901
Run*Leaf Stage
3.80
0.0267*
Run*Harvest Time
1.19
0.3175
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.

Table 5.13. Atrazine Metabolism Test: ANOVA for the main effects of run, leaf stage,
harvest and tests of appropriate interactions on percent herbicide injury.
Area of Parent Peak vs. Area of All Other Peaks
Source of Variation
F Value
Pr>F
Run
1.77
0.1875
Leaf Stage
6.85
0.0018**
Harvest Time
8.17
<0.0001***
Harvest Time*Leaf Stage
0.90
0.5000
Run*Leaf Stage
1.42
0.2479
Run*Harvest Time
0.94
0.4266
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.
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Laboratory Run #1:
Table 5.14. ANOVA for the main effects of replication, leaf stage, harvest interval and
tests of appropriate interactions on percent of recovered radioactivity in liquid extract.
Percent Recovered Radioactivity: Liquid Extract Laboratory Run #1 ANOVA
Source of Variation
F Value
Pr>F
Leaf Stage
37.34
<0.0001***
Harvest Time
2.75
0.0570
Harvest Time*Leaf Stage
1.45
0.2230
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.

Table 5.15. Atrazine uptake and metabolism laboratory run #1: mean percent of
recovered radioactivity: liquid extract by leaf stage.
Percent Recovered Radioactivity: Liquid Extract Laboratory Run #1
Leaf Stage
Mean Percent of Recovered Radioactivity: Liquid Extract
1
94.894
2
95.406
4
79.377
LSD(p<0.05)
4.276
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Table 5.16. ANOVA for the main effects of replication, leaf stage, harvest interval and
tests of appropriate interactions on percent of overall uptake efficiency (recovered
radioactivity vs radioactivity available for uptake).
Percent Recovered Radioactivity: Uptake Efficiency Laboratory Run #1 ANOVA
Source of Variation
F Value
Pr>F
Leaf Stage
37.84
<0.0001***
Harvest Time
1.45
0.2445
Harvest Time*Leaf Stage
1.55
0.1892
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.

Table 5.17. Atrazine uptake and metabolism laboratory run #1: mean percent of
radioactive uptake efficiency (uptake radioactivity vs radioactivity available for uptake)
by leaf stage.
Percent Recovered Radioactivity Efficiency Laboratory Run #1
Leaf Stage
Mean Percent of Uptake Radioactivity vs Available
Radioactivity for Uptake
1
1.444
2
0.798
4
8.919
LSD(p<0.05)
2.1047
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Table 5.18. Atrazine uptake and metabolism laboratory run #1: ANOVA for the main
effects of leaf stage, harvest interval and tests of appropriate interactions on percent of
radioactivity (counts) area under atrazine parent peak vs all other peaks.
Area of Parent Peak vs. Area of All Other Peaks Laboratory Run #1
Source of Variation
F Value
Pr>F
Leaf Stage
8.12
0.0012*
Harvest Time
8.33
0.0002***
Harvest Time*Leaf Stage
1.25
0.3041
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.
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Figure 5.8. Atrazine uptake and metabolism laboratory run #1: mean percentage of atrazine under parent peak by leaf stage. Bars with
different letters indicate level of atrazine contained in the parent peak is different according to LSM (p<0.05).
Area of Parent Peak vs Area of All Other Peaks: Labratory Run #1
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Figure 5.9. Atrazine uptake and metabolism laboratory run #1: mean percentage of atrazine under parent peak by harvest interval. Bars
with different letters indicate level of atrazine contained in the parent peak is different according to LSM (p<0.05).

103

Parent Peak Area (% of Atrazine Contained in Parent Peak)

Area of Parent Peak vs Area of All Other Peaks: Labratory Run #1
100
90

A
A

A

80
B

70
60
50
40
30
20
10
0
0

8
24
Harvest Interval Hours After Uptake

48

Laboratory Evaluation of Switchgrass Seedling Uptake and Metabolism of Atrazine.
Laboratory Run #2:
Table 5.19. ANOVA for the main effects of replication, leaf stage, harvest interval and
tests of appropriate interactions on percent of recovered radioactivity in liquid extract.
Percent Recovered Radioactivity: Liquid Extract Laboratory Run #2 ANOVA
Source of Variation
F Value
Pr>F
Leaf Stage
3.73
0.0337*
Harvest Time
2.95
0.0456*
Harvest Time*Leaf Stage
1.28
0.2913
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.
Table 5.20. Atrazine uptake and metabolism laboratory run #2: mean percent of
recovered radioactivity: liquid extract by leaf stage.
Percent Recovered Radioactivity: Liquid Extract Laboratory Run #2
Leaf Stage
Mean Percent of Recovered Radioactivity: Liquid Extract
1
96.035
2
89.602
4
LSD(p<0.05)

86.112
7.4763

Table 5.21. Atrazine uptake and metabolism laboratory run #2: mean percent of
recovered radioactivity: liquid extract by harvest time.
Percent Recovered Radioactivity: Liquid Extract Laboratory Run #2
Harvest Time (h)
Mean Percent of Recovered Radioactivity: Liquid
Extract
0
89.128
8
84.126
24
92.948
48
96.131
LSD(p<0.05)
8.6329
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Table 5.22. ANOVA for the main effects of replication, leaf stage, harvest interval and
tests of appropriate interactions on percent of overall uptake efficiency (recovered
radioactivity vs radioactivity available for uptake).
Percent Recovered Radioactivity: Uptake Efficiency Laboratory Run #2 ANOVA
Source of Variation
F Value
Pr>F
Leaf Stage
29.89
<0.0001***
Harvest Time
0.13
0.9441
Harvest Time*Leaf Stage
0.35
0.9071
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.

Table 5.23. Atrazine uptake and metabolism laboratory run #2: mean percent of
radioactive uptake efficiency (uptake radioactivity vs radioactivity available for uptake)
by leaf stage.
Radioactivity Recovery Efficiency Laboratory Run #2
Leaf Stage
Mean Percent of Uptake Radioactivity vs Available
Radioactivity for Uptake
1
1.4549
2
0.7137
4
5.8624
LSD(p<0.05)
1.458
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Table 5.24. Atrazine uptake and metabolism laboratory run #2: ANOVA for the main
effects of leaf stage, harvest interval and tests of appropriate interactions on percent of
radioactivity (counts) area under atrazine parent peak vs all other peaks.
Area of Parent Peak vs. Area of All Other Peaks Laboratory Run #
Source of Variation
F Value
Pr>F
Leaf Stage
1.73
0.1909
Harvest Time
2.24
0.1002
Harvest Time*Leaf Stage
0.42
0.8620
*,**,*** denotes significance at P ≤ 0.05, 0.01 and 0.001 respectively.

106

Figure 5.10. Example chromatograph of 1 true leaf sample 48h after initial 14C atrazine
uptake.

Figure 5.11. Example chromatograph of 4 true leaf sample 48h after initial 14C atrazine
uptake.† indicates potential metabolite (PM).
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Discussion
The objective of this study was to further understand the relationship between
switchgrass seedling growth stage, atrazine tolerance, and metabolism. Greenhouse
evaluations proved our hypothesis true, and indicated that growth stage and atrazine
treatment rate were highly significant in determining visually observed herbicide injury.
Like the previous findings of Bovey and Hussey (1991) our results indicate, the higher
the atrazine rate and the more juvenile the leaf stage at treatment, the greater the level of
overall injury inflicted to ‘Alamo’ seedling. While some level of herbicide damage was
detected in 4 true leaf seedlings, it was minimal when compared to damage sustained by
1 and 2 true leaf plants. Notably, 1 and 2 true leaf stage plants (sprayed at 2.2 kg a.i. ha-1
and 4.4 kg a.i. ha-1) both displayed strong symptoms for herbicide injury, which included:
chlorosis, stunting of growth and browning of leaf tip and stem tissue. Herbicide injury
was so severe seedling fatalities were not uncommon.
Differential responses in herbicide injury where noted between leaf stage and
herbicide rate, our results did show differences in shoot fresh weight based on application
rates. In the second experimental run there were a significant differences in the fresh
weights of seedlings treated with 2.2 kg a.i. ha-1 or 4.4 kg a.i. ha-1. Results also indicated
that fresh weight at the time of harvest was significantly different based on leaf stage (all
treated seedlings were analyzed as a % of the untreated control for each leaf stage). In the
first experimental run switchgrass seedling sprayed at the 4 true leaf stage had
significantly higher percentages of shoot fresh weight. In experiment one 1 and 2 true
leaf seedling shoot fresh weights were not significantly different. However, in the second
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experimental run, the seedling shoot fresh weights were greatest in 4 and 2 true leaf
seedlings, and were not statistically different from each other.
Shoot dry weight, much like fresh weight, continued to reinforce that application
rate alone did not impact dry weight, where no significant differences where seen in
seedling treated with 2.2 kg a.i. ha-1 or 4.4 kg a.i. ha-1. However, in the first experimental
run switchgrass seedling sprayed at the 4 true leaf stage retained the highest percentage of
dry weight. However, in the second run 4 and 2 true leaf seedlings retained the greatest
shoot dry weights. These observed dry weights may serve as an indicator of production
potential or yield in a field setting, and suggest that spraying switchgrass seedlings at 1 or
2 true leaves would potentially lead to a loss of biomass.
In general, our greenhouse evaluations support previous research findings by
Vogle (1987), Renz et al (2009), Kerning et al. (2013) and Vogle (2004) that switchgrass
is extremely sensitive it atrazine damage when sprayed at 1-2 true leaves but exhibits
tolerance when treated at 4 true leaves. We would not recommend applying atrazine to
switchgrass until at least 4 true leaves.
These external observed differences in atrazine tolerance at different seedling leaf
stages may be more easily explained by the internal physiological processes that dictate
the uptake and metabolism of atrazine within the switchgrass seedling. Despite the
overall low levels of atrazine uptake, our results confirmed that extraction methods were
efficient at recovering 14C atrazine from switchgrass leaf tissue. As we had hoped,
significantly higher levels of radioactivity where contained in the liquid extract vs pellet
extract, this allowed for sound metabolite analysis. It is important to note that generally, a
greater percentage of radioactivity was recovered from 1 and 2 true leaves, this was due
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in large part to: 1. the ease and efficiency of processing smaller samples, and 2. that
despite the significantly lower percentage of recovered radioactivity from the liquid
extract of 4 true leaf samples, 4 true leaf samples had an overall greater uptake efficiency.
Thus 4 true leaf samples contained a greater % of radioactive DPM; therefore, it stands to
reason that more DPM could be bound to the cellulose and biomass material of the plant.
This was accounted for in our results which showed significantly greater level of
radioactivity expressed in the biomass pellet extracted portion of 4 leaf samples.
Metabolic analysis and peak integration describing the atrazine fate within
switchgrass seedling leaves revealed some interesting findings. To analyze the ability of
switchgrass seedling leaves to metabolize atrazine we considered the area present under
the atrazine parent peak as a percentage of all potential peaks in the total run. Albright
(2012) stated that this parent peak would be present at approximately 16.2 minutes, in our
studies (based on differences in our column) the parent peak was visible between (16.216.7 minutes) (Figure 5.10 and 5.11). Results indicated that the level of atrazine in the
parent peak was at its highest directly after atrazine exposure at harvest time point 0, 8
and 24 h, after atrazine exposure. However, 48 h after exposure significant less atrazine
was observed in parent peak, this suggests that between 24-48 h after exposure leaves
began to metabolize atrazine. Analysis also confirmed that leaf stage played a role in
atrazine metabolism. The greatest level of atrazine observed under the parent peak was
found in 1 true leaf samples with significantly less atrazine in 2 and 4 true leaves. This
ability of 4 and 2 true leaf stage samples to metabolize atrazine at a faster pace and to a
greater degree, than 1 true leaf samples, may provide a physiological framework to
support switchgrass tolerance to atrazine when sprayed at the four true leaf stage.
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Chapter 6
Conclusions
This body of research sought to provide practical methods to improve the
germination and establishment of switchgrass.
In chapter two we evaluated the ability of seed priming treatments to hasten
switchgrass germination and improve stand establishment in the field setting. Our results
indicated that:


Seed priming treatments did not influence germination velocity of switchgrass
seed in 2012 or 2013.



In 2012 ‘Alamo’ seeds germinated 3% faster than ‘Cave-in-Rock.’



In 2012, seed priming treatment influenced plant density. 6 d water and ethephon
10 mM primed seed had the greatest plant density averaged over the entire
experiment. However, the plant densities of seed primed in ethephon 5mM, 2 and
4 d in water were not statistically different from Ethephon 10 mM primed seed.
Untreated (unprimed) seeds exhibited the lowest seedling plant density.



In 2012 cultivar over the course of the growing season (cultivar by time
interaction) was significant for plant density. ‘Alamo’ plants produced more
tillers than ‘Cave-in-Rock’ 4 and 5 WAS.



Additionally, in 2012, on average ‘Alamo’ plants were 20% taller than ‘Cave-inRock.’ A cultivar by time interaction was also significant in determining plant
height. ‘Alamo’ plants were taller than ‘Cave-in-Rock’ 5-10 WAS.



In 2013, seeds primed in ethephon 10 mM, 2 and for 6 d in water produces
seedlings with the greatest plant density. However, the plant densities of seed
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primed in ethephon 5mM and 4 d in water were not statistically different from
Ethephon 10 mM primed seed. Untreated (unprimed) seeds exhibited the lowest
seedling plant density.


Also in 2013, ‘Alamo’ plants produced more tillers than ‘Cave-in-Rock’ only at
the last observation point 9 WAS. 6 d water and ethephon 10 mM primed seed
had the greatest plant height averaged over the entire experiment. However, the
plant densities of seed primed in ethephon 5mM, 2 and 4 d in water were not
statistically different from Ethephon 10 mM primed seed. Untreated (unprimed)
seeds exhibited the lowest seedling plant height and was not different from the
plant height of ethephon 5 mM primed seeds.



In 2013, ‘Alamo’ stands were, on average, 22% taller than ‘Cave-in-Rock.’ A
cultivar by time interaction was also determined plant height. ‘Alamo’ plants
were taller than ‘Cave-in-Rock’ 5-9 WAS (Table 1.15).



Thus, we conclude that priming switchgrass seed for 6 d in water could confer
the most consistent establishment benefit to switchgrass stands. However, it is
important to note that, regardless of cultivar, all seeds to which a seed priming
treatment (water or ethephon) was imposed produced seedlings that grew taller
and denser that the unprimed control. Denser stands may lead to less competition
from weeds and improve the probability of successful switchgrass establishment.
In chapter three we investigated the ability of seed priming treatments to hasten

switchgrass germination in a controlled germination chamber environment. Our studies
found that:
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In Jan. 2013 and Sept. 2013 tests, cultivar and seed priming treatment
significantly affected the total percentage of seed germination.



‘Alamo’ seed germinated 18% (Jan. 2013) and 12% (Sept. 2013) more than
‘Cave-in-Rock.’



Not only did a greater percentage of ‘Alamo’ seeds germinate when compared to
‘Cave-in-Rock,’ but ‘Alamo’ seeds also germinated significantly faster than
‘Cave-in-Rock’ in both experimental runs.



Seed priming treatments did affect total percentages of seed lot germination. In
Jan. 2013, the greatest percentage of germinated seed was observed in the
following priming treatment order: 4 d water = 2 d water = Control = 6 d water =
ethephon 10 mM > ethephon 5 mM. In Sept. 2013, the greatest percentage of
germinated seed was observed in the following priming treatment order: 6 d
water = Control = 4 d water = 2 d water > ethephon 10 mM > ethephon 5 mM.



Despite the fact that many of these priming treatments did not prove to be
statistically significant from one another it was clear in both experimental runs
that the seed priming treatments did affect the distribution of germination over
the course of the 21 d test. Simply stated, seed priming treatments increased
germination velocity. In both experimental runs trials water primed seed
germinated very similarly and concentrated the largest percentage of their
germination in the first 12-14 days after seeding (DAS). However, germination of
unprimed seed (untreated control) and both concentrations of ethephon primed
seed were distributed more evenly over the entire 21 day test periods.
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Thus, we conclude that seed priming treatments (except ethephon treatments) did
marginally increase the total percent of seed germination, however, the true value
of water priming treatments is in their ability to causing switchgrass seeds to
germinate faster.
In chapter four we researched the utility of common corn (Zea mays) herbicides

Accent ® (a supplementary labeled herbicide used in Tennessee to control grassy weeds
in switchgrass) and Accent Q ® (a herbicide currently labeled for broadleaf weed and
grassy weed control in corn; which is formulated with a safener to limit crop damage) in
establishing switchgrass. Our studies tested these herbicides at Accent (0.093 kg a.i. ha-1
or 0.047 kg a.i. ha-1) vs. Accent Q (0.078 kg a.i. ha-1or 0.039 kg a.i. ha-1), with and
without surfactant (COC 1% v/v); to determine switchgrass sensitivity. Switchgrass
seedlings were grown in a greenhouse environment and herbicide applications were made
using a pressurized spray chamber. Results indicated that:


Accent Q seedling shoot fresh and dry weight was significantly less than that of
seedling treated with Accent.



We concluded the Accent Q should not be used for broad spectrum weed control
in switchgrass.
In chapter five we evaluated the sensitivity of switchgrass seedlings to

postemergence applications of atrazine. Seedlings were treated at 1, 2 or 4 true leaves
with atrazine at 2.2 kg a.i. ha-1 or 4.4 kg a.i. ha-1 plus COC at 1% v/v. All seedlings were
grown in a greenhouse and herbicide was applied using a pressurized spray chamber.
Our tests found that:
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In both experimental runs percentage of herbicide injury was a product of a
herbicide rate by leaf stage interaction. In run one the highest to lowest level of
herbicide injury was observed 1 leaf 4.4 kg a.i. ha-1 > 2 leaf 4.4 kg a.i. ha-1 > 1
leaf 2.2 kg a.i. ha-1 > 2 leaf 2.2 kg a.i. ha-1 > 4 leaf 4.4 kg a.i. ha-1 = 4 leaf 2.2 kg
a.i. ha-1 > 1 leaf control > 2 leaf control > 4 leaf control: In run two 1 leaf 4.4 kg
a.i. ha-1 > 1 leaf 2.2 kg a.i. ha-1> 2 leaf 2.2 kg a.i. ha-1 = 2 leaf 4.4 kg a.i. ha-1 > 4
leaf 4.4 kg a.i. ha-1 > 4 leaf 2.2 kg a.i. ha-1 >1 leaf control > 2 leaf control > 4 leaf
control Thus, the more juvenile the leaf stage and the higher the atrazine rate of
herbicide the grater the injury to the switchgrass seedlings.



Fresh weights of seedling shoot tissue indicated that shoot fresh weights were
significantly lower in plants treated with 4.4 kg a.i. ha-1 (second experimental
run). Leaf stage at the time also significantly affected the fresh weight of
seedlings in both experimental runs. Four true leaf seedlings had the greatest
retained shoot fresh weight in the first experimental run; however, in the second
experimental run there were no significant difference in the shoot fresh weights
of 4 and 2 true leaf seedlings (as a percentage of the untreated control).



Shoot dry weights (like the shoot fresh weights) were significantly affected by
leaf stage. In both runs the shoot dry weights of 4 true leaf plants was the
greatest; however, in the second experimental run there were no significant
differences in the shoot dry weight of 4 and 2 true leaf seedlings (as a percentage
of the untreated control).



We concluded based on these findings that switchgrass seedlings are sensitive to
herbicide damage at the 1 and 2 true leaf stage, however, after reaching the 4 true
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leaf stage switchgrass is tolerant to atrazine. We would not recommend spraying
atrazine in a switchgrass stand until the stand reached at least 4 true leaves.


To confirm the physiological responses that dictate the fate of atrazine,
switchgrass seedlings were exposed to 14C atrazine. Tolerance, uptake and
metabolism efficiency were analyzed using high performance liquid
chromatography (HPLC) and liquid scintillation spectrometry (LSS). Our studies
found that (despite the overall low level of 14C atrazine uptake efficiency in both
experimental runs) uptake efficiency was significantly greater in 4 true leaves.



Moreover, when extracting radioactivity from plant tissue a significantly greater
amount was recovered from the liquid extract of 1 and 2 true leaflets.



Significantly more radioactivity was recovered from the pellet extract portion of
4 true leaf seedlings.



To track the metabolic fate of atrazine in the switchgrass leaves peak integration
was used to determine the total amount of atrazine contained in the parent peak.
In experimental run one the amount of atrazine in the parent peak was determined
by leaf stage and harvest interval. In the first experimental run, the level of
atrazine in the parent peak was at its highest directly after atrazine exposure at
harvest time point 0, 8 and 24 h, after atrazine exposure. However, 48 h after
exposure significant less atrazine was observed in parent peak, this suggests that
between 24-48 h after exposure leaves began to metabolize atrazine. Analysis
also confirmed that leaf stage played a role in atrazine metabolism. The greatest
level of atrazine observed under the parent peak was found in 1 true leaf samples
with significantly less atrazine in 2 and 4 true leaves.
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This ability of 4 and 2 true leaf stage samples to metabolize atrazine at a faster
pace and to a greater degree, than 1 true leaf samples, may provide a
physiological framework to support switchgrass tolerance to atrazine when
sprayed at the four true leaf stage.
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Appendix
Preemergence Dual II Magnum Test:
General Materials.
‘Alamo’ switchgrass seed (99.89% pure live seed, 72% germination, and 0%
dormant) and ‘Alamo’ seeds treated with Concep III were used for all greenhouse
evaluations. To test seedling tolerance to S-metolachlor , Duall II Magnum (Smetolachlor 82.4% a.i.) (Syngenta Crop Protection LLC, Greensboro, NC) was used in
all herbicide treatments.
Switchgrass Seedling Sensitivity to S-metolachlor
A greenhouse study was conducted to determine switchgrass seedling Smetolachlor tolerance in seeds treated with and without Concep III (fluxofein 74.3%.a.i.)
The study was conducted in greenhouse facilities at the University of Kentucky in
Lexington, KY in the autumn of 2012. ‘Alamo’ switchgrass seeds were sown in the
greenhouse (16 h photoperiod and 21-30 C). Pots were arranged in a completely
randomized design with four replications. Seeds were applied by hand (approximately 6
seeds per pot) in 161 cm2 pots containing a soil media equal parts sand (Clay Ingels Co.
LLC, Lexington, KY), maury silt loam (Spindletop Farm, Lexington, KY). Directly
following sowing seed were treated preemergence. Seeds were treated in a pressurized
spray chamber at (207 kPa, equipped with an 8004E nozzle and at 26 g/A). Seeds were
sprayed with Dual II Magnum at 1.5 kg a.i. ha-1 or 1.9 kg a.i. ha-1.
Results:
Regardless of application rate or seed treatment, no seeds sprayed with Smetolachlor showed any signs of germination. All untreated controls germinated
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normally. These results suggest that despite Concep IIIs ability to prevent S-metolachlor
injury in other crops (i.e. Sorghum bicolor), this was not the case for ‘Alamo’
switchgrass.
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