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CHAPTER I 

 

Literature Review 

 

Research Justification 

 Numerous advances in agriculture over the past century have occurred.  

Improvements in equipment, crop production practices, and technological advancements 

in crop genetics have all contributed to the productivity and profitability of the American 

farmer.  One of the most recent advancements was the introduction of glyphosate-

resistant crops.  In 1996, glyphosate-resistant soybeans (Glycine max (L.) Merr.) were 

introduced in the U.S.  By 2000, production of glyphosate-resistant soybeans made up 

62% of the soybean area in Missouri and 54% in the U.S (USDA ASB, 2009).  In 2009, 

glyphosate-resistant soybeans made up 89% of the soybean area planted in Missouri and 

91% of the total soybean area in the United States (USDA ASB, 2009).  Since the release 

of glyphosate-resistant soybean, other glyphosate-resistant agronomic crops were 

introduced:  canola in 1996; cotton in 1997; and corn in 1998 (Duke, 2005).  The rapid 

acceptance of this technology has contributed to the increase in glyphosate usage 

(Shaner, 2000). 

 Widespread adoption of glyphosate for weed control has impacted the use of other 

herbicide modes of action.  Since 1996, the number of active ingredients used on at least 

10% of the treated soybean hectares declined from 11 in 1995 to one (glyphosate) in 

2002 (Young, 2006).  Also, the average number of active ingredients applied to a treated 

area of soybean declined from 2.5 in 1994 to 1.6 in 2002 (Young, 2006). Glyphosate-
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resistant crops provided a more cost effective option for growers, allowing them to spray 

weeds on an “as-needed” basis; therefore, reducing the need for preemergence herbicides 

at the time (Pline-Srnic, 2006).  Lack of diversity in weed management practices through 

intense selection pressure (one mode of action) has been shown to lead to herbicide 

resistance (Gressel and Segel, 1978).  Johnson et al. (2009) conclude that the evolution of 

glyphosate-resistant weeds could eventually deplete weed control options.  

Repetitive and dedicated use of glyphosate within years and over years has 

resulted in selection for resistance in several weed species including rigid ryegrass 

(Lolium rigidium Gaud.), goosegrass (Eleusine indica (L.) Gaertn.), horseweed (Conyza 

canadensis L.), waterhemp (Amaranthus rudis Sauer), Palmer amaranth (Amaranthus 

palmeri (S.) Wats.), Italian ryegrass (Lolium multiflorum Lam.), giant ragweed (Ambrosia 

trifidia L.), johnsongrass (Sorghum halepense (L.) Pers), hairy fleabane (Conyza 

bonariensis), kochia (Kochia scoparia), annual bluegrass (Poa annua), and common 

ragweed (Ambrosia artemisiifolia L.) (Koger et al. 2004; VanGessel, 2001; Lee and 

Ngim, 2000; Pratley et al. 1999; Heap, 2010; Leer, 2006).   

Common ragweed (Ambrosia artemisiifolia L.) was declared glyphosate-resistant 

in 2004.  Initially found in 2002 in a field near Millersburg, Missouri, common ragweed 

plants survived 2 postemergence (POST) applications of glyphosate (0.84 kg ae/ha) in 

one season.  Greenhouse experiments have shown the lethal rate of glyphosate was 8 

times (8x) greater than the labeled rate (1x = 0.84 kg ae/ha) on the resistant biotype 

compared with the susceptible biotype; the lethal rate on the susceptible biotype was 

0.25x of the labeled rate (Pollard, 2007).  The dose for growth inhibition of 50% (I50) of 

the resistant biotype was 9.6 times greater than that compared to the susceptible biotype. 
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One plant survived a 12x rate and was able to produce viable seeds (Pollard, 2007).  The 

field in which the resistant biotype was identified has been in a soybean/soybean/wheat 

followed by soybean rotation for 25 years, and has been planted with glyphosate-resistant 

soybean from 1996 to 2009.  

 Common waterhemp is a summer annual, broadleaf weed which, in recent years, 

has become one of the most difficult weeds to control in U.S. agricultural fields.  A 

survey conducted among growers in Illinois in 2002 revealed the Amaranthus spp. were 

the main weed species encountered in corn and soybean fields.  Common waterhemp was 

specifically mentioned in 75% of the surveys (Hager and Sprague, 2002).  Common 

waterhemp has many characteristics which make it one of the more difficult weeds to 

control.  A prolific seed producer, mature waterhemp plants have been shown to produce 

up to 288,000 seeds per plant (Sellers et al. 2003).  The weed exhibits a broad time for 

emergence; initially in late April and continuing into mid-July (Steckel et al. 2001).  

Waterhemp can emerge after soil-applied herbicides and post-applied residual herbicides 

have lost effectiveness in the soil (Legleiter et al. 2009). 

Although there is concern over an increase in the number of glyphosate-resistant 

weed species, localized spread of resistant populations can lead to contamination of broad 

areas.  A larger-seeded species such as common ragweed may move by equipment and 

animals, but there is the potential that pollen can also vector resistance.  It is important to 

identify the frequency and distance that glyphosate-resistance could be spread by pollen.   
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Common Ragweed 
 

Common ragweed is a native summer annual weed which is distributed throughout 

the continental United States in cultivated fields, pastures and wastelands (Uva et al. 

1997).  Plants grow to a height of 1.5 meters at maturity (Gebben, 1965).  Seed 

germinates at an optimum temperature around 31 C with radicle and shoot elongation 

occurring at 29 and 31 C, respectively, between the months of April and June (Shrestha et 

al. 1999).  Small plants may produce more than 3,000 seeds and larger plants may 

produce up to 62,000 seeds (Dickerson & Sweet, 1971).  Plants produce two spatulate-

shaped cotyledons; true leaves are finely pinnatifid and form round or slightly pointed 

lobes.  Leaves are initially opposite in arrangement and become alternate after the fourth 

node.  Common ragweed is a monoecious plant with the male flowers on racemes at the 

top of the plant and the female flowers bourne in the axils of the upper leaves.  Flowers 

are present from late summer to autumn and produce large amounts of pollen (Uva et al. 

1997). 

Common ragweed can become a dominant weed species due to its rapid growth and 

prolific seed production.  Studies conducted in North Carolina revealed, a canopy of 

common ragweed intercepted 24, 38, and 45% of the photosyntetically active radiation by 

8, 10, and 12 weeks after soybean (Glycine max [L.] Merr.) emergence, respectively 

(Coble et al. 1981).   Coble et al. (1981) also concluded one common ragweed plant per 

10 meters of row reduced soybean yield an average of 33 kg/ha (Coble et al. 1981).  

Cowbrough et al. (2003) investigated the impact of common ragweed in soybeans by 

investigating the break-even yield loss (BEYL) levels.  The BEYL considers herbicide 

costs, expected crop yield and commodity price as well as variables such as seed 
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moisture content and the level of undesirable plant material.  Common ragweed 

populations were classified as aggregate or uniform populations.  Aggregated populations 

were set up in experimental units to have common ragweed distributed over 66.6% of the 

plot area. In the plot area, 33% of the unit contained a 2x population of common 

ragweed, 33% contained a 1x population and 33% of the unit was weed free.  Uniform 

populations contained common ragweed in 100% of the plot area.  In 1999, the BEYL 

was 4.6%, which showed economic threshold values of 0.17 and 0.31 plants/m-2 for the 

uniform and aggregate populations in 1999, respectively.  In 2000, the BEYL values were 

0.49 and 0.50 plants/m-2 for the uniform and aggregate populations, respectively.  

Although results varied between years, 0.2 to 0.5 common ragweed plants/m-2 was 

deemed the threshold for economic damage (Cowbrough et al. 2003).  Weaver (2001) 

studied the impact of common ragweed on corn and soybeans in Canada and showed 

common ragweed had more of an impact on soybeans than corn.  The estimated 

maximum yield loss at a high weed density (greater than 32 plants per m2) was 65 to 70% 

in soybean (Weaver, 2001).  Studies conducted in North Carolina in 1998 and 1999 

showed that peanut (Arachis hypogaea L.) yields declined exponentially as common 

ragweed biomass increased. Peanut yield decreased 1,760 kg ha-1 with each kilogram 

increase of weed biomass per meter of crop row (Clewis et al. 2001). 

The major technique for management of common ragweed is the application of 

herbicides. Before the introduction of glyphosate-resistant crops, control of common 

ragweed in soybean was often achieved with post-emergence herbicides such as lactofen, 

acifluorfen, bentazon, chlorimuron, imazethapyr, and cloransulam, among others.  In a 

study by Nelson et al. (1998), weed control in soybeans with imazamox and imazethapyr 
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was investigated.  Results illustrated that imazamox and imazethapyr reduced common 

ragweed dry weight by 64 and 61%, respectively by 21 days after treatment; plants 

survived and eventually recovered.  Common ragweed mortality was 100% with the 

application of lactofen and tankmixes with imazamox or imazethapyr (Nelson et al. 

1998).  Ballard et al. (1995) identified common ragweed regrowth by 10 to 14 days after 

treatment with imazethapyr indicating the plants were completely controlled.  Patzoldt et 

al. (2001) discovered a population of common ragweed in Indiana resistant to the 

acetolactate synthase (ALS)-inhibiting herbicide, cloransulam-methyl.  In greenhouse 

experiments, 87% of the resistant plants tested displayed little or no injury, while 95% of 

the susceptible plants were deemed sensitive.  Lab studies identified the I50 (herbicide 

dose to inhibit growth by 50%) for the resistant population was more than 5,000-fold 

higher than the susceptible population.  The basis for resistance was an altered site of 

action (Patzoldt et al. 2001). 

Soil-applied herbicides also have activity on common ragweed.  Niekamp and 

Johnson (2001) studied weed management in no-till soybeans using sulfentrazone and 

flumioxazin.  The study reported that flumioxazin alone resulted in 79 and 83% control 

of common ragweed in 1996 and 1997, respectively.  Sulfentrazone alone resulted in 58 

and 63% control in 1996 and 1997, respectively.  Herbicide mixtures containing 

flumioxazin + clomazone and flumioxazin + chlorimuron + clomazone or pendimethalin 

resulted in 86 to 100% control of common ragweed, respectively.  Sulfentrazone added to 

chlorimuron + clomazone or pendimethalin resulted in greater control compared to 

sulfentrazone + clomazone (Niekamp and Johnson, 2001).  Although a number of 
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herbicides with residual activity suppress common ragweed, the cost of herbicides used 

and reduced flexibility in timing favor greater use of post-emergence herbicides. 

With the introduction of glyphosate-resistant crops such as soybean, glyphosate has 

become one of the most effective means of controlling common ragweed.  Advantages 

include lower costs, crop safety and flexibility in application timing.  Field studies in 

Michigan in 1996 and 1997 showed that glyphosate provided consistent common 

ragweed control in wide- and narrow-soybean (Nelson and Renner, 1999).  With the 

discovery of glyphosate-resistant common ragweed, control of common ragweed will 

become more difficult. 

 

Common Waterhemp 

Common waterhemp is a dioecious plant, with male and female flowers occurring on 

separate plants (Gleason and Cronquist, 1991).  This forced hybridization results in 

greater genetic diversity, which enables plants to adapt to abiotic stresses such as 

herbicides (Hager et al. 1997).  This ability to adapt has contributed to waterhemp 

developing resistance to ALS inhibitors (1993), photosystem II inhibitors (1994), 

protoporphyrinogen oxidase (PPO) inhibitors (2001), glycine herbicides (2005), and 4-

hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors (2009) (Heap, 2010).  

  Common waterhemp was confirmed glyphosate resistant in 2005.  The 

population was initially located in a soybean field in northwest Missouri (Leglieter and 

Bradley, 2008).  The infested site had been in continuous glyphosate-resistant soybean 

production for the previous six years, and received at least one application of glyphosate 

per growing season.  In greenhouse experiments, the resistant biotype required 2.3 kg ae 
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ha-1 to reduce the fresh weight biomass by 50% (GR50).  The resistant population 

displayed a level of resistance 19-fold greater for the resistant compared to a susceptible 

population of waterhemp (Legleiter and Bradley, 2008). 

 

 

Glyphosate 

 

Glyphosate is a broad-spectrum, non-selective herbicide, initially introduced in 

1974 for control of vegetation in non-crop conditions.  Glyphosate has activity on many 

annual and perennial weeds (Franz et al. 1997).     

Glyphosate inhibits a major step in the shikimic acid pathway.  This pathway 

links the metabolism of carbohydrates to biosynthesis of aromatic amino acids 

(tryptophan, phenylalanine, and tyrosine) (Franz et al. 1997).  There are 7 metabolic steps 

involved in the shikimate pathway.  It begins with the condensation of 

phosphoenolpyruvate (PEP) and ends with the synthesis of chorismate.  The shikimate 

pathway is only found in microorganisms and plants (Hermann and Weaver, 1999); 

glyphosate is relatively non-toxic to animals.  It has been estimated that 35% or more of 

the ultimate plant mass in dry weight is derived from the activity of the shikimate 

pathway (Franz et al. 1997). 

  Glyphosate is actively taken up by plant material and was originally determined 

to display no soil activity.  Originally it was stated that the simplicity of the glyphosate 

molecule resulted in ready metabolism by soil microorganisms and the compound was 

tightly bound to soil particles and, therefore not leached (Franz et al. 1997).  Recent 

research has suggested glyphosate in a readily available form can persist for at least 6 

months after application in amounts which would not affect crop yield or human health 



9 
 

(Simonsen et al. 2008).  Haney et al. (2000) does show glyphosate applied to the soil 

surface is quickly degraded.  The addition of glyphosate also stimulated microbial 

activity.  By measuring carbon (C) and nitrogen (N) mineralization, there was a 

significant relationship between C and N added by glyphosate versus C and N 

mineralized in the soil.  The amount of C and N mineralized increased linearly with 

increasing rates of applied glyphosate (Haney et al. 2000) 

The primary target of glyphosate in the shikimate pathway is the enzyme 5-

enolpyruvoylshikimate 3-phosphate synthase (EPSPS).  This enzyme catalyzes the 

formation of EPSP from phosphoenolpyruvate (PEP) and shikimate 3-phosphate (S3P) 

(Hermann and Weaver, 1999).  This reaction is the penultimate step in the shikimate 

pathway, which produces the important intermediate, chorismate (Franz et al. 1997; 

Hermann and Weaver, 1999). Although the exact events responsible for plant death are 

unknown, the disruption of EPSP synthase and the reduction of aromatic amino acid 

production ultimately contribute to plant death (Franz et al. 1997). 

Monsanto prepared the first test for glyphosate in 1970.  Preliminary greenhouse 

tests of the experimental herbicide were so promising that several secondary tests were 

bypassed so the herbicide could be put into field tests earlier than anticipated (Franz et al. 

1997).  The herbicide was first available for use in 1974.  World-wide, glyphosate is the 

largest-selling herbicide on the market today (Woodburn, 2000).  Much of this is due to 

the use of glyphosate in crop plants engineered with resistance.  Glyphosate provides a 

more cost effective option for growers than using many other herbicides, allowing 

treatment of weeds on an “as-needed” basis and reducing the need for preemergence 

herbicides (Pline-Srnic, 2006).   
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The popularity of glyphosate has negative consequences.  The rapid acceptance of 

herbicide-resistant crop technology has led to the increase in glyphosate usage (Shaner, 

2000).  Natural genetic mutations occur within weed populations, and the end result of 

intense selective pressure exerted by a lack of diversity in weed management practices 

(Gressel and Segel, 1978) is herbicide resistance.  The repetitive use of glyphosate has 

selected for resistance in several weed species including: rigid ryegrass (Lolium rigidium 

Gaud.) in Australia and the United States; goosegrass (Eleusine indica [L.] Gaertn.) in 

Malaysia; and horseweed (Conyza canadensis L), waterhemp (Amaranthus rudis Sauer), 

Palmer amaranth (Amaranthus palmeri), Italian ryegrass (Lolium multiflorum), 

johnsongrass (Sorghum halepense [L.] Pers), hairy fleabane (Conyza bonariensis), kochia 

(Kochia scoparia), annual bluegrass (Poa annua), common ragweed (Ambrosia 

artemisiifolia L.), and giant ragweed (Ambrosia trifidia) in the United States (Koger et al. 

2004; VanGessel, 2001; Lee and Ngim, 2000; Pratley et al. 1999; Heap, 2010).   

Herbicide resistance in plants can be facilitated though various mechanisms of 

resistance.  Currently, four mechanisms have been identified which underlie glyphosate 

resistance.  Baerson et al. (2002) revealed there was an alternate form of EPSPS which 

had a major contribution to the development of resistance in goosegrass.  This 

mechanism of resistance has been identified as a cytosine to thymine nucleotide mutation 

in the active site of ESP synthase (Baerson et al. 2002).  Wakeline et al. (2004) 

discovered the translocation of glyphosate was altered in rigid ryegrass.  Altered 

translocation patterns reduced the accumulation of glyphosate in shoot meristematic 

zones.  This prevented plant growth in susceptible plants, but had little effect on the 

growth of resistant plants (Wakeline et al. 2004).  Ge et al. (2010) discovered a 
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mechanism of resistance within horseweed was vacuole sequestration of the glyphosate 

molecule in the plant.  Phosphorus-31 nuclear magnetic resonance (31P NMR) 

experiments revealed significantly more glyphosate accumulation in the vacuoles of 

glyphosate-resistant horseweed plants than the susceptible biotype.  This process removes 

glyphosate from the phloem, limiting translocation throughout the plant.  More recently, 

Gaines et al. (2010) discovered the mechanism of resistance within palmer amaranth was 

due to an amplification of the EPSPS gene which resulted in high levels of EPSPS 

expression.  Both resistant and susceptible populations of palmer amaranth displayed 

equal EPSPS enzyme inhibition by glyphosate.  PCR measurements of the genome of the 

resistant population revealed from 5-fold to more than 160-fold more copies of the 

EPSPS gene than the susceptible population (Gaines et al. 2010). 

 The first case of glyphosate resistance occurred in 1996 with rigid ryegrass 

(Lolium rigidum) in Australia (Heap, 2010).  After 15 years of successful control, 

glyphosate failed to control a population of rigid ryegrass (Powles et al. 1998).  Four 

different populations of Lolium rigidum were evaluated for resistance in Australia.  The 

study showed that four distinct populations were resistant, although each population had 

a slightly different level of resistance due to differences in the lethal dose of glyphosate 

for 50% of the population (LD50).  The LD50 rate ranged from 6- to 10-fold higher than 

the susceptible population.   

Inheritance of the resistant trait in rigid ryegrass was found to be due to a single 

dominant allele.  Eight resistant populations of rigid ryegrass were crossed with the same 

susceptible population, resulting in F1 progeny.  Challenging F1 progeny with glyphosate 

revealed plants were more similar to the resistant parents than the susceptible parents 
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when sprayed with a range of glyphosate doses from 0 to 1,800 g ae ha-1.  Five of the 

populations of the F1 were backcrossed with susceptible plants.  The progeny from the 

backcross segregated in a manner consistent with a single gene controlling resistance 

(Wakelin and Preston, 2006). 

 In 1997, glyphosate resistance in goosegrass was confirmed in Malaysia (Heap, 

2010).  Resistant biotypes were found to have an LD50 2- to 4-fold greater compared to 

the susceptible biotypes (Baerson et al. 2002).  Another study showed the LD50 values to 

be 8- to 12-fold greater in resistant versus susceptible plants (Lim & Ngim, 2000).  

Heritability studies were conducted by making reciprocal crosses between glyphosate-

resistant and -susceptible biotypes of goosegrass.  The progenies of self-pollinated 

resistant plants over two generations displayed no segregation and zero mortality after 

application of glyphosate at the recommended rates, demonstrating that the plants were 

homozygous recessive for the resistance gene.  The effective dose, or dose of a substance 

required to produce a measurable effect on 50% of individual plants in a population 

(ED50) of the F1 population was 665 g ha-1 for the (♀Susceptible X ♂Resistant) cross and 

761 g ha-1 for the (♀Resistant X ♂Susceptible) cross.  The ED50 value for the susceptible 

parent population was 241 g ha-1 and the value for the resistant parent was 1,531 g ha-1.  

Therefore, the authors concluded that inheritance of the resistant gene was due to an 

allele(s) that is incompletely dominant. To determine the genetic control of the resistance 

allele(s) in goosegrass, F1 plants were self-pollinated to produce an F2 population.  Three 

different application rates of glyphosate (540, 781, and 869 g ha-1) were chosen to 

discriminate between susceptible, intermediate and resistant plants, respectively.  The 

segregation pattern of the F2 revealed that 25% of the plants behaved like the susceptible 
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parents, 50% behaved like the F1, and 25% of the plants behaved like the resistant 

parents. The segregation of resistance in the F3 generation was analyzed to show whether 

there was a second locus involved.  Fifteen intermediate and 15 resistant F3 plants were 

screened with an application of 868 g ha-1 glyphosate.  All of the plants from the F3 

resistant populations were resistant, proving that the resistance gene in goosegrass resides 

on a single locus (Chin-Hong et al. 2004). 

Glyphosate resistance in horseweed (Conyza canadensis L.) was confirmed in 

2000 in Delaware (VanGessel, 2001).  Since then, resistant populations have been 

identified in Kentucky, Tennessee, Indiana, Maryland, Missouri, New Jersey, Ohio, 

Arkansas, Mississippi, North Carolina, California, Pennsylvania, and Nebraska (Heap, 

2010).  The total area estimated to be infested in the US exceeds 364,000 ha.  Resistance 

to glyphosate in horseweed is significant, as it is the first weed in major agronomic crops 

to be selected resistant to glyphosate.  Horseweed in Delaware survived 1.6 kg ai ha-1 of 

glyphosate.  Plants also survived a sequential application at the same rate.  VanGessel 

(2001) reported that the I50 of the resistant population was 8- to 13- fold greater compared 

to the susceptible population.  Horseweed biotypes in soybean fields in Mississippi and 

Tennessee exhibited an 8- to 12-fold level of resistance compared to susceptible 

horseweed biotypes (Koger et al. 2004).  Growth stage had little effect on the level of 

resistance.  Koger and Reddy (2005) suggested the mechanism of resistance in horseweed 

was reduced translocation of glyphosate within the plant.  Radioactive 14C-glyphosate 

was applied to the youngest fully expanded leaf of 23 to 29 leaf plants in populations of 

resistant and susceptible horseweed from Mississippi, Arkansas, Delaware, and 

Tennessee.  Plants were harvested 48 hours after application and analyzed for the amount 
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of 14C present in the plant.  Absorption of glyphosate was similar (47 to 54%) for 

resistant and susceptible plants.  The reduction in translocation of 14C-glyphosate inside 

the plants ranged from 28 to 48% in resistant compared to susceptible plants.  Zelaya et 

al. (2004) conducted inheritance studies on horseweed in 2004.  Recurrent selection was 

used to select resistant individuals from a population, then cross selected individuals to 

form a new population.  This technique was performed on a population of horseweed 

from Delaware.  The population used in the studies was composed of 5% susceptible 

plants and 95% resistant plants.  Recurrent selections were carried out by applying 

glyphosate at different rates to generate populations in the first and second recurrent 

generations.  Both generations did not segregate further for resistance, suggesting that the 

second recurrent generation was a near homozygous population.  The genetics of 

resistance were investigated by performing reciprocal crosses between the second 

recurrent generation and the original resistant and susceptible populations.  The 

evaluations of the F1 and F2 generations suggested that glyphosate resistance was 

controlled by an incompletely dominant, single-locus gene.  This was confirmed using 

backcrosses of the F1 plants to the second recurrent generations and original resistant and 

susceptible parents (Zelaya et al. 2004). 

 

 

Weed Spread 

 

 

 Annual weeds are disseminated by seed, and seed spread can occur via wind, 

equipment, and animals.  For herbicide-resistant weeds, the spread of seed plays an 

important role in the management of infested areas.  Russian thistle (Salsola iberica) was 

first reported to be resistant to sulfonylurea herbicides in 1988.  Plants can produce up to 
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60,000 seeds and seeds are spread by plants rolling over the ground.  A study conducted 

in Washington revealed that the plants could move 60 to 4,000 m in 6 weeks or less, 

losing up to 66% of their seeds along the way (Stallings et al. 1995b).   

The glyphosate-resistant weed, horseweed spreads using wind as the main vector.  

The seeds of horseweed are dispersed by the wind due to the structure of its seeds.  A 

study conducted by Dauer et al. (2007) revealed that horseweed seed could be dispersed 

at least 500 m away from the source populations; however, 99% of the seed dispersed 

was found within 100 m of the source population. 

 

 

 

 

 

Pollen 

 

 A trait such as herbicide resistance can also spread through pollen from resistant 

plants crossing with receptive stigmas on susceptible plants.  Pollen has an integral role 

in all flowering plants by transferring genetic information from one plant to another.  

Pollen carries the male gamete from the anthers (male part) to the stigma (female part) of 

receiving flowers.  This is most important for cross-pollinated species.  Common 

ragweed relies on wind-dispersed pollen for successful pollination, due to the physical 

separation of the male and female flowers on a plant (Uva et al. 1997).  In the case of 

herbicide-resistant weeds, pollen from resistant plants could be transmitted to susceptible 

plants (Stallings et al. 1995a; Sosnoskie et al. 2009).  A study conducted in 1991 and 

1992 on sulfonylurea-resistant kochia (Kochia scoparia) revealed pollen-mediated spread 

of resistance was possible using rings of susceptible kochia established around a 

population of resistant kochia.  A field in Indiana was set up with source resistant kochia.  
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Surrounding this were 16 concentric rings, made up of susceptible kochia, up to a 

maximum diameter of 61 m.  Plants were allowed to pollinate and mature seeds were 

harvested; seedlings were germinated in a greenhouse.  The F1 progeny were sprayed 

pre-emergence with a rate of 78.8 g ha-1 rate of chlorosulfuron followed by another 

application of 17.7 g ha-1 at the two- to four-leaf stage. Multiple applications ensured 

only resistant plants survived.  Results showed that outcrossing of resistant pollen to 

susceptible plants was 13.1% per plant at a distance of 1.5 m from the resistant plants.  

The outcrossing rates declined to 1.4% or less per plant at 29 m (the outer boundary of 

the study) away from the resistant plants (Stallings et al. 1995a). 

Additional research in 2006 and 2007 discovered the glyphosate resistance trait 

could spread through pollen in palmer amaranth (Sosnoskie et al. 2009).  In 2006, a 

source population of glyphosate-resistant palmer amaranth was established in the center 

of a 30 ha field.  Plots of nine susceptible plants were established at distances of 1, 5, 10, 

25, 50, 75, 100, 150, and 200 m in eight directions (N, NE, E, SE, S, SW, W, and NW) 

from the source resistant plants.  In 2007, distances were changed to 5, 50, 250, 200, 250, 

and 300 m in the same eight directions from the source resistant population.  The 

offspring of the susceptible plants were treated with 0.5 kg ae ha-1 of glyphosate when 

seedlings reached 5-7 cm in height and evaluated 7 and 14 days after treatment.  Results 

of the study revealed that pollen was able to transfer glyphosate resistance as far away as 

300 m from the source resistant population.  Results also revealed 50-60% of the plants 

evaluated from the 1 and 5m distances were resistant while 20-40% were found to be 

resistant at the 250 and 300 m distances (Sosnoskie et al. 2009).   
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 Glyphosate impacts all aspects of plant growth, including the viability of pollen.  

In 2003, Pline et al. (2003) conducted studies on glyphosate-resistant cotton to investigate 

fruit losses for plants sprayed with glyphosate.  Cotton plants were sprayed at the 4-leaf 

stage with a broadcast application and at the 8-leaf stage with a directed application of 

glyphosate.  The rates for both timings were 1.12 kg ai ha-1.  Pollen viability was reduced 

by 51 and 38% for the first and second week of flowering in glyphosate-resistant plants, 

respectively, for plants treated with glyphosate compared to untreated plants.  Female 

reproductive organs did not appear to be sensitive to glyphosate due to little variation in 

the seed set of treated and untreated female parents (Pline et al. 2003).  Thomas et al. 

(2004) conducted experiments to determine the effects of glyphosate on glyphosate-

resistant corn pollen viability.  A 1.12 kg ai ha-1 rate of glyphosate was applied to the 

corn at various stages between the V4 and V10 stages, with some treatments receiving 

two applications, one at the V4 and one at the V10 stage.  Any application after the V6 

stage reduced pollen viability by 39 to 41.9% compared to untreated plants.  Electron 

microscopy of the pollen showed distinct morphological alterations to the pollen.  No 

effect on kernel set or yield was found among any treatments (Thomas et al. 2004). 

Virtually no research has been done on the genetics of glyphosate or on the 

heritability of the glyphosate-resistance trait in common ragweed.  Also, there has been 

very little research documenting whether pollen can serve as a means to spread herbicide 

resistance. This may be important for larger seeded species such as common ragweed. 
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Objective 

 Using a field infested with glyphosate-resistant common ragweed, the first 

objective of this proposed research is to determine the distance that glyphosate resistance 

can spread via pollen in common ragweed.  This research can contribute to the current 

understanding of how resistance can move from one field to another.  

 This study is to be carried out in a field setting.  A population of glyphosate-

resistant (R) ragweed will be planted east of groupings of glyphosate-susceptible (S) 

ragweed plants.  The S plants will be established downwind (east) of the source R 

population in arcs at distances of 1, 3, 11, 30, 91, 198, and 580 meters in groups of two or 

three along the arcs (Figure 2.1).    Plants will be allowed to pollinate and produce seed.    

Seedlings from the S groups will be established in five flats per group in the greenhouse.  

When plants reach 12 cm in height they will receive a 2x (1.68 kg ae/ha) rate of 

glyphosate and evaluated for the level of visual injury.   

 The second objective is to determine if glyphosate can be released through 

the roots of treated glyphosate-resistant and -susceptible common waterhemp.  Multiple 

mechanisms of resistance have been identified. Baerson et al. (2002) revealed an alternate 

form of EPSPS contributed to resistance and Wakeline et al. (2004) discovered altered 

translocation of glyphosate were mechanisms within resistant rigid ryegrass.  Gaines et 

al. (2010) discovered an amplification of the EPSPS gene contributed to resistance in 

palmer amaranth. 

 For this study, known glyphosate-resistant and -susceptible waterhemp will be 

established in the greenhouse. Plants will be placed in individual 16 oz. capacity 

Styrofoam drinking cups filled with Hoagland’s solution (Hoagland and Arnon, 1950).  
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Plants will be placed so the roots are fully submersed in the growing solution.  The plants 

will be allowed to grow in the solution for 1 week to allow the plants to adjust to the 

growing media.  The glyphosate-resistant plants will be treated with glyphosate at rates of 

0, 0.75, 1.5, and 3 times the labeled rate (1.03 kg ae/ ha).  Susceptible plants will be 

treated with glyphosate at rates of 0, 0.1875, 0.375, and 0.75 times the labeled rate.   

After 7 days, the volume of the solution will be recorded and 50 mL of solution will be 

extracted from each cup and refilled with new solution.  Ten milliliters of the 50 mL 

extracts will be applied to plastic dishes which will contain 10 wheat seeds (Pioneer 

25R47; 90% germination).  After 4 days, the length of the coleoptile will be recorded and 

compared with a dose response curve to determine if there is a bioactive concentration of 

glyphosate in the extracted Hoagland’s solution.   
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CHAPTER II 

 

 

 

Movement of Glyphosate Resistance by Pollen in Common Ragweed (Ambrosia 

artemisiifolia L.) 

 

 

 

Johnathan P. Dierking and Reid J. Smeda 
 

 

 

Abstract:  Common ragweed (Ambrosia artemisiifolia L.) is a native, summer annual 

weed distributed widely throughout the continental United States.  In a mid-Missouri 

field with continuous soybean (Glycine max (L.), a population of common ragweed was 

identified as glyphosate-resistant.  Field studies were carried out in 2005 through 2007 to 

identify the frequency and distance that the trait for glyphosate-resistance could be spread 

by pollen.  A glyphosate-resistant population was established in a 1 x 11 meter area, with 

groups of glyphosate-susceptible plants placed in semi-circles at distances of 1, 3, 11, 30, 

91, 198, and 580 meters east of the resistant population.  Ragweed seed was harvested 

from all plants and seeds from each group and distance were planted into flats in 

greenhouse conditions and treated with 1.68 kg ae·ha-1 glyphosate.  Plants exhibiting 0 to 

30% visual injury were characterized as glyphosate-resistant (R); plants with 31 to 89% 

injury were characterized as intermediate (I); and plants exhibiting 90 to 100% injury 

were characterized as susceptible (S).  A total of 7367, 4934, and 4,520 seedlings were 
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evaluated in 2005, 2006, and 2007, respectively.  Glyphosate resistance was detected up 

to 91 meters away from the source R population at a frequency of 6, 3.4, and 1.2 percent 

of the evaluated plants in 2005, 2006, and 2007, respectively.  The percentage of all 

resistant individuals observed between 1 and 91 meters were 1.6, 1.9, and 1.1 percent for 

2005, 2006, and 2007 respectively.  In 2006, one plant was identified as resistant 198 

meters from source R plants.  Odds ratio comparisons revealed that a single R plant 

produced at any distance from the source R population is a significant event, and S plants 

up to 91 meters from source R plants are 85.2 times more likely to develop R progeny 

than S plants in the 580 meter group (no R progeny detected). The frequency of R 

progeny from S plants was greatest close to R source plants, with 48 percent of the 1 

meter groups through all years producing R progeny.  Glyphosate resistance is likely to 

spread to adjacent areas via pollen, which is an important dispersal mechanism for larger-

seeded weeds such as common ragweed. 

 

Nomenclature:  common ragweed (Ambrosia artemisiifolia L.) 
 
Keywords:  glyphosate, pollen movement, resistance. 
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INTRODUCTION 

 

Common ragweed is a native, summer annual weed distributed widely throughout 

cropping regions, pastures and wastelands in the continental United States (Uva et al. 

1997).  Plants grow to a height up to 1.5 meters (Gebben, 1965), and individual plants 

may produce from 3,000 to 62,000 seeds (Dickerson & Sweet, 1971).   

In cropping systems, herbicides are the dominant technique used to manage common 

ragweed.  In soybean production systems, common ragweed control can be accomplished 

by both (PRE) and (POST) herbicides (Ballard et al. 1995; Nelson et al. 1998; Niekamp 

and Johnson, 2001).  Use of multiple herbicides with distinct modes of action minimizes 

selection for resistant weeds (Gressel and Segel, 1978).   

Introduction of glyphosate-resistant soybeans in 1996 offered another herbicide 

option for control of common ragweed.  From 1996 to 2009, the area planted with 

glyphosate-resistant soybeans in the U.S. increased from 0.4 to 31.4 million ha (USDA 

ABS, 2009).  Glyphosate is the key herbicide used for control of most weeds in 

transgenic soybean, including common ragweed (Nelson and Renner, 1999).  Field 

studies in Michigan in 1996 and 1997 showed that glyphosate resulted in consistent 

common ragweed control in both wide- and narrow-row soybean (Nelson and Renner, 

1999).   

Over-utilization of glyphosate has led to selection of a number of resistant weeds.  

World-wide, these species include: rigid ryegrass (Lolium rigidium Gaud.) in Australia 

and the United States; goosegrass (Eleusine indica (L.) Gaertn.) in Malaysia; 

johnsongrass (Sorghum halepense (L.) Pers.) in Argentina and the United States; and 

horseweed (Conyza canadensis L), waterhemp (Amaranthus rudis Sauer), Palmer 
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amaranth (Amaranthus palmeri (S.) Wats.), Italian ryegrass (Lolium multiflorum), hairy 

fleabane (Conyza bonariensis), kochia (Kochia scoparia), annual bluegrass (Poa annua), 

common ragweed (Ambrosia artemisiifolia L.), and giant ragweed (Ambrosia trifidia L.) 

in the U.S. (Koger et al. 2004; VanGessel, 2001; Lee and Ngim, 2000; Pratley et al. 1999; 

Heap, 2010).  Currently, seven weed species in Missouri are confirmed as glyphosate-

resistant: waterhemp, palmer amaranth, horseweed, annual bluegrass, giant ragweed, and 

common ragweed (Heap, 2010).   

Common ragweed was confirmed glyphosate-resistant (GLY-R) in a field near 

Millersburg, Missouri in 2004 (Pollard, 2007).  Initially, plants survived two (POST) 

applications of glyphosate.  A greenhouse assay established the LD50 (dose of glyphosate 

necessary to reduce plant biomass by 50%) for GLY-R common ragweed was 9.6 times 

greater than that compared to glyphosate-susceptible (GLY-S) plants. One plant survived 

a 12x (10.08 kg ae ha-1) rate and produced viable seeds (Pollard, 2007).  The field history 

for the GLY-R biotype included a crop rotation pattern of soybean, soybean, wheat-

soybean for 25 years.  GLY-R soybean was planted annually since their introduction, 

with one to three (POST) applications of glyphosate annually (J.O. Wise, personal 

communication).     

Field surveys estimated the area infested with GLY-R common ragweed was 27 ha in 

2005 (Smeda and Pollard, 2005).  For a larger seeded species such as common ragweed, 

the area infested could increase by physically moving seed using equipment or by 

animals (Thill and Mallory-Smith, 1997).  However, pollen from GLY-R plants can also 

serve as a vector for transmitting resistance.  Common ragweed is monoecious, with male 

flowers on racemes at the top of the plant and subtending female flowers borne in the 
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axils of the upper leaves.  Flowers are present from late summer to autumn (Uva et al. 

1997) and produce 11 grams of pollen (billions of individual grains) per plant (Ziska and 

Culfield, 2000).  Common ragweed pollen is wind dispersed, and cross-pollination is 

encouraged by physical separation of the male and female flowers (Uva et al. 1997).  

Pollen clumps together following release from anthers, and grains are broken apart by 

wind (Martin et al. 2009).  Martin et al. (2009) also found that clump size of pollen 

impacted dispersion distance.  Larger clumps (100 grains or more) were more effective 

for pollination than smaller clumps over short distances (0 to 10 meters).  Pollen clumps 

of around 10 grains were most effective between 10 and 21 meters, and individual pollen 

grains were the most effective source of pollination beyond 21 meters.     

Few studies have determined the potential distance for transmission of herbicide 

resistance via pollen for a weed species.  A field study conducted by Stallings et al. 

(1995) on sulfonylurea-resistant kochia utilized concentric rings of susceptible kochia 

established around a population of resistant plants.  Following pollination under field 

conditions, mature seeds were harvested and germinated in a greenhouse.  The F1 

progeny were germinated in soil treated with 78.8 g ai ha-1 of chlorosulfuron; individual 

plants were treated POST with 17.7 g ha-1 of chlorosulfuron at the two- to four-leaf stage.  

Outcrossing of resistant pollen to susceptible plants was 13.1% at a distance of 1.5 m.  

Outcrossing rates declined to 1.4% at a distance of 29 m from the resistant plants, which 

was the farthest occurrence of resistance away from the pollen source (Stallings et al. 

1995). 

 One study has shown that pollen can transmit glyphosate resistance within a weed 

species.  A study conducted in 2006 and 2007 in Georgia revealed glyphosate resistance 
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in palmer amaranth can spread via pollen (Sosnoskie et al. 2009).  A source population of 

glyphosate-resistant palmer amaranth was established in the center of a 30 ha.  Nine 

glyphosate-susceptible plants were established in plots in eight directions around the 

source population at nine distances in 2006 (1, 5, 10, 25, 50, 75, 100, 150, and 200 m) 

and 6 distances (5, 50, 250, 200, 250, and 300 m) in 2007.  Palmer amaranth plants were 

allowed to pollinate and the seed was collected.  The glyphosate susceptible offspring 

received a 0.5 kg ae ha-1 treatment of glyphosate when the plants reached 5-7 cm in 

height.  Plants were evaluated 7 and 14 days after the treatment.  Results revealed 50-605 

of the offspring at the 1 and 5 m distance were resistant. Resistance was spread 300 m 

from the source resistant population with 20-40% of the offspring being glyphosate-

resistant (Sosnoskie et al. 2009). 

 Preservation of the effectiveness of glyphosate for managing weeds in transgenic 

crops must encompass a better understanding of how resistance can spread naturally.  The 

objective of this research was to identify the frequency and distance that glyphosate-

resistance could be spread by pollen in a population of common ragweed. 

  

 

 

 

Materials and Methods 

 Field and greenhouse studies were established in 2005, 2006, and 2007 near 

Columbia, MO.  Known GLY-R and GLY-S common ragweed plants were established 

from seed in 25 by 50 cm polypolypropylene flats containing Promix1 in a greenhouse.  

The source of GLY-S common ragweed was from a population at the Bradford Research 
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and Extension Center near Columbia, and identified as homogeneous for glyphosate 

susceptibility.  The LD50 for this susceptible population was 0.21 kg ae-ha-1 glyphosate 

(Pollard et al. 2007).  GLY-R common ragweed was selected from the original 

population collected near Millersburg, MO.  Plants exhibited a 68% survival rate 

following treatment with 3.5 kg ae ha-1 glyphosate (Pollard, 2007).  Once seedlings 

reached the first true leaf stage, they were transplanted into 10 cm plastic pots containing 

a 1:1 (v/v) mix of Promix and Mexico silt loam soil (14% sand, 54% silt, and 32% clay; 

2.7% organic matter; 18.1 cmol/kg cation exchange capacity; pH 6.4).  Plants were 

watered and fertilized with Peters2 20-20-20 and watered as needed.  Air temperatures in 

the greenhouse were maintained around 27 C and plants were provided supplemental 

light for a 12 hour day length. 

 Field portions of the study were carried out near Millersburg, MO.  The field has 

had soybean grown for the past 25 years and glyphosate used exclusively for weed 

control since 1996.  Common ragweed plants from the greenhouse (described above) 

were transplanted into 4.5 liter polypropylene pots on June 23rd, June 15th, and June 10th 

for 2005, 2006 and 2007, respectively.  Pots were filled with a 1:1 (v/v) mixture of 

Promix and Mexico silt loam soil (see above).  To simulate a crop production system, 

pots containing single ragweed plants were established in an area planted with soybean.  

In 2005 and 2006, all pots were established at ground level using a soil auger.  In 2007, 

pots were placed on the soil surface and wood mulch spread to the top of the pots to 

minimize moisture stress.  A population of 36 GLY-R plants was transplanted into a 

staggered double row 11 m long, with plants placed 30.5 cm apart from each other.  

GLY-S plants were established east of the resistant population (downwind of the 
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prevailing winds).  Plants were established equidistant from the resistant plants and in a 

semi-circle at distances of 1, 3, 11, 30, 91, 198, and 580 meters (Figure 2.1).  GLY-S 

common ragweed was established in groups of two or three plants at each distance from 

the source R plants, thus providing opportunity for GLY-S plants to cross-pollinate with 

each other as well as with GLY-R plants.  GLY-S plants were established in groups of 

two at the 1 and 3 meters distance from the GLY-R source plants and in groups of three 

at further distances.  Plants were watered weekly and fertilized as needed.  The study area 

was kept free of other ragweed plants using a preemergence application of S-metolachlor 

at 1.64 kg ai-ha-1 and metribuzin at 0.44 kg ai-ha-1.  The application was made using a 

tractor mounted sprayer with a spray volume of 140 L-ha-1.  Glyphosate at 0.89 kg ae-ha-1 

and lactofen at 0.22 kg ai-ha-1 were applied POST over the entire study area to preclude 

other weeds; ragweed plants in pots were covered to avoid herbicide damage.  These 

applications were made using a CO2 pressurized sprayer at a spray volume of 140 L-ha-1.  

Weeds that survived herbicide applications were removed mechanically.  Lambda-

cyhalothrin (insecticide) was applied bi-weekly at 0.035 kg ai-ha-1 on common ragweed 

to control the ragweed borer (Epiblema strenuana Walker).   

Plants pollinated naturally and mature ragweed seed was harvested from all plants 

on September 13, September 14, and September 17 for 2005, 2006, and 2007 

respectively. Seed from GLY-S plants in each group and distance from R plants were 

harvested and kept separate from other groups and stored in 250 liter polypropylene trash 

bags. All plants in the GLY-R population were harvested and bulked together.  Seeds 

were separated from chaff and debris using a seed cleaner.  Seeds were placed in 8.5 cm 
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by 7.5 cm Shandon3 tissue specimen bags and stored in moist sand at 2.8 C for 2 to 3 

months to relieve seed dormancy. 

 Greenhouse studies were carried out with field-collected seed to identify 

sensitivity to glyphosate.  GLY-S seeds from each group and location were sown in five, 

25 by 50 cm polypropylene flats containing Promix.  Following emergence, seedlings 

were thinned to a density of 15 to 25 plants per flat to optimize herbicide coverage.  

Plants were kept between 24 and 37 C and watered and fertilized as needed; supplemental 

light was provided to maintain a day length of 14 hours.  When plants reached 12 cm in 

height, 1.68 kg ae ha-1 of glyphosate and 2.8 kg-ha-1 of ammonium sulfate was applied 

using a compressed air track spray chamber equipped with a TeeJet4 8001E even flat fan 

nozzle tip that delivered 140 L-ha-1.  Previous research with GLY-S common ragweed 

determined that 0.21 kg ae ha-1 glyphosate was the LD50 for that population (data not 

shown).  Following treatment, plants were returned to the greenhouse and maintained for 

three weeks at the conditions described above.  Individual plants were then visually 

evaluated for injury (amount of stunting, chlorosis, necrosis, and overall visual plant 

health) using a scale established by Smeda and Pollard (2005): Plants exhibiting 0 to 30% 

visual injury were characterized as GLY-R (R); plants with 31 to 89% injury were 

characterized as intermediate (I), and plants exhibiting 90 to 100% injury were 

characterized as GLY-S (S).  A minimum of 60 plants per group and 400 plants per 

location (distance from R source) were screened each year.   

Data analysis utilized a special logit transformation to produce an odds ratio of 

GLY-S plants producing GLY-R progeny at the various distances from the source GLY-

R population (Coudron et al. 2007).  Statistical analysis was carried out in SAS5 using 
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the PROC GENMOD procedure.  Data were transformed using a logit, or logistical 

transformation prior to the analysis of variance.  The procedure is based on binomial data 

using a logit transformation: 

Logit = Ln [ Pr (1-Pr)-1] = ln (odds) 

Where Pr equals the probability that a plant will be glyphosate-resistant versus 

glyphosate-susceptible.  The antilog of the average logit is referred to as an odd: 

Pr = odds (1-odds) -1 

The statistical procedure was used to produce an odds ratio between distances.  

This odds ratio indicates whether the occurrence of R progeny at each distance was a 

significant event or a random occurrence.  A higher odds ratio represents plants at one 

distinct distance having a higher chance of producing R progeny than plants at another 

distance.  The odds ratios were calculated by taking the antilog of the difference between 

two distinct distance logit values.   

 Odds ratio = [ Pr1 / ( 1 - Pr1 ) ] / [ Pr2 / ( 1 - Pr2 ) ] 

Prior to determining the odds ratio, a constant of 0.01 was added to each S group 

to facilitate analysis.  Chi square values were generated to identify the significance of 

detecting an R plant from an S group at one distance from R source plants compared to 

another S group from a different distance.  The odds ratios were compared with the chi 

square and a level of significance assigned. 

 

Results and Discussion 

 Almost 92% or 13,988 out of 15,373 of the progeny from all GLY-S plants in 

each year of the study displayed the S phenotype (Table 2.1).  Progeny from the GLY-R 
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plants produced a majority of R and I plants; 65, 85 and 59% of the plants evaluated from 

the GLY-R population were characterized as either R or I in 2005, 2006, and 2007, 

respectively.      

For each year of the study, R progeny were identified from S plants up to 91 

meters from source R plants.  In 2005, a total of 6,457 plants were examined (Table 2.1); 

77 plants (1.2%) were characterized as R and 638 plants (10%) were characterized as I.  

Within the source R population, 910 plants were screened; 159 plants (17%) were 

characterized as R and 435 plants (48%) were characterized as I.    GLY-S plants at the 1, 

3, 30, and 91 meter distances all produced R progeny, with the 91 meter distance 

producing more than any other distance (Table 2.1).  R progeny represented 0.9, 0.7, 1.7, 

and 4.6% of all plants at the 1, 3, 30, and 91 meter distances, respectively.  Although 

intermediate plants were classified to create distinct differences between R and S 

categories, a larger number of intermediate plants at each distance from R source plants 

corresponded with a greater number of resistant individuals (Table 2.1).  The 11, 198, and 

580 meter distances all resulted in no R progeny, and 3 of the 4 lowest total number of I 

plants.   

An odds ratio was calculated to determine if the detection of R progeny was 

significant.  The occurrence of R progeny from source R plants was significantly higher 

when compared to S plants at all distances (Table 2.2).  Probabilities of resistance for the 

1 meter distance when compared to the other distances which resulted in R progeny were 

similar (3 and 30 meter distances) or lower (91 meter distance) (Table 2.2).  For GLY-S 

plants at 580 meters (simulates a control situation) compared to GLY-S plants at 1, 3, 30 

and 198 meters, the occurrence of glyphosate resistance was significant (Table 2.2).  
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Although the occurrence of resistance in seed from S plants was low, probabilities for 

developing GLY-R progeny were similar for distances up to 91 meters. 

In 2006, results similar to 2005 were observed.  A total of 4,630 plants were 

examined (Table 2.1).  Within that number, a total of 66 plants (1.4%) were characterized 

as R; 171 plants (43.7%) were characterized as I.  Within the source GLY-R population, 

304 plants were screened.  A total of 180 plants (59%) were characterized as R and 78 

plants (26%) were characterized as I.  R progeny were detected at distances of 1, 3, 11, 

30, 91 and 198 meters away from the GLY-R population.  One resistant plant was 

detected 198 meters away from the GLY-R population out of a total of 557 examined for 

that distance (Table 2.1).  The 1 and 91 meter distances again resulted in more R plants 

than any other distance (Table 2.1).  R progeny accounted for 2.5, 0.7, 1.2, 2.0, 2.9, and 

0.2% of all plants at the 1, 3, 30, 91, and 198 meter distances, respectively (Table 2.1).     

Comparing the odds ratios, the probability of generating R progeny from the 

source GLY-R population was significant (Table 2.3).  Again, when the occurrence of R 

progeny from GLY-R plants is compared to the occurrence of R progeny from pollinated 

GLY-S plants, the source R plants had a greater probability of generating R progeny 

(Table 2.3).   The only statistically significant comparisons between distances were 

between any distance that was compared to the 198 and 580 meter distances (Table 2.3).  

The one R plant produced at the 198 meter distance was significant when compared with 

580 meter distance (simulated control) (Table 2.3).   

Results in 2007 were consistent with movement of GLY-R from source R plants 

(Table 2.1).  A total of 4,286 plants were examined (Table 2.1).  A total of 35 plants 

(0.8%) were characterized as R; 398 plants (9.3%) were characterized as I.  Within the 
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source GLY-R population, 234 plants were screened; 76 plants (32.5%) were 

characterized as R and 62 plants (26.5%) were characterized as I.  Every distance 

between 1 and 91 meters did result in R progeny (Table 2.1).  R progeny produced within 

the GLY-S groups made up 3, 0.3, 0.2, 0.4, and 1% of all plants at the 1, 3, 11, 30, and 91 

meter distances, respectively (Table 2.1).  At the 1 meter distance, more R progeny were 

detected (23 plants out of 797) compared to other distances (Table 2.1).   

Comparing the odds ratios, the probability of generating R progeny from the 

source GLY-R population was significant (Table 2.4).  The probabilities of producing R 

progeny from GLY-S plants at the 1, 3, 30, and 91 meter distances were similar (Table 

2.4).  When compared to the 580 meter distance, the occurrence of the glyphosate 

resistance trait was significant (Table 2.4)   

Wind was an integral component in spreading pollen throughout this study.  

Monitoring the wind conditions during anthesis revealed the frequency for pollen 

dissemination.  The number of days in which the wind moved pollen from source R 

plants toward GLY-S group plants was important for the layout of the trial.  Pollination 

dates for common ragweed were similar all three years.  Plants started flowering around 

July 11 and continued until mid-September (visual observation).  Weather data obtained 

for the Bradford Research and Extension Center revealed that during this time period, the 

wind was out of the west, northwest and southwest 41, 32, and 29 out of 68 possible days 

for 2005, 2006, and 2007 respectively (Table 2.5, Table 2.6, Table 2.7).  The average 

speed during the 41 days with westerly winds in 2005 was 4.6 km-hr-1, which is slightly 

lower than the average wind speed for the full 68 days, 5.1 km-hr-1 (Table 2.5).  The 

average wind speed in 2006 of the 32 days with westerly winds was 6.3 km-hr-1 (Table 
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2.6).  GLY-R progeny were found the farthest away from the source population in 2006 

than any other year in the study.  The average wind speed in 2007 of the 29 days with 

westerly winds was 4.0 km-hr-1 (Table 2.7).  The average wind speed of the days the 

wind blew eastward was lower than the 68-day average, which was 5.0 km-hr-1.  

Our results over 3 years clearly show glyphosate resistance was transferred from a 

GLY-R population into a homogenous GLY-S population of common ragweed.  Stallings 

et al. (1995), Sosnoskie et al. (2009), and Busi et al. (2008) also demonstrated that pollen 

was a viable method for transferring herbicide resistance to susceptible plants.  In a 2 

year study, Stallings et al. (1995) were able to show kochia pollen could spread 

sulfonylurea-resistance in kochia up to 30 meters.  Outcrossing rates were reduced with 

increasing distance from sulfonylurea resistant plants; 13% outcrossing at 1.5 meters was 

reduced to 1.4% at 29 meters.  Busi et al. (2008) was able to show that pollen from ALS-

resistant rigid ryegrass was able to move 3,000 m downwind from a source and pollinate 

ALS-susceptible rigid ryegrass, producing ALS-resistant progeny.  Busi et al. (2008) was 

able to show the frequency of ALS resistance in rigid ryegrass was reduced with 

increasing distance; 37.8, 21.2, and 19.4% frequency of the ALS resistance trait at 0, 100 

and 200 meters, respectively.  Sosnoskie et al. (2009) observed pollen spread glyphosate 

resistance in palmer amaranth up to 300 m in a field setting.  At 1 and 5 m from the 

source population, 50-60% of the offspring evaluated were glyphosate-resistant.  At 250-

300 m, 20-40% of the offspring evaluated were glyphosate-resistant.  Although the 

number of R common ragweed progeny from GLY-S plants was low in all three years, 

the fact that R progeny were observed downwind from the GLY-R source is important.  

Pollen from GLY-R common ragweed consistently spread glyphosate resistance up to 91 
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meters from source GLY-R plants.  With Martin (2009) reporting that individual pollen 

grains were likely the source for pollination at distances greater than 21 m from source 

plants, resistance may be transmitted as far as viable common ragweed pollen can travel.  

Raynor et al. (1970) revealed common ragweed pollen could travel downwind 80 m from 

the edge of a 27 m diameter area of plants.  Over all three years of the study, 36 of 126 

groups of GLY-S plants produced R progeny (Table 2.8).     

The occurrence of R progeny from GLY-S plants did not follow a predictable 

pattern, where more R progeny would be expected to occur among GLY-S plants closer 

to source GLY-R plants.  With over 42% of the days for pollination where wind 

originated from a westerly direction, lack of available pollination is not likely an 

explanation for variable R progeny generation.  Legg (1983) stated that airflow in the 

crop canopy is highly turbulent, with frequent quiescent periods and periods of strong 

gusts.  This could cause GLY-R pollen to drift over or around GLY-S plants.  The 91 

meter distance produced more R progeny than all of the other distances in 2 out of 3 

years of the study, which may reflect highly turbulent airflow over the soybean crop 

canopy.  During pollination in the Millersburg field study, the average wind speeds out of 

the west, northwest and southwest encountered were 4.63, 6.31, and 3.97 km-hr-1 in 2005, 

2006, and 2007, respectively.  With glyphosate resistance detected 91 meters away from 

the source GLY-R population, wind speeds encountered in all 3 years of the study were 

able to move pollen downwind.  Differences in the average wind speed all three years 

also had an effect on the dispersal of pollen downwind.  The year in which the highest 

average easterly wind speeds was in 2006; 1 R plant in the 198 m distance was found that 

year. 
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Glyphosate resistance in common ragweed can spread by pollen in a field setting.  

Low populations of GLY-R plants can spread resistance consistently up to 91 meters.  

This would suggest that proper management of glyphosate resistant weeds must 

especially consider weeds at the edge of infested areas or fields to preclude significant 

movement of glyphosate resistance to new areas.  From these results, the glyphosate 

resistant trait in common ragweed is able to cross wide barriers, such as roads and non-

crop areas allowing establishment of new GLY-R populations.  In addition to previously 

demonstrated movement by mechanical or animal means, these results also suggest that 

pollen movement is an important source of spreading glyphosate resistance not only for 

larger-seeded weed species but many other wind-pollinated weed species as well (Thill 

and Mallory-Smith, 1997). 
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 2005 
 

2006 
 

2007 

Distance from (R) 
population (meters) 

 
 (Sa)  (Ia)  (Ra) Total   (S)  (I)  (R) Total   (S)  (I)  (R) Total 

R 
 

316 435 159 910 
 

46 78 180 304 
 

96 62 76 234 

1 
 

968 113 10 1091 
 

683 30 18 731 
 

642 132 23 797 

3 
 

839 76 7 922 
 

707 13 5 725 
 

711 83 2 797 

11 
 

1366 103 0 1469 
 

897 24 12 933 
 

876 33 2 911 

30 
 

867 127 18 1012 
 

605 26 13 644 
 

460 3 2 465 

91 
 

703 155 42 900 
 

503 51 17 571 
 

521 46 6 583 

198 
 

635 17 0 652 
 

533 23 1 557 
 

340 12 0 352 

580 
 

364 47 0 411 
 

465 4 0 469 
 

292 89 0 381 

Table 2.1.  Classification of glyphosate activity on common ragweed plants.  Progeny from source glyphosate-resistant (GLY-R) and 
glyphosate-susceptible (GLY-S) common ragweed in groups at increasing distance from GLY-R plants were grown in the greenhouse 
in 2005, 2006, and 2007.  Plants were treated with 1.68 kg ae·ha-1 glyphosate and evaluated visually 3 weeks later. 

a S = GLY-S, 90-100% injury; I = intermediate, 31 to 89% injury; R = GLY-R, 0 to30% injury based on rating scale based on Smeda and Pollard 
(2005).  
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Comparison Estimate Odds Ratio x2 Prc > x2 

Rb vs. 1m 3.1296 22.9 24.14 < 0.0001d 

R vs. 3m 3.3191 27.6 16.59 < 0.0001 

R vs. 11m 10.3451 31,104 102.59 < 0.0001 

R vs. 30m 2.4584 11.7 12.70 0.0004 

R vs. 91m 1.4643 4.3 5.15 0.0232 

R vs. 198m 9.5328 13,805 80.08 < 0.0001 

R vs. 580m 9.0713 8,702 122.72 < 0.0001 

1m vs. 3m 0.1895 1.2 0.05 0.8313 

1m vs. 11m 7.2155 1,360 44.47 < 0.0001 

1m vs. 30m 0.6712 2 0.75 0.3875 

1m vs. 91m -1.6654 -5.3 5.10 0.0239 

1m vs. 198m 6.4032 604 32.48 < 0.0001 

1m vs. 580m 5.9417 381 44.24 < 0.0001 

3m vs. 11m 7.0259 1,125 34.54 < 0.0001 

3m vs. 30m 0.8608 2.4 0.86 0.3538 

3m vs. 91m -1.8549 -6.4 4.29 0.0383 

3m vs. 198m 6.2136 500 25.39 < 0.0001 

3m vs. 580m 5.7522 315 31.32 < 0.0001 

11m vs. 30m -7.8867 -2,662 50.13 < 0.0001 

11m vs. 91m -8.8808 -7,193 66.78 < 0.0001 

11m vs. 198m -0.8123 -2.3 0.35 0.5556 

11m vs. 580m -1.2737 -3.6 1.13 0.2877 

30m vs. 91m -0.9941 -2.7 1.61 0.2045 

30m vs. 198m 7.0744 1,181 37.56 < 0.0001 

30m vs. 580m 6.6130 745 50.37 < 0.0001 

91m vs. 198m 8.0685 3,192 51.15 < 0.0001 

91m vs. 580m 7.6071 2,012 71.58 < 0.0001 

198m vs. 580m -0.4615 1.6 0.14 0.7088 
a m = meters 
bR = glyphosate resistant 
cPr = odds (1-odds) -1 
dProbability that detection of R progeny from S groups between two distances from R source 
plants was significant.  A value of ≤ 0.05 indicates significance 

Table 2.2.  Odds ratios for the comparison of R progeny from source GLY-R plants or GLY-S 
plants between distances for 2005a. 
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Comparison Estimate Odds Ratio x2 Prc > x2 

Rb vs. 1m 2.6860 14.7 33.30 < 0.0001 

R vs. 3m 3.9753 53.4 29.28 < 0.0001 

R vs. 11m 3.3472 28.4 38.27 < 0.0001 

R vs. 30m 2.8891 18 50.61 < 0.0001 

R vs. 91m 2.4909 12.1 11.91 0.0006 

R vs. 198m 5.3183 204 33.03 < 0.0001 

R vs. 580m 9.7633 17,384 129.65 < 0.0001 

1m vs. 3m 1.2893 3.6 2.20 0.1382 

1m vs. 11m 0.6612 1.9 0.86 0.3543 

1m vs. 30m 0.2030 1.2 0.11 0.7424 

1m vs. 91m -0.1952 -1.2 0.05 0.8202 

1m vs. 198m 2.6323 13.9 6.46 0.0111 

1m vs. 580m 7.0772 1,185 52.62 < 0.0001 

3m vs. 11m -0.6281 -1.9 0.47 0.4912 

3m vs. 30m -1.0862 -3 1.67 0.1957 

3m vs. 91m -1.4845 -4.4 2.08 0.1494 

3m vs. 198m 1.3430 3.8 1.29 0.2557 

3m vs. 580m 5.7880 326 26.28 < 0.0001 

11m vs. 30m -0.4581 -1.6 0.46 0.4983 

11m vs. 91m -0.8564 -2.4 0.90 0.3424 

11m vs. 198m 1.9711 7.2 3.38 0.0660 

11m vs. 580m 6.4161 612 40.04 < 0.0001 

30m vs. 91m -0.3982 -1.5 0.23 0.6306 

30m vs. 198m 2.4292 11.3 5.78 0.0162 

30m vs. 580m 6.8742 967 52.50 < 0.0001 

91m vs. 198m 2.8275 17 5.81 0.0160 

91m vs. 580m 7.2724 1,440 42.11 < 0.0001 

198m vs. 580m 4.4450 85.2 12.41 0.0004 

Table 2.3.  Odds ratios for the comparison of R progeny from source GLY-R plants or GLY-S 
plants between distances for 2006a. 

a m = meters 
bR = glyphosate resistant 
cPr = odds (1-odds) -1 
dProbability that detection of R progeny from S groups between two distances from R source 
plants was significant.  A value of ≤ 0.05 indicates significance 
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Comparison Estimate Odds Ratio x
2 Prc > x2 

Rb vs. 1m 2.7839 16.2 46.19 < 0.0001 
R vs. 3m 5.2472 190 45.75 < 0.0001 
R vs. 11m 5.3825 218 33.59 < 0.0001 
R vs. 30m 4.7079 111 27.50 < 0.0001 
R vs. 91m 3.8152 45.4 27.15 < 0.0001 
R vs. 198m 9.7371 16,934 76.14 < 0.0001 
R vs. 580m 9.8162 18,328 110.61 < 0.0001 
1m vs. 3m 2.4633 11.7 7.88 0.0050 
1m vs. 11m 2.5986 13.4 6.55 0.0105 
1m vs. 30m 1.9239 6.8 3.80 0.0512 
1m vs. 91m 1.0313 2.8 1.51 0.2190 
1m vs. 198m 6.9532 1,047 34.22 < 0.0001 
1m vs. 580m 7.0323 1,133 47.60 < 0.0001 
3m vs. 11m 0.1353 1.1 0.01 0.9110 
3m vs. 30m 0.5394 1.7 0.21 0.6494 
3m vs. 91m -1.4320 -4.2 1.80 0.1795 
3m vs. 198m 4.4899 89.1 10.91 0.0010 
3m vs. 580m 4.5690 96.5 14.17 0.0002 
11m vs. 30m -0.6746 -2 0.27 0.6015 
11m vs. 91m -1.56734 -4.8 1.76 0.1851 
11m vs. 198m 4.3546 77.8 9.00 0.0027 
11m vs. 580m 4.4338 84.3 11.34 0.0008 
30m vs. 91m -0.8927 -2.4 0.59 0.4410 
30m vs. 198m 5.0292 152.8 12.33 0.0004 
30m vs. 580m 5.1084 165.4 15.56 < 0.0001 
91m vs. 198m 5.9219 373.1 19.69 < 0.0001 
91m vs. 580m 6.0010 403.8 25.59 < 0.0001 
198m vs. 580m 0.0792 1.1 0.00 0.9566 

Table 2.4.  Odds ratios for the comparison of R progeny from source GLY-R plants or GLY-S 
plants between distances for 2007a. 

a m = meters 
bR = glyphosate resistant 
cPr = odds (1-odds) -1 
dProbability that detection of R progeny from S groups between two distances from R source 
plants was significant.  A value of ≤ 0.05 indicates significance 



48 
 

 
       

July  August  September 

Date Directiona 
Speedb  

(km-hr-1) 
 

Date Direction 
Speed 

(km/hr) 
 

Date Direction 
Speed 

(km/hr) 
11-Jul E 4.8  1-Aug ESE 4.8  1-Sep N 3.1 
12-Jul N 5.9  2-Aug SE 5.8  2-Sep ESE 1.3 
13-Jul NNW 5.8  3-Aug SSE 5.5  3-Sep ESE 3.2 
14-Jul NNE 2.7  4-Aug S 5.9  4-Sep SSW 2.1 
15-Jul NNE 4.3  5-Aug NNE 6.3  5-Sep SE 4.5 
16-Jul ESE 2.3  6-Aug NE 2.7  6-Sep SE 3.1 
17-Jul S 6.6  7-Aug SE 3.5  7-Sep ESE 2.6 
18-Jul SSW 7.4  8-Aug SE 4.0  8-Sep SW 2.1 
19-Jul SSE 3.2  9-Aug SE 3.9  9-Sep W  3.1 
20-Jul WSW 6.9  10-Aug SE 5.3  10-Sep S 5.0 
21-Jul SSW 7.6  11-Aug SSW 5.3  11-Sep SSE 5.8 
22-Jul N 3.4  12-Aug S 7.7  12-Sep SSE 6.3 
23-Jul SE 5.8  13-Aug NNE 5.0  13-Sep S 8.2 
24-Jul SW 6.4  14-Aug NNE 5.6  14-Sep NNE 4.5 
25-Jul SW 7.2  15-Aug E 6.3  15-Sep E  9.7 
26-Jul N 9.8  16-Aug E 4.0  16-Sep N 5.3 
27-Jul N 7.2  17-Aug E 4.5  17-Sep SW 4.8 
28-Jul NNE 1.9  18-Aug WSW 9.8  

   29-Jul E 3.1  19-Aug SW 7.2  
   30-Jul ESE 6.4  20-Aug NW 6.1  
   31-Jul ESE 5.5  21-Aug NE 1.0  
   

   
 22-Aug E  3.5  

   
   

 23-Aug E 10.6  
   

   
 24-Aug E 10.5  

   
   

 25-Aug SSE 4.8  
   

   
 26-Aug E 4.5  

  
   

 27-Aug N 1.6  
   

   
 28-Aug SSE 3.1  

  
   

 29-Aug NNE 3.7  
   

   
 30-Aug N 6.3  

         31-Aug NW 1.9    
   

 
 
 
 
 
 
 
 

Table 2.5.  Average daily wind speeds obtained from the Bradford Research and Extension Center 
weather station for 2005.  Dates included the visual observation of common ragweed flowering. 

aDays wind blew toward East = 41; Average wind speed (all days) = 5.1 km-hr-1; Average wind 
speed (East only) = 4.6 km-hr-1 
bkm-hr-1 = kilometers per hour 
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 July  August  September 

Date Directiona 
Speedb 
(km/hr) 

 
Date Direction 

Speed 
(km/hr) 

 
Date Direction 

Speed 
(km/hr) 

11-Jul SSW 8.5  1-Aug S 10.9  1-Sep NNE 3.5 
12-Jul SW 5.1  2-Aug S 10.0  2-Sep N 2.4 
13-Jul SE 6.9  3-Aug N 6.8  3-Sep NW 3.5 
14-Jul NW 6.6  4-Aug E 5.6  4-Sep N 2.9 
15-Jul SW 1.3  5-Aug ESE 8.2  5-Sep N 4.5 
16-Jul ESE 3.7  6-Aug S 5.8  6-Sep N 2.1 
17-Jul SSE 5.1  7-Aug ENE 5.5  7-Sep SE 1.8 
18-Jul N 4.2  8-Aug E 7.7  8-Sep S 1.8 
19-Jul ENE 7.9  9-Aug E 5.9  9-Sep N 4.2 
20-Jul N 8.7  10-Aug SSE 4.8  10-Sep E 4.5 
21-Jul N 8.0  11-Aug NNE 5.1  11-Sep SSE 5.3 
22-Jul N 4.0  12-Aug E 7.7  12-Sep NW 9.0 
23-Jul N 2.7  13-Aug ESE 8.6  13-Sep N 6.1 
24-Jul S 4.0  14-Aug N 7.1  14-Sep ENE 3.1 
25-Jul SSE 7.4  15-Aug ENE 3.9  15-Sep ESE 10.5 
26-Jul SSW 9.8  16-Aug E 6.3  16-Sep SE 15.1 
27-Jul SW 9.3  17-Aug ESE 6.8  17-Sep SE 8.5 
28-Jul SW 2.3  18-Aug S 6.0  

   29-Jul SE 6.3  19-Aug N 6.1  
   30-Jul SW 6.6  20-Aug N 5.5  
   31-Jul S 9.2  21-Aug ENE 4.5  
   

   
 22-Aug N 2.1  

   
   

 23-Aug ENE 3.9  
   

   
 24-Aug SE 6.8  

   
   

 25-Aug SE 8.0  
   

   
 26-Aug NNE 6.0  

  
   

 27-Aug E 5.0  
   

   
 28-Aug WNW 10.1  

  
   

 29-Aug N 6.0  
   

   
 30-Aug N 3.0  

         31-Aug N 3.2  
   

Table 2.6.  Average daily wind speeds obtained from the Bradford Research and Extension Center 
weather station for 2006.  Dates included the visual observation of common ragweed flowering. 

aDays wind blew toward East = 32; Average wind speed (all days) = 5.9 km-hr-1; Average wind 
speed (East only) = 6.3 km-hr-1 
bkm-hr-1 = kilometers per hour 
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July  August  September 

Date Directiona 
Speedb 
(km/hr) 

 
Date Direction 

Speed 
(km/hr) 

 
Date Direction 

Speed 
(km/hr) 

11-Jul NW 4.7  1-Aug E 1.1  1-Sep ENE 3.4 
12-Jul WSW 4.0  2-Aug N 1.4  2-Sep ENE 1.4 
13-Jul N 2.9  3-Aug N 1.8  3-Sep NNW 1.1 
14-Jul SW 5.5  4-Aug WSW 4.2  4-Sep ENE 4.2 
15-Jul ENE 2.3  5-Aug SW 9.5  5-Sep SE 6.0 
16-Jul ESE 4.5  6-Aug SW 5.8  6-Sep SE 8.5 
17-Jul SSW 5.8  7-Aug SW 7.1  7-Sep S 9.2 
18-Jul SW 9.0  8-Aug SW 4.5  8-Sep NNE 1.6 
19-Jul SW 7.2  9-Aug WNW 6.0  9-Sep N 3.4 
20-Jul E 7.1  10-Aug ENE 1.6  10-Sep N 5.1 
21-Jul E 6.6  11-Aug E 3.7  11-Sep WNW 7.9 
22-Jul ENE 3.5  12-Aug WNW 3.3  12-Sep N 1.4 
23-Jul ENE 0.8  13-Aug E 3.2  13-Sep SSW 5.6 
24-Jul ENE 0.8  14-Aug E 4.3  14-Sep N 9.2 
25-Jul ENE 0.8  15-Aug W 4.2  15-Sep S 3.7 
26-Jul WSW 3.5  16-Aug N 4.2  16-Sep SE 7.9 
27-Jul W 9.3  17-Aug E 5.8  17-Sep SE 11.0 
28-Jul N 3.2  18-Aug S 8.2  

   29-Jul ENE 2.4  19-Aug S 4.5  
   30-Jul E 3.9  20-Aug S 10.1  
   31-Jul ENE 4.0  21-Aug SW 9.1  
   

   
 22-Aug SSW 7.6  

   
   

 23-Aug SSW 11.1  
   

   
 24-Aug S 6.4  

   
   

 25-Aug N 5.8  
   

   
 26-Aug SSE 3.4  

  
   

 27-Aug SSE 4.8  
   

   
 28-Aug SSE 2.6  

  
   

 29-Aug N 4.5  
   

   
 30-Aug N 8.4  

         31-Aug NNE 4.0  
    

 
 
 
 
 
 

Table 2.7.  Average daily wind speeds obtained from the Bradford Research and Extension Center 
weather station for 2007.  Dates included the visual observation of common ragweed flowering. 

aDays wind blew toward East = 29; Average wind speed (all days) = 5 km-hr-1; Average wind speed 
(East only) = 4 km-hr-1 
bkm-hr-1 = kilometers per hour  
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Table 2.8.  Distribution of glyphosate-resistant progeny at various distances from 
source glyphosate-resistant common ragweed. 

am = meters 
bNumerator = number of groups (see Figure 2.1) which produced glyphosate-resistant 
progeny 
cDenominator = total number of groups 

 

 

 Distance from source R plants (m)a 

Year 1 3 11 30 91 198 580 

2005 3b/7c 2/7 0/9 3/6 3/5 0/4 0/4 

2006 3/7 2/7 5/9 3/6 2/5 1/4 0/4 

2007 4/7 1/7 1/9 1/6 2/5 0/4 0/4 

Totals 10/21 5/21 6/27 7/18 7/15 1/12 0/12 



52 
 

 

 
 
 
 

 

R 1    3     11              30               91                  198            580m

N

Figure 2.1.  A diagram showing the distribution of GLY-S plants in groups of 2 or 3 from GLY-R (R) plants 
(block of 36 R plants)for a three year field study (distances not drawn to scale).  The numbers represent 
distances in meters (m) from the source population of GLY-R plants; each dot represents one common 
ragweed plant. 
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Exudation of Glyphosate from Glyphosate-resistant Common Waterhemp 

(Amaranthus rudis Sauer) 
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Abstract:  Common waterhemp (Amaranthus rudis Sauer) is a dominant annual weed in 

the Midwest, and populations with resistance to glyphosate have been discovered in 

numerous states.  No definitive studies have identified the mechanism underlying 

resistance in common waterhemp.  Greenhouse studies were conducted in 2007 and 2008 

to determine whether survival of glyphosate-resistant (R) versus -susceptible (S) 

waterhemp was based upon exudation of glyphosate from roots.  Seedling plants were 

established in polypropylene flats and individual plants were transplanted into cups 

containing a modified Hoagland’s solution.  R plants were treated with 0, 0.75, 1.5, and 3 

times the labeled rate of glyphosate (1.03 kg ae ha-1), while S plants received glyphosate 

at rates of 0, 0.1875, 0.375, and 0.75 times the labeled rated.  At 7 days after treatment, 

the solution was extracted from the cups and replaced.  Extracted solution was applied in 

vitro to wheat, with coleoptile lengths measured after 7 days.  Using known 

concentrations of glyphosate, the lethal concentration to reduce coleoptile growth by 50% 

(LC50) was 0.060 mM glyphosate.  The results from this study revealed no significant 

mailto:jpdx9c@mail.missouri.edu
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differences in coleoptile length between the extracts of Hoagland’s solution in the S and 

R plants.  The data for all three studies show the treatments which received a 3x rate of 

glyphosate were not significantly different that the treatments which did not receive any 

glyphosate applied to the plant.  It does not appear that R and S waterhemp treated with 

glyphosate exudes significant amounts of glyphosate from roots.   

 

Nomenclature:  common waterhemp (Amaranthus rudis Sauer) 
 
Keywords:  mechanism of resistance, root exudation. 
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Introduction 

 

 Common waterhemp (Amaranthus rudis Sauer) is one of several pigweed species 

that are difficult to control in U.S. agricultural fields.  A survey conducted among 

growers in Illinois in 2002 revealed Amaranthus spp. were the main weed encountered in 

corn and soybean fields (Hager and Sprague, 2002).  Common waterhemp was 

specifically mentioned in 75% of the surveys. 

Common waterhemp has many characteristics which make it difficult to control.  

A prolific seed producer, mature waterhemp plants have been shown to produce up to 

288,000 seeds per plant (Sellers et al. 2003).  Plants emerge over an extended period 

during the growing season, beginning in late April and continuing into mid-July (Steckel 

et al. 2001).  Common waterhemp is dioecious (Gleason and Cronquist, 1991), making 

plants obligate out-crossers.  This increases genetic diversity and, more importantly, 

improves the ability of plants to adapt to biotic stresses, namely herbicides (Hager et al. 

1997).  Herbicide resistance has been documented for a number of herbicide families: 

acetolactate synthase inhibitors (ALS) in 1993, photosystem II inhibitors in 1994, 

protoporphyrinogen oxidase (PPO) inhibitors in 2001, and 4-hydroxyphenylpyruvate 

dioxygenase (HPPD) inhibitors in 2009 (Heap, 2010). 

  Variability in response of waterhemp to glyphosate was initially documented 

from a population in NE Missouri and west-central Illinois (Schuster 2003).  Later, 

common waterhemp was confirmed resistant to glyphosate (Legleiter, 2008).  A 

population was isolated in a western Missouri soybean field, which had been in 

continuous glyphosate-resistant soybean production since 2002 and received at least one 

application of glyphosate per growing season since 1996.  In greenhouse experiments, the 
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resistant biotype required 2.3 kg ae ha-1 to reduce the fresh weight biomass by 50%.  The 

population displayed a 19-fold level of resistance when compared to a susceptible 

waterhemp population (Legleiter and Bradley, 2008). 

Currently, research on the basis for glyphosate resistance in weeds has discovered 

4 primary mechanisms for resistance thus far.  Baerson et al. (2002) revealed a mutation 

in the target site of glyphosate, 5-enolpyruvoylshikimate 3-phosphate synthase (EPSPS), 

- which resulted in an LD50 that was 2- to 4-fold greater compared to the susceptible 

biotypes of goosegrass.  Wakeline et al. (2004) showed that movement of glyphosate was 

altered in glyphosate-resistant rigid ryegrass, concomitantly, resistant plants excluded 

glyphosate from the chloroplasts and survived treatment.  Altered translocation patterns 

reduced the accumulation of glyphosate in shoot meristematic zones in resistant plants.  

With this mechanism, susceptible plants would cease growing, but resistant plants would 

continue growing (Wakeline et al. 2004).    In horseweed (Conyza canadensis L), 

glyphosate is sequestered in the vacuole, reducing glyphosate translocation throughout 

the plant (Ge et al. 2010).  Gaines et al. (2010) reported that EPSPS genes were amplified 

Gly-R palmer amaranth (Amaranthus palmeri) which resulted in high levels of EPSPS 

expression.  It is unclear whether this a mechanism of glyphosate resistance within 

waterhemp. 

The mechanism of glyphosate resistance in waterhemp is unclear.  Researchers 

have shown that metabolism of glyphosate to inactive metabolites in plants is minimal 

(Wakeline et al. 2004; Koger and Reddy, 2005).  However, Li et al. (2005) found that a 

large population of 14C glyphosate is accumulated in the root systems within 36 hours of 

application.  Waterhemp survival in the presence of a normally lethal dose of glyphosate 
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may depend on exudation from roots.  The purpose of this research is to determine 

whether or not glyphosate can be excluded from resistant (R) versus susceptible (S) 

plants, thus accounting for survival.   

 

Materials and Methods 

 

 Studies were conducted in a greenhouse at the University of Missouri.  Known R 

and S waterhemp seedlings were established in 25 x 50cm polypropylene flats with 

Promix1.  Seed from S common waterhemp were collected from the Bradford Research 

and Extension Center.  Seed from R plants were collected from a known R population 

near Weston, MO.  In greenhouse experiments, this population of common waterhemp 

exhibited a GR50 which was 19-fold higher than the susceptible biotype (Legleiter and 

Bradley, 2008).  Plants were watered and fertilized as necessary; air temperatures were 

maintained between 24 and 37 C with artificial lighting (average photosynthetic flux 

density of 210 micromoles sec-1 m-2) supplemented to provide a 14 hour light period. 

 When seedling plants reached 10 to 15 cm in height, 36 R and 36 S plants were 

placed into foam plugs fitted in plastic lids, with roots immersed in 473 mL capacity 

Styrofoam cups filled with 450 mL of Hoagland’s solution.  Components of the 

Hoagland’s solution
2 are listed in Table 3.1 (Hoagland and Arnon, 1950).  Plants were 

allowed to acclimate and grow in the solution for 7 days; the volume of solution was 

maintained by periodic addition of new Hoagland’s solution.   

 After incubation and as plants reached an average height of 20 to 24 cm, R plants 

were treated with foliar applications of glyphosate at 0, 0.75, 1.5, and 3 times the labeled 

rate of 1.03 kg ae   ha-1 (Anonymous, 2007).  S plants were treated with glyphosate at 0, 
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0.1875, 0.375, and 0.75 times the labeled rate.  Herbicide applications were made with an 

air pressurized track sprayer, (speed of 4.83 km h-1), with solutions delivered using a 

TeeJet3 8001E even flat fan nozzle; final spray volume was 140 L∙ha
-1. Plants remained 

in the Hoagland’s solution for 7 days (14 hour light period), and the volume of solution 

was kept constant.  After incubation, the volume of the solution in each cup was recorded 

and 50 mL was extracted; 50 mL of new solution was then added to each cup.   

 Using the 50 mL of Hoagland’s solution extracted from the individual cups, 10 

mL was added to each of 3Petri4 dishes (10 cm x 2 cm) per plant: each dish contained 

two sheets of quantitative filter paper (Whatman5 #5) and 10 untreated wheat seeds 

(Pioneer 25R47; 90% germination).  Wheat was selected as an indicator due to its reliable 

germination, availability, and sensitivity to glyphosate.  Germinating wheat seedlings 

also provided a greater ease of use due to the seed size and visibility of the emerging 

coleoptile.  The plastic dishes were incubated in the greenhouse to allow germination.  

After 4 days, the length of each coleoptile was recorded (distance from seed to tip of the 

shoot). Mean coleoptile length from each plastic dish was compared among the four 

representative R or S plants treated with different rates of glyphosate.   

Whole plant assays were designed as a randomized complete block with four 

replications.  The assay was repeated three times.  An ANOVA using PROC GLM in 

SAS6 (2008) allowed mean separation of data by Fisher’s Protected LSD; this was 

compared with a dose response curve to determine the concentration of glyphosate, if 

any, in the extracted Hoagland’s solution. 

A dose response curve was established to determine the levels of growth 

inhibition associated with known concentrations of glyphosate for reducing the coleoptile 
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length of wheat.  Using Hoagland’s solution and de-ionized water, ten wheat seeds were 

incubated on filter paper in plastic dishes, each dish containing glyphosate concentrations 

between 0 and 50 mM.  Ten milliliters of the known glyphosate concentrations was 

applied to their respective plastic dish.  Hoagland’s solution was compared with de-

ionized water to determine if the nutrients in the Hoagland’s solution differentially 

affected coleoptile growth.  After incubation for 4 d, coleoptile length was recorded as 

described above.  The dose response curve was generated with Sigmaplot7 using the log-

logistic model described by Seefeldt et al (1995): 

D – C 
______________________________________ 

1 + exp{b*log(X) – B*log(LC50)} 
 

  
Where Y is the response, C is the lower limit, D is the upper limit, b is the slope of the 

regressed line, LC50 is the predicted lethal glyphosate concentration that reduced the 

coleoptile length by 50%, and x represents the glyphosate dose.  Each treatment was 

replicated 3 times and the dose response repeated.  All means for coleoptiles length at 

each glyphosate concentration were averaged prior to construction of the dose response 

curve. 

 

Results and Discussion 

 

 The influence of nutrients in the Hoagland’s solution impacting glyphosate 

activity was addressed by comparing wheat coleoptile length with that following 

incubation of wheat in de-ionized water (Table 3.2).  Results demonstrate that 

Hoagland’s solution had no impact on glyphosate activity.   
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Mean coleoptile length of wheat was correlated to known concentrations of 

glyphosate (Figure 3.1).  Using the formula from Seefeldt et al (1995), the concentration 

reducing coleoptiles length by 50% (LC50) was 0.06001 mM.  At low concentrations, 

considerable variability in coleoptile lengths was measured.   

  Comparison of wheat coleoptile length following incubation in Hoagland’s 

solution from R and S plants treated with different rates of glyphosate revealed little 

effect (Table 3.3).  To approach a 0.06 mM concentration of glyphosate in Hoagland’s 

solution, a reduction in coleoptile length of 50% would be necessary.  However, from 

Table 3.3, the largest reduction by an unknown solution from S plants was 22% 

comparing the untreated control to glyphosate applied at the 0.75x rate.  For R plants, the 

largest reduction comparing untreated plants compared to those treated with 3x 

glyphosate was 13.9%.  No statistical significance resulted from incubation of wheat seed 

in Hoagland’s solution which was extracted from R and S waterhemp treated with 

different rates of glyphosate.  Laitinen et al. (2007) discovered in quackgrass (Elymus 

repens (L.) Gould), a weed species susceptible to glyphosate, that glyphosate could be 

exuded through the roots of a plant into the soil profile.  In the study, 4% of the 

glyphosate applied was detected in the soil and 12% detected within the roots of the 

quackgrass plants.  The study also revealed 8 to 12% of the applied glyphosate was 

detected in soil samples 44 days after treatment. 

In summary, it does not appear that R and S waterhemp treated with glyphosate 

exudes significant bioactive amounts of glyphosate from roots.  Therefore, the selectivity 

of glyphosate in R plants must be related to other mechanisms of resistance such as 
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altered binding site (EPSP synthase) or compartmentalization of glyphosate away from 

chloroplasts.   
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Source of Materials 

 
1 Promix, Hummert International, 4500 Earth City Expressway, Earth City, MO 63045. 
 
2 
Hoagland’s solution components, Fisher Scientific, 2000 Park Lane Drive, Pittsburgh, 

PA 15275. 
 

3 TeeJet 8001EVS, Spraying System Co., P.O. Box 7900, Wheaton, Illinois 60189. 
 

4 Petri dishes, Fisher Scientific, 2000 Park Lane Drive, Pittsburg, PA 15275-9952. 
 

5 Whatman #5 filter paper, Whatman Inc., 800 Centennial Ave., Piscataway, NJ 08854. 

 

6 SAS Institute, Inc., SAS Campus Drive, Cary, NC 27513. 
 
7 Sigmaplot, Systat Software Inc., 1735 Technology Drive, Suite 430 San Jose, CA 

95110. 
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Table 3.1.  Composition of Hoagland’s solution (Hoagland and Arnon, 1950). 

 

Chemical Mg L-1 H2O 

Major Elements 

Calcium nitrate 1,181.0 

Potassium nitrate 505.5 

Magnesium sulfate 493.0 

Monopotassium phosphate 136.1 

Minor Elements 

Fe sequestrene 10.0 

Boric acid 2.96 

Manganese chloride 1.81 

Zinc sulfate 0.22 

Copper sulfate 0.08 

Molybdic acid 0.02 
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Treatment 
LSMEAN 

(mm)   Pr > |t| 
Hoagland's 
solution 33.63 

 
0.5225 

De-ionized water 34.77 
   

 

 

Table 3.2.  Comparison of the mean coleoptile 
lengths obtained from wheat following 
incubation in de-ionized water and Hoagland’s 

solution. 
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a1x = 0.84 kg ae ha-1 (labeled rate of glyphosate) 

 

 

Coleoptile Length (mm) for R plants 

 
Run 1 

 
Run  2 

 
Run 3 

Rate Block 1  Block 2 Block 3 
 

Block 1  Block 2 Block 3 
 

Block 1  Block 2 Block 3 

0xa 12.133 ABC 13.622 AB 15.222 A 
 

6.567 A 7.178 A 6.511 A 
 

17.189 A 17.978 A 19.167 A 

0.75x 12.744 ABC 11.989 ABC 13.567 AB 
 

5.978 A 7.589 A 6.511 A 
 

16.33 A 19.556 A 18.122 A 

1.5x 11.544 ABC 10.056 BC 11.6 ABC 
 

3.467 A 5.067 A 5.956 A 
 

16.667 A 13.422 A 14.544 A 

3x 10.678 BC 10.2 BC 11.44 ABC 
 

3.367 A 5.478 A 5.011 A 
 

17.656 A 17.167 A 16.511 A 

 
            

 
            

 
            

Coleoptile Length (mm) for S plants 

 
Run 1 

 
Run  2 

 
Run 3 

Rate Block 1  Block 2 Block 3 
 

Block 1  Block 2 Block 3 
 

Block 1  Block 2 Block 3 

0x 11.367 AB 12.1 AB 11.4 AB 
 

5.7 AB 3.522 BC 3.644 CB 
 

16.356 AB 17.011 AB 16.056 ABC 

0.1875x 10.433 AB 12.667 AB 10.767 AB 
 

5.011 ABC 2.467 C 4.556 ABC 
 

15.667 ABC 16.244 AB 18.511 ABC 

0.375x 10.256 B 14.144 A 13.067 AB 
 

5.122 ABC 4.789 ABC 4.733 ABC 
 

14.022 ABC 11.256 C 15.433 ABC 

0.75x 11.189 AB 11 AB 11.667 AB 
 

6.6 AB 6.867 A 5.22 ABC 
 

15.978 ABC 12.811 BC 12.456 BC 

Table 3.3.  Mean coleoptile lengths of wheat following incubation (4 days) in Hoagland’s solutions obtained from glyphosate treated waterhemp 
plants.  Letters represent significant differences in coleoptile length means according to Fisher’s Protected LSD at P < 0.05 
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Figure 3.1  Wheat coleoptile lengths in response to glyphosate concentrations.  The predicted 
line is described by Y = f(x) = C + (D – C)/(1 + exp[b*log(X)-b*log(I50)]) (see text for 
description of the equation).  Vertical bar represent standard error. 
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