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ABSTRACT

	Annual bluegrass (Poa annua L.; POAAN) is a cool-season weed that commonly infests warm-season turfgrasses during winter dormancy. In spring 2012, poor POAAN control (<50%) was reported on golf course roughs in Alcoa, TN (35.75 °N, -83.88 °W) following treatment with a tank mixture of prodiamine (1120 g ha-1[hectare]) and glyphosate (840 g ae ha-1) during bermudagrass dormancy. The objective of this research was to determine if this POAAN biotype was resistant to prodiamine and glyphosate. 
	Using mature plants from the field, 81 of the 100 selections were not controlled by glyphosate and prodiamine; 96 of the 100 selections were not controlled by glyphosate, while 84 were unaffected by prodiamine. Only a single plant sampled was susceptible to both herbicides. 
	Seed was harvested from surviving plants and used to confirm resistance in progeny. Percent control of the resistant and susceptible biotypes varied in response to increasing rates of prodiamine and glyphosate  (P < 0.0001). Approximately 8.5 times more glyphosate (1940 g ha-1) was required to reduce dry biomass of the resistant population by 50% compared to a known glyphosate susceptible population (228.9 g ha-1). Moreover, glyphosate susceptible plants accumulated 50% more shikimic acid (898 mg kg-1[kilogram]) 6 days after treatment than those resistant to glyphosate (394 mg kg-1). 
	Results of this research indicate that the POAAN biotype at Lambert Acres Golf Course has evolved resistance to both prodiamine and glyphosate. This marks the second occurrence of POAAN evolving multiple-resistance in managed turf and the first instance of a POAAN population evolving resistance to both PRE and POST herbicides.	
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[bookmark: _Toc308873589]Annual Bluegrass as a Weed 
	Annual bluegrass (Poa annua L.; POAAN) is a cool-season weed that commonly infests warm-season turfgrasses during winter dormancy. Differences in color, growth habit, and seed production render POAAN a problematic weed that can reduce turfgrass aesthetics, functionality, and surface uniformity (Beard et al. 1978). POAAN can persist under a range of mowing heights and produce seed heads at heights as low as 6 mm (Beard et al. 1978). Moreover, individual POAAN plants can produce up to 2,577 viable seeds m-2 in the top 2.5 cm of soil (Watschke et al. 1979). This characteristic may be a factor in annual bluegrass becoming the most common weed in which herbicide resistance has been reported in managed turf (Heap 2015).  The ability of a weed to produce large quantities of viable seed annually is common among species that are prone to developing resistance to herbicides (Gressel and Levy 2006).

[bookmark: _Toc308873590]Instances of POAAN Evolving Resistance 
	POAAN evolving resistance to POST herbicides has been reported throughout the transition zone southward. POAAN resistance to glyphosate has been confirmed following applications of glyphosate for winter annual weed control during dormancy on golf courses (Binkholder et al. 2011; Brosnan et al. 2012). In Missouri, applications of glyphosate at 6.28 kg ha-1 only reduced the biomass of a glyphosate-resistant (GR) POAAN biotype 60% compared to the >95% reductions observed following glyphosate applications at 0.78 kg ha-1 to a glyphosate-susceptible (GS) population (Binkholder et al. 2011). Similarly, a GR POAAN population in Tennessee was only controlled 76% with glyphosate at 6,720 g ha-1; comparatively, applications of glyphosate at 420 g ha-1 controlled a GS POAAN population >95% (Brosnan et al. 2012). The researchers also observed greater shikimate accumulation in the GS biotype compared to the GR population following glyphosate treatment at 420 g ha-1. Recently, a GR POAAN population in South Carolina required 810 g ae ha-1 to reduce dry biomass by 50%, compared to 180 g ae ha-1 for a GS population (Cross et al. 2015). Furthermore, the GS population accumulated more shikimic acid than the GR population following glyphosate treatment. Additionally, researchers confirmed that a Pro106 to Ala substitution was the target site mechanism conferring glyphosate resistance in this POAAN population (Cross et al. 2015). 

[bookmark: _Toc308873591]ALS-Inhibiting Herbicide Resistance 
	ALS-inhibiting herbicides reduce weed populations by causing plant starvation of the branched-chain amino acids isoleucine, valine, and leucine (Shaner 1991; Tranel and Wright 2002). ALS-inhibitors are commonly used for POAAN control in warm-season turf as these herbicides offer low use rates, low mammalian toxicity, and a high level of efficacy (Saari et al. 1994). Toler et al. (2007) reported >95% POAAN control in common bermudagrass [Cynodon dactylon (L.) Pers.] with four ALS-inhibiting herbicides applied in February: rimsulfuron, trifloxysulfuron, flazasulfuron, and foramsulfuron. Heavy reliance on ALS-inhibiting herbicides has rapidly led to the evolution of many ALS-resistant weed species (Tranel and Wright 2002). There are 156 total documented cases of weed species developing resistance to ALS-inhibitors worldwide, including ALS-resistant POAAN (Heap 2015). Cross et al. (2013) identified two POAAN biotypes highly resistant to ALS-inhibiting herbicides in South Carolina and Georgia. In vivo assays revealed that ALS-resistant POAAN required 3650, 3290, and 13 times more trifloxysulfuron, foramsulfuron, and bispyribac-sodium than a susceptible population to reduce ALS activity 50%. McElroy et al. (2013) documented POAAN resistance to several families of ALS inhibiting herbicides including sulfonylureas, primidinyl benzoates, and imidazolinones. Foramsulfuron (25 and 50 g ai ha-1), trifloxysulfuron (16 and 32 g ai ha-1), imazaquin (490 and 980 g ai ha-1), and bispyribac-sodium (0.15 and 0.30 g ai ha-1) reduced aboveground biomass of susceptible POAAN by >90% compared to < 30% for the resistant biotype (McElroy et al. 2013). Genetic characterization of this biotype suggested that resistance was due to a tryptophan-to-leucine substitution at position 574 on the ALS enzyme, a common mutation conferring resistance to several herbicide families targeting ALS in weeds  (McElroy et al. 2013, Duggleby et al. 2008; Tranel and Wright 2002).

[bookmark: _Toc308873592]
Weeds Developing Resistance to Photosystem II (PSII) Inhibiting Herbicides 
Weeds developing resistance to photosystem II (PSII) inhibiting herbicides is also common, with 73 cases of PSII-resistance documented globally, including several reports in POAAN populations of turf (Heap 2015). Kelly et al. (1999) documented that a simazine-resistant POAAN biotype required >1000 times more simazine than a susceptible biotype to reduce fresh weight by 50%. Resistance was the result of a serine-to-glycine mutation that alters the ability of triazine herbicides (such as simazine) to bind at the QB-binding site on the DI protein in photosystem II (Kelly et al. 1999). Perry et al. (2012) confirmed that this mutation also conferred resistance to a triazolinone inhibitor of PSII, amicarbazone, in POAAN. Applications of amicarbazone (0.26 kg ha-1), atrazine (1.7 kg ha-1), and simazine (1.7 kg ha-1) controlled the triazine-susceptible biotypes of POAAN 94% 2 WAT compared to 0% for the resistant population (Perry et al. 2012).

[bookmark: _Toc308873593]Cases of POAAN Developing Resistance to PRE Herbicides in Managed 
Turfgrass Systems 
Cases of POAAN developing resistance to PRE herbicides in managed turfgrass systems have also been reported throughout the southeastern United States. Isgrigg et al. (2002) documented a biotype of POAAN with resistance to dinitroaniline herbicides in North Carolina. The researchers observed < 40% POAAN control on two golf course fairways with prodiamine applied at 1.1 kg ai ha-1 (Isgrigg et al. 2002). Dose–response studies determined that this resistant POAAN population required 105x more prodiamine than a susceptible population to reduce shoot growth by 80%. Similar responses were observed with prodiamine-resistant POAAN populations in Tennessee as well (Brosnan et al. 2014).

[bookmark: _Toc308873594]Methodology for Evaluating Resistance to Mitotic-Inhibiting Herbicides 
Cutulle et al. (2009) evaluated four bioassays for confirming resistance to mitotic-inhibiting herbicides in POAAN. Two populations were used in this study: a population with no known herbicide resistance and a population with putative resistance to mitotic inhibiting herbicides harvested from Eagle’s Bluff Golf Course (Chattanooga, TN). The bioassay methods evaluated included Murashige and Skoog (MS) media, filter-paper, soil, and hydroponic culture.
	MS Media Bioassay. MS media (pH 5.8) was placed into square petri dishes (10-cm x 10-cm, 1.5-cm depth; Thermo Fisher Scientific, Waltham, MA) and incorporated with pendimethalin, dithiopyr, and prodiamine at 0, 0.01, 0.1, 1.0, and 10.0 mM.  Six seeds were planted within each petri dish. After seeding each petri dish was sealed with paraffin wrap and aligned upright on a frame. After a two-week incubation period at 26˚C, 24-h photoperiod, and a photon flux density of 21-μmol m–2 s−1, root length was measured. 
	Filter-Paper Bioassay. Petri dishes (10-cm diameter, 1.5-cm depth; Thermo Fisher Scientific, Waltham, MA) were filled with two pieces of filter paper (9-cm diameter, 520 mg; Whatman Filter papers, Whatman International Ltd., Maidstone, England). Six annual bluegrass seeds were placed between two filter-paper sheets in each petri dish. Dithiopyr, prodiamine, and pendimethalin were added at previously described concentrations to completely saturate each petri dish. After a two-week incubation period at 26˚C, 24-h photoperiod, and a photon flux density of 21-μmol m−2 s−1, root length was measured.
	Soil-Based Bioassay. Ten seeds of each POAAN biotype were planted in 10-cm-diameter greenhouse pots containing Sequatchie loam soil (fine-loamy siliceous, semi-active, thermic Humic Hapludults) with 2.1% organic matter and pH 5.8. After seeding, pots were treated with dithiopyr (0.00, 0.14, 0.28, 0.56, or 1.12 kg ha−1) pendimethalin (0.00, 0.28, 0.56, 1.12, or 2.24 kg ha−1), or prodiamine (0.00, 0.28, 0.56, 1.12, or 2.24 kg ha−1) using a CO2 pressurized sprayer calibrated to deliver 280 L ha−1. Pots were placed in a glasshouse with overhead irrigation and after three weeks the percentage of germination was recorded for each for each biotype.
	Hydroponics Bioassay. Ten tillers of each POAAN biotype were added to a 950-mL-volume plastic tub (Takealongs, Rubbermaid, Fairlawn, OH) filled with 25% strength Hoagland solution (Hoagland and Arnon, 1950) and pendimethalin, prodiamine, or dithiopyr at 0, 0.01, 0.1, 1.0, or 10.0 mM. One-centimeter-diameter holes were drilled into the lids of each container and POAAN tillers were placed in each hole and held in place using foam plugs (Identi-Plug, Fisher Scientific, Pittsburgh, PA). All tillers were trimmed to a uniform root length of 3 cm prior to being placed in the container. The nutrient-herbicide solution in each container was aerated and agitated using air stones (Aqua culture, Wal-Mart Stores, Inc., Bentonsville, AR) and air pumps (230- liter Whisper Air Pump, Tetra, Blacksburg, VA). Containers were maintained under growth lights and after 10 days within this environment, root length was measured on each tiller.
Cutulle et al. (2009) reported greater herbicide concentrations were required to reduce root length of the resistant population by 50% (GR50) and 90% (GR90) using the hydroponic bioassay compared to the other methods tested. In hydroponics, resistant POAAN required 2, 30, and 26 times more pendimethalin, dithiopyr, and prodiamine respectively to reduce root length 50% compared to a susceptible control. MS media GR50 values were 9, 2, and 80 times more pendimethalin, dithiopyr, and prodiamine respectively compared to a susceptible control. Filter paper GR50 values were 3, 2, and 42 times more pendimethalin, dithiopyr, and prodiamine respectively compared to a susceptible control. Soil based method GR50 values were not significantly different compared to a susceptible control. The researchers concluded that when viable seeds are not available a hydroponics bioassay is best for screening POAAN populations for resistance to mitotic inhibiting herbicides in that it provides an assessment similar to the MS media, filter paper, and soil based bioassays within 10 days. Brosnan et al. (2014) used similar hydroponic methodology to confirm prodiamine resistance in another POAAN biotype from Tennessee. 

[bookmark: _Toc308873595]
Multiple-Resistance in Turfgrass Weeds 
To date, the only documented instance of a turfgrass weed developing multiple-resistance occurred on a golf course in Tennessee (Brosnan et al. 2015). POAAN at this location developed resistance to simazine and trifloxysulfuron concomitant with years of consecutive use of each herbicide in the field. In a glasshouse, applications of trifloxysulfuron (3.5 to 223 g ha-1) and simazine (140 to 9000 g ha-1) controlled this resistant POAAN biotype ≤ 40% and ≤ 20%, respectively (Brosnan et al. 2015). However, applications of indaziflam (35 to 70 g ha-1) and oxadiazon (2240 to 4500 g ha-1) effectively controlled this resistant POAAN biotype PRE (Brosnan et al. 2015).
In spring 2012, poor POAAN control (<50%) was reported on golf course roughs in Alcoa, TN (35.75 °N, -83.88 °W) following treatment with a tank mixture of prodiamine (1120 g ha-1) and glyphosate (840 g ae ha-1) during bermudagrass dormancy. This application had been made at this location for over ten consecutive years without rotation (J.D. Murr, personal communication). We hypothesized that this POAAN population had evolved multiple-resistance to both glyphosate and prodiamine. This would mark only the second instance of a weed with multiple-resistance in managed turf (Heap 2015). Moreover, it would also represent the first case of a POAAN population developing resistance to both PRE and POST herbicides. Thus, the objective of this research was to determine the sensitivity of a putatively resistant POAAN biotype to applications of prodiamine and glyphosate.
[bookmark: _Toc308873395][bookmark: _Toc308873596]

CHAPTER 2
[bookmark: _Toc308873597]Materials and Methods
		 
[bookmark: _Toc308873598]Plant Collection
	Three plant collection areas were identified within a single golf course rough at Lambert Acres Golf Course (Alcoa, TN; 35.75 °N, -83.88 °W) in February 2014. Previous research had reported that POAAN at this location was highly resistant to prodiamine (Brosnan et al. 2014). To investigate the potential for resistance to glyphosate, plots (1.5 x 10 m) were treated with glyphosate (Roundup Promax, Monsanto Company, St. Louis MO) at 840 g ae ha-1 using a CO2-pressurized boom sprayer calibrated to deliver 281 L ha-1 via 8002 flat-fan nozzles on 18 February 2014. Each treated plot had a corresponding plot of similar size that was left non-treated. Visual assessments of annual bluegrass control 28 days after treatment (DAT) revealed no differences between treated and non-treated plots suggesting that this POAAN population may be glyphosate resistant (GR).
One hundred POAAN plugs were harvested from the non-treated plots using a Hound Dog weeder (Weed Hound, Hound Dog®, The Ames Companies Inc., Camp Hill, PA) on 18 March 2014 and transplanted in a glasshouse in Knoxville, TN (35° 57' N Lat.). Considering that POAAN is a self-pollinated species (Ellis 1973), harvested plants were given a unique identifier and clonally propagated into a minimum of four single tiller samples per plug. Tillers were established in 164-cm3 cone-tainers (SC10 Super Cell Conetainer. Steuwe & Sons. Tangent, OR) filled with peat moss growing medium (Growing Mix #2. Conrad Fafard, Inc., Agawam, MA). The unique identifier allowed for experiments to be conducted using tillers directly associated with a specific plant harvested from the field site. This resulted in a total of 890 individual tillers from 100 whole plants. After transplanting, all plants remained in a glasshouse with maximum/minimum peak light intensity of 4.29/0.03 mmol m-2 s-1 with a daily average of 1.20 mmol m-2 s-1. Day/night temperatures in the glasshouse averaged 29/19 °C.  Plants received irrigation thrice daily from an overhead misting system, for 5 minutes per irrigation cycle, and were maintained at an approximate height of 4 cm using scissors. Nutrients were supplied at a rate of 24.4 kg nitrogen (N) ha-1 biweekly using a complete fertilizer (20-20-20 Soluble Fertilizer with Minor Elements, Southern Agricultural Insecticides Inc., Hendersonville, NC).

[bookmark: _Toc308873599]Determining the Percentage of Plants with Putative Resistance to Prodiamine and Glyphosate 
	Research was conducted in a glasshouse at the University of Tennessee (Knoxville, TN; 35.56°N, -83.56°W) during 2014 to determine the relative percentages of POAAN plants in the sampled population with multiple resistance to both prodiamine and glyphosate, either herbicide individually, or neither active ingredient.
	Glyphosate Resistance. Clonal tillers of all 100 plants harvested from the field site were treated with glyphosate at 840 g ha-1 using a single flat-fan nozzle (Teejet 8004EVS flat-fan spray nozzle, Spraying Systems Co.) in an enclosed spray chamber (Generation III Research Sprayer, DeVries Manufacturing, Hollandale, MN) calibrated to deliver 215 L ha-1 on 29 April 2014. Plants were at least a single tiller in size when treatments were applied and maintained under previously described glasshouse conditions. POAAN control was visually assessed on a 0 (i.e., no control) to 100% (i.e., complete control) scale relative to a non-treated check at 3 weeks after treatment (WAT). Plants controlled ≤ 30% were deemed resistant to glyphosate while those controlled ≥ 70% were deemed susceptible. 
[bookmark: _Toc294435748]	Prodiamine Resistance. Tillers of all 100 plants harvested from the field site were screened for prodiamine resistance using hydroponic methods similar to Brosnan et al. (2014) in a glasshouse at the University of Tennessee. Tillers were transplanted into polyethylene containers (Rubbermaid Roughneck, Rubbermaid Commercial Products LLC, Winchester, VA) filled with 10 L of a full strength Hoagland solution (Hoagland and Arnon 1950) aerated with a blower (Model VB-007S, Sweetwater, Ft. Collins, CO), air stones (HAGEN Elite 1" Cube Air Stone, Rolf C. Hagen Corp., Mansfield, MA), and Tygon tubing (Saint-Gobain Performance Plastics Akron, OH). Ten holes (0.4-cm diameter) were drilled into the lid of each container at a 5.3-cm spacing. One hundred individual POAAN tillers were transplanted into these holes on 29 April 2014. Root length of all tillers was trimmed to 5 cm at the beginning of the trial and all 100 tillers were placed into containers with roots submerged into the nutrient solution containing 0.04 mM prodiamine. In a previous study, the concentration of prodiamine required to reduce rooting of POAAN from this field location by 50% measured 0.04 mM compared to 2.8 x 10-6 mM for a known susceptible population of POAAN (Brosnan et al. 2014). Therefore, all 100 plants in this experiment were exposed to 0.04 mM prodiamine in hydroponic culture to identify prodiamine resistant and susceptible individuals within the population sampled from our field site. At 10 DAT, all tillers were harvested and root length was measured. Root growth beyond the 5 cm benchmark constituted a resistant plant while root length at or below 5 cm identified plants with susceptibility to prodiamine. Maximum and minimum air temperature conditions in the glasshouse during experiment averaged 31/26 °C, with maximum and minimum daily light intensity measuring 4.13/0.15 mmol m-2 s-1 with a daily average of 1.17 mmol m-2 s-1.
[bookmark: _Toc308873600]
Confirming Resistance in the Glasshouse
	Research was conducted in a glasshouse at the University of Tennessee (Knoxville, TN; 35.56°N, -83.56°W) during 2015 to determine the sensitivity of POAAN plants to prodiamine and glyphosate from seed to confirm that these traits are inheritable and measure the level of resistance.
	Prodiamine Resistance. Seeds from plants exhibiting resistance to prodiamine in previously described glasshouse studies were collected and stored in Nalgene containers at -20 °C during spring 2014. After a 4-month vernalization period, greenhouse pots containing 1049 cm³ of Sequatchie silt loam soil (fine-loamy, siliceous, semiactive, thermic Humic Hapludult) were surface seeded with prodiamine-resistant germplasm on 5 February 2015. Companion pots were surface seeded with prodiamine-susceptible germplasm on the same date. Immediately after seeding, pots were treated with prodiamine at 0, 105, 210, 420, 840, 1680, 3360, and 6720 g ha-1 using a previously described spray chamber. This experiment was repeated again on 13 March 2015. 
In each experimental run, irrigation was supplied via an overhead misting system thrice a day.  Nutrients were supplied at a rate of 24.4 kg N ha-1 biweekly using a complete fertilizer (20-20-20 Soluble Fertilizer with Minor Elements, Southern Agricultural Insecticides Inc., Hendersonville, NC) once non-treated plants reached 2.5 cm in height. Maximum and minimum air temperature conditions in the glasshouse during each experimental run averaged 30/20 °C.  During experimental run 1, maximum and minimum peak light intensity averaged 5.08/0.40 mmol m-2 s-1 with a daily average of 1.46 mmol m-2 s-1. The experiment was replicated a second time with maximum/minimum peak daily light intensity averaging 7.37/0.50 mmol m-2 s-1 with a daily average of 1.87 mmol m-2 s-1. POAAN control was visually assessed on a 0 (i.e., no control) to 100% (i.e., complete control) scale relative to a non-treated check 5 WAT. At the conclusion of each experimental run, aboveground biomass was measured by harvesting all tissue above the soil line and placing it in a forced air oven at 35 °C for 5 days.
	Glyphosate Resistance. Seeds from plants exhibiting resistance to glyphosate in glasshouse studies were collected and stored as previously described for prodiamine. Containers (SC10 Super Cell Conetainer. Steuwe & Sons. Tangent, OR) filled with peat moss growing medium (Growing Mix #2. Conrad Fafard, Inc., Agawam, MA) were seeded with glyphosate resistant germplasm on 30 October 2014. A POAAN biotype known to be susceptible to glyphosate was seeded in a similar manner on the same date. Plants were irrigated thrice daily and maintained at approximately 4-cm height of cut using scissors. Cone-tainers were cultured under these conditions until developing a minimum of three tillers.  Nutrients were applied at a rate of 24.4 kg N ha-1 weekly using a complete fertilizer (20-20-20 Soluble Fertilizer with Minor Elements, Southern Agricultural Insecticides Inc., Hendersonville, NC). Maximum and minimum peak light intensity in the glasshouse averaged 7.37/0.50 mmol m-2 s-1, respectively with a daily average of 1.97 mmol m-2 s-1. Day/night temperatures averaged 30/20 °C, respectively. Chlorantraniliprole (Acelepryn® Turf Insecticide, Syngenta Professional Products. Greensboro, NC) was applied at 0.23 kg ha-1 on an as needed basis to control insect pests.
Resistant and susceptible plants were treated with glyphosate (Roundup ProMax, Monsanto Company, St. Louis, MO) at 0, 105, 210, 420, 840, 1680, 3360, and 6720 g ha-1 on 19 February 2015 using a previously described enclosed spray chamber calibrated to deliver 215 L ha-1. This study was repeated in time with applications for the second experimental run made on 13 March 2015. POAAN control was visually assessed on a 0 (i.e., no control) to 100% (i.e., complete control) scale relative to a non-treated check 3 WAT. At the conclusion of each experimental run, aboveground biomass was measured by harvesting all tissue above the soil line and placing it in a forced air oven at 35 °C for 5 days. Data were expressed as a percentage of the non-treated control.
In a separate experiment, shikimate accumulation was quantified after exposing resistant and susceptible tillers to glyphosate similar to Mueller et al. (2003). Plants were treated with glyphosate at 420 g ha-1 using a previously described enclosed spray chamber calibrated to deliver 215 L ha-1. POAAN aboveground tissue was harvested using scissors from each cone-tainer at 0, 1, 2, 3, and 6 DAT using methods similar to Mueller et al. (2003). Twenty treated replicates of each resistant and susceptible POAAN were combined to provide sufficient biomass for shikimate analysis; therefore, twenty replicates were composited into four replicates of each biotype on each harvest date. Aboveground plant tissue harvested 0, 1, 2, 3, and 6 DAT was stored in an upright freezer (-20 °C) within an hour of harvest and remained there until shikimic acid was extracted from harvested tissue and analyzed. All samples were extracted and analyzed within 34 days of harvest. Shikimate accumulation studies were initiated on 10 February 2015 and repeated on 3 March 2015. Maximum and minimum air temperature conditions in the glasshouse during the time in which data were collected averaged 30/19 °C. Maximum and minimum peak light intensity in the glasshouse for run 1 averaged 4.24 and 0.03 mmol m-2 s-1, respectively with a daily average of 1.14 mmol m-2 s-1. During the second experimental run, maximum and minimum peak light intensity averaged 5.08 and 0.04 mmol m-2 s-1, respectively, with a daily average of 1.46 mmol m-2 s-1. 
POAAN tissue was ground with a mortar and pestle in liquid nitrogen and then weighed in 50-mL screw-cap polypropylene centrifuge tubes. Following this 1 M HCl (Fisher Scientific, 1 Liberty Lane, Hampton, NH 03842) was added at a ratio of 5 mL of HCl solution per 1 g of tissue. Centrifuge tubes were then placed on a reciprocating shaker (Fisher Scientific, 1 Liberty Lane, Hampton, NH 03842) at 80 rpm for 16 h. HCl extractions were filtered through a 0.45-mm syringe filter into a 4-ml vial for liquid chromatography analysis. All samples were analyzed 1 d after extraction using a liquid chromatograph (Mueller et al. 2011) equipped with a UV detector (215 nm wavelength). Shikimate accumulation in plant tissue (mg shikimate per kg POAAN fresh weight) was quantified and plotted over harvest intervals (DAT) with error bars representing standard error of the mean for each biotype at each harvest interval.
[bookmark: _Toc308873601]Statistical Analyses of Greenhouse and Laboratory Experiments. For all experiments, analysis of variance was performed using SAS to determine if data from both experimental runs could be combined. No significant interactions with experimental run were detected allowing data from each run to be combined and subjected to non-linear regression analysis in Prism (Prism 6.0 for Mac OS X, GraphPad Software, 2236 Avenida de la Playa, La Jolla, CA 92037). Responses for resistant and susceptible POAAN compared using a global sums-of-squares F-test at α = 0.05.
Control data were analyzed using the following non-linear regression equation:

	Y=Bottom + (Top – Bottom)/(1 + 10((Rate50 – X) *K))	[1]

In this equation, Rate50 represents the herbicide rate (X) at which 50% control was reached (IC50 value). Bottom and Top represent asymptotes that were constrained to 0 and 100%, respectively, as control could only range from 0 to 100%. K represents the slope of the best-fit line to model the response of resistant and susceptible biotypes to increasing rates of herbicide. Best-fit parameters for modeled responses were compared using a global sums-of-squares F-test at α = 0.05.
All biomass data were analyzed using the following exponential decay non-linear regression equation: 

Y=(Y0 - Plateau)*exp(-K*X) + Plateau 	[2]

In this equation, Y0 and Plateau were constrained to 100 and 0, respectively, as dry biomass only ranged from 0 to 100% of the non-treated control regardless of herbicide rate. K represented the slope of the best-fit line to model the response of each biotype to increasing rates of herbicide (X). The herbicide rate required to reduce resistant and susceptible biotype dry biomass to 50% of the non-treated (GR50 value) is expressed in the rate units of the X-axis and is calculated through ln(2)/K in Prism. Best-fit parameters for modeled responses were compared using a global sums-of-squares F-test at α = 0.05.
Shikimate accumulation data were analyzed using the following one-phase exponential association non-linear regression equation:

	Y=Y0 + (Plateau-Y0)*(1-exp(-K*x)) 	[3]

Parameters are similar to equation 2 except that Y0 and Plateau were not constrained, and X represented days after glyphosate treatment at 420 g ha-1. This allowed the maximum shikimate concentration accumulated in each biotype to be calculated (i.e., Plateau). Best-fit parameters for these equations were also compared using a global sums-of-squares F-test at α = 0.05.

[bookmark: _Toc294435749][bookmark: _Toc308873602]Confirming Resistance in the Field
Experiments were conducted at Lambert Acres Golf Course evaluating the response of POAAN to applications of prodiamine and glyphosate in the field. Trials were conducted on a hybrid bermudagrass (C. dactylon x C. transvaalensis Burtt-Davey) golf course rough established upon a Dewey silty clay loam (fine, kaolinitic, thermic typic Paleudults). Irrigation was supplied only via rainfall and no supplemental nutrition was applied during the trial. Herbicide treatments included prodiamine (Barricade 65 WG. Syngenta Professional Products. Greensboro, NC) at 1120 g ha-1 and glyphosate (Roundup Promax, Monsanto Company, St. Louis, MO) at 840 g ha-1, and the combination of those two herbicides at those rates. A non-treated check was included for comparison and used as a reference for the quantity of POAAN plants that would theoretically be present if no herbicide treatments were applied. All treatments were applied to 1.2 x 3.0-m plots with a CO2-pressurized boom sprayer calibrated to deliver 281 L ha-1 using 8002 flat-fan nozzles (Teejet flat-fan spray nozzles, Wheaton, IL). All plots receiving prodiamine (i.e., prodiamine alone or prodiamine + glyphosate) were treated on 19 August 2014. The site received 2.5 cm of rainfall within 72 hours of prodiamine treatment. Glyphosate applications were made to plots receiving glyphosate alone or prodiamine + glyphosate on 4 February 2015. 
The experiment was arranged in a randomized complete block design with four replications. All POAAN plants within each 1.2 x 3.0-m plot were counted. A 1-m2 grid with one hundred 100-cm2 square sections were used to assist in counting. Count data were collected from 30 March 2015 to 13 April 2015.
[bookmark: _Toc308873603]

CHAPTER 3
[bookmark: _Toc308873604]Results and Discussion
	
[bookmark: _Toc308873605]Determining the Percentage of Plants with Putative Resistance to 
Prodiamine and Glyphosate
 	Eighty-one of the 100 POAAN plants harvested from the field site were deemed resistant to both glyphosate and prodiamine, and only a single plant was susceptible to both herbicides (Table 1).  A total of 96 of the 100 POAAN plants sampled were classified as glyphosate resistant, 15 of which were prodiamine susceptible. Conversely, 84 of the 100 plants sampled were prodiamine resistant, three of which were glyphosate susceptible. These responses suggest that the sampled POAAN population was resistant to both prodiamine and glyphosate; however, resistance must be confirmed from seed in progeny.

[bookmark: _Toc308873606]Confirming Resistance in the Glasshouse
[bookmark: _Toc294435754][bookmark: _Toc301519633][bookmark: _Toc308873607]	Prodiamine Resistance. Control of the resistant and susceptible biotypes varied in response to increasing rates of prodiamine (Figure 1; Table 2). Non-linear regression curves fit control data collected on the resistant and susceptible biotypes and were significantly different from one another (P < 0.0001). Concentrations of prodiamine to control the resistant and susceptible biotypes 50% were 4117 and 132 g ha-1, respectively. This response indicates that progeny of the resistant biotype harvested from our field site were approximately 31 times less sensitive to prodiamine than a known susceptible population. These results are similar to research conducted by Cutulle et al. (2009) who identified a biotype of POAAN 26 times less sensitive to prodiamine than a known susceptible. Previous dose-response studies conducted by Brosnan et al. (2014) with the POAAN population studied herein also support the conclusion that POAAN from our field site is resistant to prodiamine.
[bookmark: _Toc294435755]	Dry biomass data were similar to control assessments in that exponential decay non-linear regression curves modeling reductions in biomass for the resistant and susceptible biotypes were significantly different from one another (P < 0.0001) (Figure 2; Table 3). Concentrations of prodiamine necessary to reduce dry biomass for the resistant and susceptible biotypes by 50% (GR50 values) were 1006 and 45 g ha-1, respectively (Figure 2). 
[bookmark: _Toc294435756][bookmark: _Toc301519634][bookmark: _Toc308873608]	Glyphosate Resistance. Significant differences in POAAN control were observed 21 days after treating progeny of resistant and susceptible biotypes to increasing rates of glyphosate (Figure 3, Table 4). Non-linear regression curves fit control data collected on the resistant and susceptible biotypes and were significantly different from one another (P < 0.0001). Concentrations of glyphosate to control the resistant and susceptible biotypes 50% were 3908 and 393 g ha-1, respectively. This response indicates that progeny of the resistant biotype harvested from our field site were approximately 10 times less sensitive to glyphosate than a known susceptible population. Brosnan et al. (2012) reported similar findings (12x resistance) with a different glyphosate resistant POAAN biotype in Humboldt, TN (Brosnan et al. 2012). Binkholder et al. (2011) and Cross et al. (2015) reported lower levels of (4.4 to 5.2x) resistant POAAN biotypes.
	Dry biomass data supported assessments of control as approximately 8.5 times more glyphosate (1940 g ha-1) was required to reduce dry biomass of the resistant population by 50% compared to a known glyphosate susceptible population (229 g ha-1; Figure 4, Table 5). These results are similar to reports by Binkholder et al. (2011), Brosnan et al. (2012), and Cross et al. (2015). 
	Shikimic acid accumulation studies also suggest a high level of resistance in this POAAN biotype. Glyphosate susceptible plants accumulated 50% more shikimic acid 6 DAT than those resistant to glyphosate (Figure 5, Table 6). Glyphosate-resistant POAAN accumulated a maximum of 394 mg kg-1 shikimic acid at 6 DAT compared to 898 mg kg-1 for those susceptible glyphosate. Similarly, Brosnan et al. (2012) and Cross et al. (2015) reported shikimate concentrations to be 50% lower in a glyphosate resistant POAAN biotype from Humboldt, TN at 3 and 6 DAT.  
[bookmark: _Toc294435759]	
[bookmark: _Toc308873609]Confirming Resistance in the Field
No significant differences were detected in annual bluegrass counts among plots treated with prodiamine, glyphosate, prodiamine + glyphosate, or left non-treated (Table 7). Non-treated plots averaged 515 plants per m2 compared to 559 to 611 plants per m2 for those treated with prodiamine, glyphosate, or prodiamine + glyphosate. 

[bookmark: _Toc308873610]

CHAPTER 4
[bookmark: _Toc308873611]Conclusion

Results of our research indicate that the POAAN biotype at Lambert Acres Golf Course has evolved resistance to both prodiamine and glyphosate. This marks the second occurrence of POAAN evolving multiple-resistance in managed turf and the first instance of a POAAN population evolving resistance to both a PRE and POST herbicide.
One limitation of this research effort is that we did not identify the mechanisms conferring resistance to glyphosate or prodiamine in our POAAN population. Glyphosate resistance can be conferred through target site mutations, amplified expression of 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), altered translocation, sequestration into the vacuole, reduced absorption, mutations reducing EPSPS enzyme sensitivity to glyphosate, and the introduction of genes into plants that confer enhanced glyphosate metabolism (Baerson et al. 2002, Pline-Srnic 2006, Mohseni-Moghadam et al. 2013, Sammons and Gaines 2014). Recently, Cross et al. (2015) confirmed glyphosate resistance in a POAAN biotype was associated with a Pro106 to Ala substitution on EPSPS. Glyphosate resistance has also been documented to be conferred through substitutions at Gly101 and Thr102; however, substitutions at these locations, while they confer resistance, the substitutions also decrease the functionality of EPSP synthase causing a decrease in efficiency of the shikimate pathway in plants with these substitutions (Eschenburg et al. 2002; Funke et al. 2009; Powles and Yu 2010). 
Resistance to prodiamine is typically the result of target site mutations on α-tubulin. Several researchers have confirmed that a Thr-to-Ile substitution at amino acid residue 239 of α-tubulin can confer resistance to dinitroaniline herbicides such as prodiamine (Darmency et al. 2011, Morrissette et al. 2004, Anthony et al.1998). Dinitroaniline herbicide resistance has also been conferred in a Chlamydomonas reinhardtii mutant through a tyrosine to histidine substitution at position 24 on α-tubulin (Anthony et al. 1999). Genetic characterization of POAAN from Lambert Acres Golf Course should be conducted to determine if resistance to glyphosate and prodiamine is the result of target site mutations on EPSPS or α-tubulin. Future research should explore the mechanisms conferring resistance to glyphosate and prodiamine in POAAN collected from Lambert Acres Golf Course.
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[bookmark: _Toc294189063][bookmark: _Toc294190603][bookmark: _Toc294435767][bookmark: _Toc294635522][bookmark: _Toc299892318][bookmark: _Toc301519639][bookmark: _Toc301775827][bookmark: _Toc301776053][bookmark: _Toc308873614]Table 1. Response of annual bluegrass (Poa annua L.) biotypes harvested from Lambert Acres Golf Club (Alcoa, TN) to applications of glyphosate at 840 g ha-1 and exposure to prodiamine at 0.04 mM in hydroponic culture during April 2014 in a glasshouse at the University of Tennessee (Knoxville, TN).
	
	Prodiamine Resistant†
	Prodiamine Susceptible
	Total

	Glyphosate Resistant‡
	81
	15
	96

	Glyphosate Susceptible
	3
	1
	4

	Total
	84
	16
	100

	† Prodiamine resistance screen: plants with root growth > 5 cm in length were deemed resistant to prodiamine, while those with root growth ≤ 5 cm in length were deemed susceptible.
‡  Glyphosate resistance screen: plants controlled ≤ 30% at 3 weeks after treatment were deemed glyphosate resistant, while those controlled ≥ 70% were deemed susceptible to glyphosate.
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[bookmark: _Toc299892319][bookmark: _Toc301519640][bookmark: _Toc301775828][bookmark: _Toc301776146][bookmark: _Toc308873615][image: Macintosh HD:Users:Shane:Dropbox:Graphs:Control data Prodiamine.jpg]Figure 1. Effect of prodiamine treatment on control of prodiamine resistant and susceptible annual bluegrass (Poa annua L.) 35 days after treatment (DAT) with prodiamine at 0, 105, 210, 420, 840, 1680, 3360, and 6720 g ha-1 during spring 2015 in a glasshouse at the University of Tennessee (Knoxville, TN). Prodiamine rates resulting in 50% annual bluegrass control for the resistant and susceptible biotypes were 4117 and 132 g ha-1, respectively. Error bars represent standard error of the mean.
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[bookmark: _Toc299892320][bookmark: _Toc301519641][bookmark: _Toc301775829][bookmark: _Toc301776054][bookmark: _Toc308873616]Table 2. Non-linear regression equations modeling changes in annual bluegrass (Poa annua L.) control with increasing rates of prodiamine applied to resistant and susceptible biotypes in a glasshouse at the University of Tennessee (Knoxville, TN) in 2015. Prodiamine was applied at 0, 105, 210, 420, 840, 1680, 3360, and 6720 g ha-1.

	Biotype
	Regression Equation
	P-value

	Resistant
	Y = 0 + (100 – 0)/(1 + 10((4117 – X) * 0.0001933))
	P<0.0001

	Susceptible
	Y = 0 + (100 – 0)/(1 + 10((131.6 – X) * 0.006701))
	P<0.0001
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[bookmark: _Toc308873617]Figure 2. Effect of prodiamine treatment on dry biomass of prodiamine resistant and susceptible annual bluegrass (Poa annua L.) 35 days after treatment (DAT) with prodiamine at 0, 105, 210, 420, 840, 1680, 3360, and 6720 g ha-1 during spring 2015 in a glasshouse at the University of Tennessee (Knoxville, TN). Prodiamine rates resulting in 50% annual bluegrass dry biomass reduction for the resistant and susceptible biotypes were 1006 and 45 g ha-1, respectively. Error bars represent standard error of the mean.
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[bookmark: _Toc299892322][bookmark: _Toc301519643][bookmark: _Toc301775831][bookmark: _Toc301776055][bookmark: _Toc308873618]Table 3. Non-linear regression equations modeling changes in annual bluegrass (Poa annua L.) dry biomass with increasing rates of prodiamine applied to resistant and susceptible biotypes in a glasshouse at the University of Tennessee (Knoxville, TN) in 2015. Prodiamine was applied at 0, 105, 210, 420, 840, 1680, 3360, and 6720 g ha-1. 

	Biotype
	Regression Equation
	P-value

	Resistant
	Y = (100 – 0)*exp(–0.0006890*X) + 0
	P<0.0001

	Susceptible
	Y = (100 – 0)*exp(–0.0154300*X) + 0
	P<0.0001
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[bookmark: _Toc308873619]Figure 3. Effect of glyphosate treatment on control of glyphosate resistant and susceptible annual bluegrass (Poa annua L.) 35 days after treatment (DAT) with glyphosate at 0, 105, 210, 420, 840, 1680, 3360, and 6720 g ha-1 during spring 2015 in a glasshouse at the University of Tennessee (Knoxville, TN). Glyphosate rates resulting in 50% annual bluegrass control for the resistant and susceptible biotypes were 3908 and 393 g ha-1, respectively. Error bars represent standard error of the mean.
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[bookmark: _Toc299892324][bookmark: _Toc301519645][bookmark: _Toc301775833][bookmark: _Toc301776056][bookmark: _Toc308873620]Table 4. Non-linear regression equations modeling changes in annual bluegrass (Poa annua L.) control with increasing rates of glyphosate applied to resistant and susceptible biotypes in a glasshouse at the University of Tennessee (Knoxville, TN) in 2015. Glyphosate was applied at 0, 105, 210, 420, 840, 1680, 3360, and 6720 g ha-1. 


	Biotype
	Regression Equation
	P-value

	Resistant
	Y = 0 + (100 – 0)/(1 + 10((3908 – X) * 0.0004599))
	P<0.0001

	Susceptible
	Y = 0 + (100 – 0)/(1 + 10((393.2 – X) * 0.0033730))
	P<0.0001
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[bookmark: _Toc308873621]Figure 4. Effect of glyphosate treatment on dry biomass of glyphosate resistant and susceptible annual bluegrass (Poa annua L.) 35 days after treatment (DAT) with glyphosate at 0, 105, 210, 420, 840, 1680, 3360, and 6720 g ha-1 during spring 2015 in a glasshouse at the University of Tennessee (Knoxville, TN). Glyphosate rates resulting in 50% annual bluegrass dry biomass reduction for the resistant and susceptible biotypes were 1940 and 229 g ha-1, respectively. Error bars represent standard error of the mean.
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[bookmark: _Toc299892326][bookmark: _Toc301519647][bookmark: _Toc301775835][bookmark: _Toc301776057][bookmark: _Toc308873622]Table 5. Non-linear regression equations modeling changes in annual bluegrass (Poa annua L.) dry biomass with increasing rates of glyphosate applied to resistant and susceptible biotypes in a glasshouse at the University of Tennessee (Knoxville, TN) in 2015. Glyphosate was applied at 0, 105, 210, 420, 840, 1680, 3360, and 6720 g ha-1. 

	Biotype
	Regression Equation
	P-value

	Resistant
	Y = (100 – 0) * exp(–0.0003573 * X) + 0
	P<0.0001

	Susceptible
	Y = (100 – 0) * exp(–0.003028 * X) + 0
	P<0.0001
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[bookmark: _Toc308873623][bookmark: _Toc294635528]Figure 5. Shikimate concentrations (mg kg-1) in glyphosate resistant and susceptible annual bluegrass (Poa annua L.) following treatment with glyphosate at 420 g ha-1. Error bars represent standard error of the mean for each biotype at each timing. Shikimate concentrations in non-treated GR and SS plants were < 200 mg kg-1. Shikimate concentrations plateaued at 393.4 mg kg-1 and 898.4 mg kg-1 for resistant and susceptible POAAN biotypes respectively.









[bookmark: _Toc299892328][bookmark: _Toc301519649][bookmark: _Toc301775837][bookmark: _Toc301776058][bookmark: _Toc308873624]Table 6. Non-linear regression equations modeling changes in glyphosate resistant and susceptible annual bluegrass (Poa annua L.) shikimic acid accumulation following treatment with glyphosate at 420 g ha-1 in glasshouse at the University of Tennessee (Knoxville, TN) in 2015. 

	Biotype
	Regression Equation
	P-value

	Resistant
	Y = 141.1 + (393.4 – 141.1) * (1 – exp(–0.7189 * x))
	P<0.0001

	Susceptible
	Y = 78.96 + (898.4 – 78.96) * (1 – exp(–0.3754 * x))
	P<0.0001


	










[bookmark: _Toc299892329][bookmark: _Toc301519650][bookmark: _Toc301775838][bookmark: _Toc301776059][bookmark: _Toc308873625]Table 7. Effect of prodiamine, glyphosate, and glyphosate + prodiamine applications on annual bluegrass (Poa annua L., POAAN) survival during 30 March 2015 to 13 April 2015 at Lambert Acres Golf Club (Alcoa, TN). All prodiamine treatments were applied on 19 August 2014 and all glyphosate treatments were applied on 4 February 2015.
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bMeans sharing the same letter are not significantly different from one another according to Fisher’s protected LSD at the P < 0.05 level.

	Treatment
	N
	POAANa Plants m-2

	Non-treated
	8
	515 ab

	Prodiamine
	8
	611 a

	Glyphosate
	8
	590 a

	Prodiamine + Glyphosate
	8
	559 a
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