
ABSTRACT

THOMAS, WALTER EDWARD.  Effects of glyphosate on weed management and
reproductive biology of glyphosate-resistant corn.  (Under the direction of Dr. John W.
Wilcut).

Field studies were conducted from 2000 to 2002 to evaluate crop tolerance, weed

control, grain yield, and net returns in glyphosate-resistant corn with various herbicide

systems.  Weed management systems evaluated various preemergence (PRE) and

postemergence (POST) herbicide options.  Glyphosate formulations did not influence crop

injury, weed control, or grain yield in either study.  Effective annual grass control was not

achieved with any PRE herbicide system.  However, PRE herbicide treatment plus any

glyphosate treatment controlled goosegrass, large crabgrass, and Texas panicum > 86%.

Regardless of PRE herbicide options, any POST glyphosate treatment controlled common

ragweed and common lambsquarters at least 88 and 89%, respectively.  Ipomoea spp. were

controlled at least 88% with a PRE herbicide fb glyphosate EPOST alone, glyphosate

sequentially, or in EPOST mixture with either halosulfuron or mesotrione.  The highest

yielding herbicide systems used glyphosate applied once or twice.  Net returns were highest

for glyphosate weed management systems.

Experiments conducted in the North Carolina State University Phytotron greenhouse and

three field locations in 2002 determined the effect of 1.12 kg ai/ha of glyphosate at various

application timings on pollen viability and seed set in two types (GA21 and NK603) of

glyphosate-resistant corn.  Regardless of hybrid, pollen viability was reduced in phytotron

and field studies with glyphosate treatments applied POST at the V6 stage or later.  Scanning

and transmission electron microscopy indicated distinct morphological alterations and large

vacuoles and lower starch accumulation associated with later glyphosate treatments that

caused pollen viability reductions.  Although glyphosate negatively influenced pollen

viability, pollination and seed set were not influenced.  Enzyme-linked immunoabsorbent

assay examined CP4-EPSPS expression in DKC 64-10 (NK603) at anthesis and showed the

greatest amount in pollen with progressively less in brace roots, ear leaf, anthers, roots,

ovaries, silks, stem, flag leaf, and husk, respectively.

Greenhouse experiments examined the effect of 112 and 280 g ai/ha of glyphosate

applied at various sicklepod growth stages on reproductive development.  No treatment



differences were found for average pod length, seed germination, seed viability, and above

ground biomass.  The nontreated plants had 18 flowers/plant counted over 8 weeks.

Glyphosate applied at 4 leaf (L), 8 L, 12 L, and sequentially at 4 L and 8 L, averaged over

glyphosate rates, reduced flower production by 29, 5, 65, and 54%, respectively, compared to

the nontreated.  Similarly, glyphosate at 112 and 280 g/ha, averaged over treatment timings,

reduced flower production by 19 and 58%, respectively, compared to the nontreated.  Pollen

viability measurements could not be analyzed due to limited flower production imposed by

our treatment structure.  The number of pods and seeds and total seed weight were reduced

by 78, 80, and 81%, respectively, with 280 g/ha of glyphosate compared to the nontreated

plants.

Field studies conducted in 2001 and 2002 investigated the response of nontransgenic

cotton to simulated glyphosate drift in a weed-free environment.  Glyphosate treatments were

applied EPOST at the 4-leaf growth stage of cotton at 0, 8.7, 17.5, 35, 70, 140, 280, 560, and

1,120 g ai/ha.  Rates as low as 140 g/ha caused lint yield reductions depending on year and

location.  When averaged over all locations, lint yield reductions of 4, 49, 72, and 87%

compared with nontreated cotton were observed with glyphosate rates of 140, 280, 560, and

1,120 g/ha, respectively.  Visual injury and shikimic acid accumulation were evident at

glyphosate rates > 70 g/ha.  Collectively, visual injury and shikimic acid accumulation at 7

DAT may be used as a diagnostic indicator for potential yield reductions from simulated

glyphosate drift.
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INTRODUCTION

Glyphosate is a broad spectrum, non-selective herbicide that is registered in over 50

crops and is used widely for vegetation control in non-agricultural situations (Duke 1988).

Recent advances in biotechnology have allowed the use of glyphosate during the cropping

season in glyphosate-resistant canola (Brassica napus L.), corn (Zea mays L.), cotton

(Gossypium hirsutum L), and soybean [Glycine max L. (Merr.)].  Nearly 11, 58, and 75% of

corn, cotton, and soybean grown in the United States in 2002 were herbicide-resistant

(Anonymous 2002a).  Due to this rapid grower acceptance, glyphosate-resistant cropping

systems have greatly increased the use of glyphosate (Shaner 2000).

The molecular site of action for glyphosate is the inhibition in activity of 5-enolpyruvyl

shikimic acid-3-phosphate synthase (EPSPS) [EC 2.5.1.19], an enzyme in the shikimic acid

pathway (Duke 1988).  This specific site of action inhibits the biosynthesis of the aromatic

acids of tryptophan, tyrosine, and phenylalanine (Siehl 1997).  A secondary effect of the

inhibition of EPSPS may affect the biosynthesis of proteins, auxins, pathogen defense

compounds, phytoalexins, folic acid, precursors of lignins, flavonoids, plastoquinone, and

hundreds of other phenolic and alkaloid compounds through the inhibition of aromatic acids

(Bentley 1990).

Weed management systems that utilize glyphosate-resistant crops possess several

benefits.  Glyphosate, a non-selective herbicide, controls more than 300 weed species

including many troublesome grass and broadleaf weeds with no rotational restrictions (Franz

et al. 1997; Sprankle et al. 1975).  In addition to broad spectrum activity, glyphosate has low

environmental impact characteristics.  First, glyphosate has a lower risk of ground water

contamination compared to atrazine and alachlor (Wauchope 2002).  In addition to low risk
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of glyphosate leaching into ground water, glyphosate-resistant weed management systems

may reduce the use of soil-applied residual herbicides and consequently reduce the potential

for these herbicides to leach into groundwater (Blanchard and Donald 1997; Buhler et al

1993; Pantone et al. 1992).  Secondly, glyphosate has a low persistence in the environment

since it is strongly bound to clay particles and rapidly degraded by soil microorganisms

(Duke 1988; Sprankle et al. 1975).  Consequently, the lack of residual herbicide activity can

be a limitation to glyphosate-resistant weed management systems using only single

glyphosate applications (Culpepper et al. 2000; Gower et al. 2002; Johnson et al. 2000;

Payne and Oliver 2000).  Since many annual weeds including broadleaf signalgrass

[Brachiaria platyphylla (Griseb.) Nash] (Burke et al. 2003a), crowfootgrass (Dactyloctenium

aegyptium) (Burke et al. 2003b), goosegrass [Eleusine indica (L.) Gaertn.] (Nishimoto and

McCarty 1997), and eclipta (Eclipta prostrata L.) (Altom and Murray 1996) have the

potential to germinate throughout much of the growing season, soil-applied residual activity

may be necessary to provide adequate weed control.  Several researchers have found that

sequential glyphosate application or glyphosate plus a residual herbicide were needed to

provide adequate weed control (Askew and Wilcut 1999; Culpepper et al. 2000; Faircloth et

al 2001; Payne and Oliver 2000; Scott et al. 2002; Webster et al. 1999).

Grower acceptance of herbicide-resistant crops may also be due to the flexibility and

costs of glyphosate-resistant weed management systems (Shaner 2000).  For example,

glyphosate has a wide window of application in corn (POST up to the V8 stage) (Anonymous

1999) and cotton (POST up to 4 leaf stage and PDS up to the 8 leaf stage).  Even though

glyphosate usually is more efficacious on small weeds, these wide application windows

provide increased flexibility of postemergence weed management decisions (Anonymous
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1999; Gower et al. 2002; Hart and Wax 1999; Johnson et al. 2000).  Glyphosate-resistant

weed management systems provide at least equivalent yield and economic returns in corn,

cotton, and soybean (Askew et al. 2002; Culpepper and York 1999b; Ferrell and Witt 2002;

Johnson et al. 2000; Nolte and Young 2002; Scott et al. 2001).  However, recent

investigations have shown that glyphosate negatively influences various male reproductive

tissues including pollen viability in cotton (Pline et al. 2002).

Glyphosate investigations included (1) evaluation of various weed management

programs in glyphosate-resistant corn, (2) evaluation of glyphosate on pollen viability and

seed set in glyphosate-resistant corn, (3) evaluation of various glyphosate rates and

application timings on reproductive development of sicklepod, and (4) evaluation of

simulated glyphosate drift on the yield and physiological response of nontransgenic cotton.

Weed management in glyphosate-resistant corn.  Several weeds including Ipomoea spp.,

Cyperus spp., and various grasses including goosegrass, Digitaria spp., and Texas panicum

(Panicum texanum Buckl.) are considered some of the most problematic weeds of corn in the

southern United States (Webster 2000).  Texas panicum has been identified as a one of the

ten most troublesome weeds of corn in Alabama, Florida, Georgia, North Carolina, South

Carolina, and Texas (Webster 2000).  Atrazine, alachlor, acetochlor, dimethenamid,

metolachlor, and mesotrione are not registered for PRE control of Texas panicum

(Anonymous 2002b).  Inadequate Texas panicum control with pendimethalin PRE has been

reported (Johnson and Mullinix 1990; Prostko et al. 2001).  The warm humid environment of

the southeastern coastal plain is conducive to extended germination and emergence of many

problematic species including goosegrass (Nishimoto and McCarty 1997), broadleaf
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signalgrass (Burke et al. 2003a), crowfootgrass (Burke et al. 2003b), and Texas panicum

(Johnson 1989).

Conventional weed management systems have potential drawbacks.  First, nicosulfuron,

a commonly used POST herbicide for grass control in corn, is labeled for control of

numerous grass species including Texas panicum and broadleaf signalgrass, but not

goosegrass or large crabgrass [Digitaria sanguinalis (L.) Scop.] (Anonymous 2002c).  Grass

control provided by nicosulfuron is dependent on small grass size, consequently reducing the

flexibility of POST systems utilizing nicosulfuron (Anonymous 2002c).  Nicosulfuron also

does not control some problematic broadleaf weed species on the mid-Atlantic and

southeastern coastal plain including common lambsquarters (Chenopodium album L.),

common ragweed (Ambrosia artemisiifolia L.), and sicklepod [Senna obtusifolia (L.) Irwin

and Barneby] (Dobbels and Kapusta 1993; Mekki and Leroux 1994, 1995; Monks et al.

1996; Richburg et al. 1993; Wilcut et al. 1999).  In addition to these weed control

weaknesses, nicosulfuron is not recommended for use in corn production systems that utilize

terbufos {S-[[(1,1-dimethylethyl)thio]-methyl] 0,0-diethyl phosphorodithioate}, a commonly

used soil-applied insecticide (Kapusta and Krausz 1992; Morton et al. 1994).

Recent advances in biotechnology now allow the use of glyphosate in glyphosate-

resistant corn as an alternative to conventional corn herbicide systems (Anonymous 1999).

Nolte and Young (2002) and Johnson et al. (2000) found that glyphosate-resistant corn

systems were economically feasible in Illinois and Missouri, respectively.  However, limited

information is available regarding the efficacy and economics of glyphosate-resistant corn in

southeastern portions of the United States.
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Other glyphosate-resistant crops like cotton and soybean have become increasingly

reliant on total POST herbicide systems to control weeds.  A single application of glyphosate

seldom provides season-long weed control as glyphosate does not provide residual control

(Culpepper et al. 2000; Gower et al. 2002; Johnson et al. 2000; Payne and Oliver 2000).

Consequently multiple glyphosate applications are frequently required in cotton and wide-

row soybeans (Askew and Wilcut 1999; Culpepper et al. 2000; Faircloth et al. 2001; Payne

and Oliver 2000).  Another option is to include residual POST herbicides (Askew et al. 2002;

Faircloth et al. 2001; Scott et al. 2002).  In glyphosate-resistant cotton and soybean, effective

weed control can be achieved by using either sequential applications of glyphosate or

glyphosate followed by residual herbicides, depending on the spectrum of weeds (Askew and

Wilcut 1999; Culpepper et al. 2000; Faircloth et al. 2001; Payne and Oliver 2000; Webster et

al. 1999).  Since other glyphosate-resistant crops rely heavily on total POST systems,

glyphosate-resistant corn should be evaluated for similar total POST systems.

POST residual herbicides like halosulfuron, an ALS inhibitor, may provide increased

efficacy on various weed species in glyphosate-resistant corn.  In addition to yellow (Cyperus

esculentus L.) and purple nutsedge (Cyperus rotundus L.) control (Fischer and Harvey 2002;

Nelson and Renner 2002; Vencill et al. 1995), halosulfuron controls velvetleaf (Abutilon

theophrasti Medicus) (Fischer and Harvey 2002).  Mesotrione provides POST and residual

control of a number of problematic annual and broadleaf weed species including velvetleaf,

Amaranthus spp., common lambsquarters, common ragweed, Solanum spp., jimsonweed

(Datura stramonium L.), and common cocklebur (Xanthium strumarium L.) (Armel et al.

2001, 2003, Beckett et al. 1999; Johnson et al. 2002; Sutton et al. 2002).   Thus halosulfuron
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and mesotrione may be viable POST tank mixtures with glyphosate to broaden the spectrum

of control and or provide residual control.

Glyphosate on reproduction in GR corn.  Two different glyphosate-resistance events,

GA21 and NK603, are commercially available in corn.  The GA21 and the NK603 events

were released for commercial production in the United States in 1998 and 2001, respectively

(Anonymous 2001, 2002d).  The GA21 event uses the plasmid pDPG434 as the plant

transformation vector to express a modified corn EPSPS (mEPSPS) protein to confer

glyphosate-resistance (Anonymous 2001).  The mEPSPS gene is regulated by the rice (Oryza

sativa L.) actin promoter and rice actin intron (Anonymous 2001).  The mEPSPS is fused

with an optimized transit peptide that directs the mEPSPS protein to the chloroplast

(Anonymous 2001).  The mEPSPS used in GA21 varieties has two amino acid changes,

threonine 102 replaced with isoleusine, and proline 106 replaced with serine, from the native

corn mEPSPS protein (Anonymous 2001).  The NK603 event uses a CP4-EPSPS protein

from common soil bacterium Agrobacterium sp. strain CP4 to encode glyphosate-resistance.

The plasmid PV-ZMGT32 was the plant transformation vector for NK603 (Anonymous 2002

d).  Two copies of the CP4-EPSPS are controlled by either the rice  actin promoter or the

enhanced 35S promoter from CaMV (Anonymous 2002 d).  The copy of CP4-EPSPS under

regulation by the 35S promoter replaced the amino acid leucine 214 with proline

(Anonymous 2002 d).  Both cassettes were fused to a chloroplast transit peptide (Anonymous

2002 d).  Since the chloroplast is the location of native EPSPS and the site of amino acid

synthesis (Kishore et al. 1988), the GA21 and NK603 plasmids target the chloroplast using

an optimized transit peptide and chloroplast transit peptide, respectively (Anonymous 2001,

2002 d).
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Yield data from glyphosate-resistant corn and soybean indicate no significant yield

losses in response to labeled glyphosate treatments (Nolte and Young 2002; Elmore et al.

2001a).  When comparing glyphosate-resistant soybean with their corresponding non-

transgenic isoline, Elmore et al. (2001b) found a 5% reduction in yield for glyphosate-

resistant lines.  Elmore et al. (2001b) also found that the seed weight was lower and plants

were 20 mm shorter in glyphosate-resistant lines.  Glyphosate-resistant cotton has been

shown to have boll retention problems after glyphosate treatments (Jones and Snipes 1999).

Further investigations into this problem have shown reductions in pollen viability and

number of seeds per boll, and reduced filament length in response to glyphosate applications

(Pline et al. 2002).

Therefore, our objectives were to investigate the effects of labeled and nonlabeled

glyphosate treatments on glyphosate-resistant corn with respect to pollen viability using light

and electron microscopy techniques, anther and pollen production, and yield.

Effect of glyphosate on sicklepod reproduction.  A member of the Fabaceae and subfamily

Caesalpinoideae, sicklepod is widely distributed throughout the world.  Irwin and Turner

(1960) indicate that it is distributed in tropical America, Asia, Africa, and throughout the

United States with its most common presence in the southeast (Webster 2001).  Its center of

origin is tropical, but the time and point of entry into the United States is unknown (Brown

and Bridges 1989).  Teem et al. (1980) surveyed weed extension specialists in each of the 50

states to find that sicklepod is troublesome in 11 southern states and increasing in 12 other

states.

Sicklepod has many characteristics that enable it to thrive in a variety of environments.

The weediness of sicklepod can be attributed to its potential to produce many seed (Bozsa et
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al. 1989; Bridges and Walker 1985), seed dormancy and survival (Creel et al. 1968;

Barrapour and Oliver 1998), hard and waxy seedcoat (Egley and Chandler 1978; Creel et al

1968), and inconsistent control with herbicides (Isaacs et al. 1989).  Sicklepod can produce

between 750 and 1,000 flowers (Senseman and Oliver 1993) and between 8,000 and 14,000

seed per plant (Creel et al. 1968; Bozsa et al. 1989).  Senseman and Oliver (1993) showed

that sicklepod could produce consistent flower primodia regardless of the environmental field

conditions.  Sicklepod can grow in temperatures of 18 to 36 C yet thrives at 30 to 36 C, a pH

range of 3.2 to 7.9 (Creel et al. 1968), and emergence capability from 12.5 cm (Teem et

al.1980).  After two years of seed deposition, 5,336 seed/m2 and 2,528 seed/m2 were found in

conventional tillage and no tillage systems, respectively (Barrapour and Oliver 1998).  In

these same studies, sicklepod seed remained in the soil seed bank after 5 years of

investigation (Barrapour and Oliver 1998).  Since sicklepod is capable of producing copious

amounts of seeds that are able to survive many years in the soil, Ratankye and Shaw (1992)

recognized the significance of using harvest aid herbicides to reduce sicklepod viability and

longevity in the soil without adversely affecting crop growth.

The development of herbicide-resistant crops like glyphosate-resistant soybean [Glycine

max L. (Merr.)], corn (Zea mays L.), and cotton (Gossypium hirsutum L.) enable a grower to

use glyphosate to control many annual and perennial grass and broadleaf weeds throughout

much of the growing season.  Since glyphosate-resistant crops are available where sicklepod

predominates, the increased flexibility of glyphosate application timings may provide even

greater potential for sicklepod seed bank reductions.

Many herbicides have been shown to reduce seed set and seed viability when applied at

or near flowering (Biniak and Aldrich 1986; Clay and Griffin 2000; Fawcett and Slife 1978;
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Isaacs et al. 1989; Maun and Cavers 1969; Taylor and Oliver 1997).  Many of these

researchers focused on the effects of late-season applications of glyphosate on sicklepod seed

production and viability.  Compared with the nontreated check, the number of sicklepod

seeds per plant, 100-seed weight, germination, normal seedlings, and radicle length were

reduced by 27, 30, 33, 69, and 28%, respectively, with a 560 g ai/ha treatment of glyphosate

applied at R5 (Ratnayake and Shaw 1992).  Sicklepod seed production was reduced by

greater than 80% with glyphosate applications made between bud formation and initial seed

set (Clay and Griffin 2000; Taylor and Oliver 1997; Isaacs et al. 1989).  Clay and Griffin

(2000) also reported similar reductions of 100-seed weight and seedling emergence rates of

46 and 66%, respectively, compared to the nontreated plots.

In addition to negative influences of glyphosate on sicklepod seed production,

glyphosate has been shown to cause reproductive development flaws including pollen

abnormalities in glyphosate-resistant corn and glyphosate-resistant cotton (Thomas et al.

2003; Pline et al. 2002).  These negative impacts on reproductive structures may be enhanced

due to the translocation of glyphosate from source leaves to metabolic sinks like reproductive

organs where it accumulates (Pline et al. 2001; Viator et al. 2003).

Since glyphosate negatively affects pollen viability in glyphosate-resistant corn and

cotton (Thomas et al. 2003; Pline et al. 2002b) and the potential for glyphosate treatments

near the reproductive development period in several weed species to reduce seed production

and seed viability (Biniak and Aldrich 1986; Clay and Griffin 2000; Fawcett and Slife 1978;

Isaacs et al. 1989; Maun and Cavers 1969; Taylor and Oliver 1997), we hypothesized that

reproductive development of sicklepod specifically pollen viability, flower number, and



10

resulting seed production would be negatively influenced by various rates and treatment

timings of glyphosate.

Effect of simulated glyphosate drift on nontransgenic cotton.  Herbicide-resistant crops

have provided additional weed control options in many cropping systems.  Glyphosate-

resistant soybean and cotton are common throughout the southeastern portions of United

States, as this technology provides broad-spectrum control of numerous weed species

infesting this warm humid production environment (Askew and Wilcut 1999; Askew et al.

2002; Culpepper and York 1999; Culpepper et al. 2000; Scott et al. 2001).  The large

hectarages of these herbicide-resistant crops increase the potential for glyphosate drift onto

neighboring susceptible crops.

With the increased use of glyphosate due to herbicide-resistant crops (Shaner 2000),

applicators must recognize that certain factors including nozzle types, spray pressure, droplet

size, environmental conditions, protective covers, boom height, and spray additives may

affect the potential of spray droplets to drift onto susceptible plants (Bode et al. 1976; Wolf

et al. 1993).  High winds and environmental conditions conducive to volatility and

redeposition may also increase the potential for herbicide drift (Hanks 1995).

Glyphosate mimics the substrate phosphoenolpyruvate, binding to 5-

enolpyruvylshikimate-3-phosphate synthase (EPSPS) enzyme [EC 2.5.1.19] (Siehl 1997).

With the inhibition of the EPSPS, shikimate-3-phosphate accumulates and is cleaved to

shikimic acid in the tonoplast or vacuole (Hollander-Czytko and Amrhein 1983).  Thus,

shikimic acid accumulates rapidly in sensitive plants (Hollander-Czytko and Amrhein 1983;

Lydon and Duke 1988; Mollenhauser et al. 1987).  Shikimic acid accumulation can be

measured using high performance liquid chromatography (HPLC) (Lydon and Duke 1988) or
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spectrophotometrically (Singh and Shaner 1998).  Since shikimic acid only accumulates

following treatment with glyphosate, it may also exclude other potential herbicidal mode of

actions for detrimental crop injury and potential yield losses (Singh and Shaner 1998).

Previous research has investigated simulated drift of glufosinate, glyphosate (Ellis and

Griffin 2002), quinclorac (Snipes et al. 1992), and tricloypr (Snipes et al. 1991) in cotton.

Further studies investigating drift have indicated that drift rates typically range from 1/100 to

1/10 of the normally applied herbicide rate (Al-Khatib and Peterson 1999; Bailey and

Kapusta 1993; Ellis and Griffin 2002; Snipes et al. 1991, 1992).  Since glyphosate causes

shikimic acid accumulation after absorption in sensitive plants, we hypothesized that an

inverse correlation between yield, and crop injury and shikimic acid accumulation would

occur.  Therefore, our objectives were 1) to evaluate crop injury, 2) shikimic acid

accumulation, and 3) cotton lint yield in nontransgenic cotton treated with eight increasing

rates of glyphosate applied at the 4-leaf growth stage.   
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Weed Management in Glyphosate-Resistant Corn with Glyphosate, Halosulfuron, and1

Mesotrione1.2

3

WALTER E. THOMAS and JOHN W. WILCUT24

5

Abstract:  Four field studies were conducted at Lewiston-Woodville in 2000, 2001, and6

2002 to evaluate crop tolerance, and grain yield in glyphosate-resistant corn with various7

herbicide systems.  Preemergence (PRE) treatment options included no herbicide, atrazine at8

1.12 kg ai/ha, or atrazine at 1.12 kg/ha plus metolachlor at 1.68 kg ai/ha.  Postemergence9

(POST) treatment options included glyphosate at 1.12 kg ai/ha as either the isopropylamine10

salt or diammonium salt alone or in mixtures with mesotrione at 105 g ai/ha plus crop oil11

concentrate (COC) at 1% (v/v) or halosulfuron at 53 g ai/ha plus 0.25% (v/v) nonionic12

surfactant (NIS).  Glyphosate formulation did not influence crop injury, weed control, or corn13

yield.  The addition of metolachlor to atrazine PRE was effective for improving large14

crabgrass and goosegrass control, but was less effective improving Texas panicum control.15

POST control of these annual grasses was similar with glyphosate POST alone or in mixture16

with halosulfuron or mesotrione.  Glyphosate POST controlled common lambsquarters and17

common ragweed 89 and 93%, respectively.  Glyphosate plus halosulfuron POST was more18

effective for control of yellow nutsedge than glyphosate POST.  Atrazine PRE or atrazine19
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plus metolachlor PRE fb any glyphosate POST treatment controlled pitted, ivyleaf, and1

entireleaf morningglory at least 92%.  Glyphosate plus mesotrione in total POST systems2

always provided greater control of pitted, ivyleaf, and entireleaf morningglory than3

glyphosate POST alone.  The highest yielding corn was always treated with glyphosate4

POST with or without a PRE herbicide treatment.  Similar to corn yield, weed management5

systems that included any glyphosate POST treatment had the highest net returns to land and6

management.7

Nomenclature:  Atrazine; glyphosate; halosulfuron; metolachlor; mesotrione; common8

lambsquarters, Chenopodium album L. #CHEAL; common ragweed, Ambrosia artemisifolia9

L. # AMBEL; entireleaf morningglory, Ipomoea hederacea var. integruiscula Gray #310

IPOHG; goosegrass, Eleusine indica (L.) Gaertn. # ELEIN; ivyleaf morningglory, Ipomoea11

hederacea (L.) Jacq. # IPOHE; large crabgrass, Digitaria sanguinalis (L.) Scop. # DIGSA;12

pitted morningglory, Ipomoea lacunosa L.# IPOLA; Texas panicum, Panicum texanum13

Buckl. # PANTE; corn, Zea mays L. # ZEAMX.14

Additional Index Words:  Isopropylamine salt; diammonium salt; net returns.15

Abbreviations:  DAT, days after treatment; fb, followed by; PRE, preemergence; POST,16

postemergence.17

18

                                               
3 Letters following this symbol are a WSSA-approved computer code from Composite List of

Weeds, Revised 1999.  Available only on computer disk from WSSA, 810 East 10th Street,

Lawrence, KS  66044-8897.
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INTRODUCTION1

Weeds including Ipomoea spp., Cyperus spp., and various grasses including goosegrass,2

Digitaria spp., and Texas panicum are considered some of the most troublesome weeds of3

corn in the southeastern United States (Webster 2000).  Texas panicum in particular has been4

identified as one of the ten most troublesome weeds of corn in Alabama, Florida, Georgia,5

North Carolina, South Carolina, and Texas (Webster 2000).  Atrazine, alachlor, acetochlor,6

dimethenamid, metolachlor, and mesotrione are not registered for PRE control of Texas7

panicum (Anonymous 2002a) while pendimethalin PRE is inadequate for control of Texas8

panicum (Johnson and Mullinix 1990; Prostko et al. 2001; York et al. 2003).  The warm9

humid environment of the southeastern coastal plain is conducive to extended germination10

and emergence periods of Texas panicum (Johnson 1989) and other problematic species11

including broadleaf signalgrass [Brachiaria platyphylla (Griseb.) Nash] (Burke et al. 2003a),12

crowfootgrass (Dactyloctenium aegyptium) (Burke et al. 2003b), goosegrass (Nishimoto and13

McCarty 1997), and fall panicum (Panicum dichotomiflorum Michx.) (Fausey and Renner14

1997).15

A number of herbicides commonly used in conventional and transgenic corn weed16

management systems have potential limitations.  Triazine and acetolactate synthase (ALS)17

herbicides are commonly used in corn weed management and resistance to these groups of18

herbicides has become more common and problematic in corn production systems (Heap19

1997).  In addition to resistance, nicosulfuron, an ALS-inhibiting herbicide commonly used20

in corn, provides less than adequate control on some problematic broadleaf weeds including21

common lambsquarters, common ragweed (Mekki and Leroux 1994, 1995), and sicklepod22

[Senna obtusifolia (L.) Irwin and Barneby] (Dobbels and Kapusta 1993; Mekki and Leroux23
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1994, 1995; Monks et al. 1996; Richburg et al. 1993; Wilcut et al. 1999).  Nicosulfuron is1

labeled for control of numerous grass species including Texas panicum and broadleaf2

signalgrass, but not goosegrass nor large crabgrass (Anonymous 2002b; York 2003).  Control3

provided by nicosulfuron is dependent on weed size, consequently reducing the flexibility of4

POST systems utilizing nicosulfuron (Anonymous 2002b).  In addition to these weed control5

limitations, nicosulfuron is not recommended for use in corn production systems that utilize6

terbufos (S-[[(1,1-dimethylethyl)thio]-methyl] 0,0-diethyl phosphorodithioate), a commonly7

used soil-applied insecticide (Kapusta and Krausz 1992; Morton et al. 1994).  Dicamba and8

2,4-D, additional herbicide options in corn, control broadleaf weeds but not grass species9

(York et al. 2003).  The use of these phenoxy herbicides in southern cropping systems that10

include cotton (Gossypium hirsutum L.), tobacco (Nicotiana tabacum L.), or tomato11

(Lycopersicon esculentum L.) is limited due to the high sensitivity of these non-target species12

(Wilcut et al. 1995; Johnson et al. 2000).13

Glyphosate weed management systems may reduce the use of soil-applied residual14

herbicides and consequently reduce the potential for these herbicides to leach into15

groundwater (Blanchard and Donald 1997; Buhler et al 1993; Pantone et al. 1992; Wilcut et16

al. 1995).  Using models specified for the midwest, Wauchope et al. (2002) predicted that17

runoff loads of glyphosate and glufosinate were 1/5 to 1/10 of atrazine and alachlor.  Due to18

reduced environmental impacts and equivalent weed control and yield, total postemergence19

weed management systems are feasible in glyphosate-resistant corn (Wauchope et al. 2002;20

Ferrell and Witt 2002).21

In addition to the positive environmental aspects of glyphosate (Sprankle et al. 1975),22

low cost and the simplicity of the glyphosate-resistant systems are potential reasons for rapid23
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grower acceptance (Shaner 2000).  Since glyphosate is a broad spectrum herbicide and has a1

wide window of application in corn (up to the V8 stage), its use increases the flexibility of2

postemergence weed management decisions (Anonymous 1999; Hart and Wax 1999;3

Johnson et al. 2000).  Nolte and Young (2002) and Johnson et al. (2000) found that4

glyphosate-resistant corn systems were economically feasible in Illinois and Missouri,5

respectively, yet limited information is available regarding the efficacy and economics of6

glyphosate-resistant corn in southeastern portions of the United States.7

Weed management in systems in other glyphosate-resistant crops like cotton and8

soybean [Glycine max (L.)] have become increasingly total POST (Askew and Wilcut 1999;9

Askew et al. 2002; Culpepper and York 1999b; Culpepper et al. 2000).  In North Carolina it10

is estimated that over 50 and 90% of the cotton and soybean production does not receive a11

soil-applied herbicide (A. C. York, personal communication).  In glyphosate-resistant cotton12

and soybean, effective weed control can be achieved by using either sequential applications13

of glyphosate or glyphosate followed by residual herbicides (Askew and Wilcut 1999;14

Culpepper et al. 2000; Faircloth et al. 2001; Payne and Oliver 2000; Scott et al. 2002;15

Webster et al. 1999).  As other glyphosate-resistant crops rely heavily on total POST16

systems, glyphosate-resistant corn should be evaluated for similar total POST systems.17

Considering the extended germination capability of numerous weeds in the mid-Atlantic18

and Southeastern Coastal Plain, POST residual herbicides like halosulfuron, an ALS19

inhibitor, and mesotrione, a 4-hydroxyphenylpyruvate dioxygenase inhibitor (HPPD) (Lee20

1997), may provide increased burndown and residual control of various weed species in21

glyphosate-resistant corn.  In addition to yellow and purple nutsedge (Cyperus rotundus L.)22

control (Fischer and Harvey 2002; Nelson and Renner 2002; Vencill et al. 1995),23



28

halosulfuron controls velvetleaf (Abutilon theophrasti Medicus) (Fischer and Harvey 2002),1

and green kyllinga (Kyllinga brevifolia Rottb) (Molin et al. 1997).  Mesotrione provides2

POST and residual control of a number of problematic annual and broadleaf weed species3

including velvetleaf, Amaranthus spp., common lambsquarters, common ragweed, Solanum4

spp., jimsonweed (Datura stramonium L.), and common cocklebur (Xanthium strumarium5

L.) (Anonymous 2001; Armel et al. 2001, 2003, Becket el al. 1999; Johnson et al. 2002;6

Sutton et al. 2002).   Thus halosulfuron and mesotrione may be viable POST mixtures with7

glyphosate to broaden the spectrum of control and or provide residual control.8

Since glyphosate is available as an isopropylamine salt4 or diammonium salt5, our9

objectives were to evaluate both glyphosate formulations alone or in mixture with10

halosulfuron or mesotrione.  An additional objective was to evaluate glyphosate weed11

management systems with and without PRE herbicide treatments.  All of the aforementioned12

objectives were evaluated with respect to 1) crop injury, 2) weed control, 3) grain yield, and13

4) net returns.14

15

MATERIALS AND METHODS16

Four experiments were conducted at the Peanut Belt Research Station near Lewiston-17

Woodville, NC in 2000, 2001, and 2002.  In 2000, two experiments were conducted in18

different fields.  Soils included either Rains (fine-loamy, siliceous, semiactive, thermic,19

Typic Paleaquults) or Norfolk sandy loams (fine-loamy, siliceous, thermic Typic20

                                               
4 Roundup Ultra, Monsanto Company, 800 N. Lindbergh Blvd., St. Louis, MO  63167.

5 Touchdown, Syngenta Crop Protection, P.O. Box 18300, Greensboro, NC  27419.
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Kandiudults) with pHs ranging from 5.7 to 6.1 and organic matter content ranging from 1.11

to 1.3%.2

Glyphosate-resistant corn hybrid ‘DK 580 RR’ was planted in both 2000 trials on May 5.3

While glyphosate-resistant corn hybrids ‘DK 662 RR’ and ‘RX 897 RR’ were planted on4

April 11, 2001, and April 16, 2002, respectively.  Seed were planted in a conventional5

seedbed at 7 seed/m of row at all locations.  Terbufos was applied in-furrow at 1.12 kg ai/ha6

according to North Carolina State Cooperative Extension recommendations for early season7

insect control (Van Duyn 2003).8

The experimental design was a randomized complete block design with three9

replications.  Plots were four 91 cm rows and 6.1 m in length.  Herbicide systems included a10

factorial arrangement of PRE and POST herbicide treatment options. PRE treatment options11

included no herbicide, atrazine at 1.12 kg/ha, or atrazine at 1.12 kg/ha plus metolachlor at12

1.68 kg/ha.  POST treatment options included no herbicide, glyphosate as either the13

isopropylamine salt or diammonium salt alone or in mixture with mesotrione at 105 g/ha plus14

crop oil concentrate6 at 1% (v/v) or halosulfuron at 53 g/ha plus 0.25% (v/v) nonionic15

surfactant7.  POST applications were made to V4 to V6 stage corn depending on year (Table16

1).  Weed densities and stages of growth by species are also listed in Table 1.  All herbicide17

and adjuvant rates were based on North Carolina Cooperative Extension Service18

                                               
6 Agri-dex (mixture of heavy range paraffinic oil, polypol fatty acid esters, and

polyethoxylated derivatives), Helena Chemical Co., 5100 Popular Avenue, Memphis, TN

38137.

7 Induce (mixture of alkyl polyoxylkane ether, free fatty acids, and isopropanol), Helena

Chemical Co., 5100 Popular Avenue, Memphis, TN  38137.
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recommendations (York et al. 2003).  All herbicides were applied with a compressed air1

backpack sprayer delivering 137 L/ha at 207 kPa equipped with 11002 flat fan nozzles8.2

Visual estimation of corn injury and weed control were based on a summation of3

stunting, discoloration, and stand reduction ranging from 0 (no corn injury or no weed4

control) to 100 (corn death or complete weed control) (Frans et al. 1996).  Corn injury was5

evaluated at 18 to 43 d after EPOST treatment (DAT) and again at 37 to 67 DAT, depending6

on year.  Texas panicum, yellow nutsedge, common lambsquarters, and pitted morningglory7

were present in all studies while ivyleaf morningglory, entireleaf morningglory, and large8

crabgrass were present in three studies (Table 1).  Goosegrass and common ragweed were9

present in two studies (Table 1).  The center two rows of each plot were harvested using a10

combine modified for small plot research.  Corn grain was dried to 15.5% moisture and11

yields were determined.12

Economic Analysis.  Economic returns were calculated by the formula (Ferrell and Witt13

2002):14

Return=[yield(kg/ha)*0.10/kg] – [herbicide cost + fixed and variable cost]     15

[1]16

Herbicide costs included the cost of herbicides (prices used were obtained from the HADSS917

database), a $15/ha technology fee, and $10/ha application cost per herbicide treatment.18

                                               
8 Teejet 11002 flat fan nozzles, Spraying Systems Company, North Avenue, Wheaton, IL

60188.

9   Herbicide Application Decision Support System, North Carolina State University, P O Box

7620, , Raleigh, NC 27695.
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Fixed and variable cost values were $610/ha (G. Bullen and R. Heiniger, personal1

communication).2

Statistical analysis.  Data were tested for homogeneity of variance by plotting residuals.3

Yield data and weed control data was square root and arcsine transformed, respectively.  To4

recognize treatment structure in the factorial treatment arrangement, analysis of variance was5

conducted using general linear models procedure in SAS10 to evaluate the effect of various6

PRE (three levels) and POST (seven levels) herbicide treatment options on crop response,7

weed control, and grain yield.  The formulation of glyphosate was analyzed for differences in8

crop injury, weed control, grain yield, and net returns and were found to be not significant.9

Thus data were pooled over glyphosate formulations for all data.  Sums of squares were10

partitioned to evaluate year effects, which were considered separate random variables.  Main11

effects and interactions were tested by the appropriate mean square associated with the12

random variables (McIntosh 1983).  Means separations were performed on transformed weed13

control and yield and non-transformed net returns using Fisher’s Protected LSD at P=0.05.14

When interactions were significant, LSD tests were performed separately across the levels of15

a given factor within the levels of the other factor.16

17

RESULTS AND DISCUSSION18

Corn Response.  Early season crop injury was minimal (< 5%) for all treatments (Appendix19

A).  Late season crop injury was less than 7 and 2% for treatments receiving no herbicide and20

atrazine PRE, respectively (Appendix A).  The injury consisted of stunting and was caused21

                                               
10 Statistical Analysis Systems (SAS) software, Ver. 8.  SAS Institute, Inc., Box 8000, SAS

Circle, Cary, NC 27513.
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by weed competition throughout the entire growing season.  Research indicated that early-1

season weed interference reduced corn growth and grain yield (Bosnic and Swanton 1997;2

Hall et al. 1992; Massinga et al. 2001).  However, weeds emerging after POST herbicide3

applications typically do not cause yield reductions (Bosnic and Swanton 1997; Massinga et4

al. 2001; Murphy et al. 1996; Vangessel et al. 1995).  Minimal corn injury has been observed5

from glyphosate, halosulfuron, and mesotrione treatments (J. W. Wilcut, personal6

observation).  Corn was not injured by either the isopropylamine salt or diammonium salt7

formulation of glyphosate (Appendix A).8

Weed Control.  Glyphosate formulation did not influence weed control.  Therefore all data9

shown were averaged over glyphosate formulations (Tables 2 to 4).  Due to a significant year10

by treatment interaction for all weeds, data are presented by years.11

Goosegrass.  There was a significant PRE by POST interaction for goosegrass control.  In12

2001, all treatments that included glyphosate POST controlled goosegrass > 98 regardless of13

use or choice of PRE herbicide treatment (Table 2).  Atrazine plus metolachlor PRE and14

atrazine PRE provided 78 and 54% control, respectively (Table 2).  Culpepper and York15

(1999a) reported similar control with atrazine plus metolachlor PRE in glufosinate-resistant16

corn.  Metolachlor PRE controls goosegrass in peanut (Arachis hypogaea L.) (Askew et al.17

1999).  In 2002, total POST glyphosate systems controlled goosegrass no more than 72%.18

Glyphosate controlled goosegrass initially but later germinating seed escaped control due to19

the lack of residual control with glyphosate (Appendix B).  Goosegrass germination increases20

with soil temperature (Nishimoto and McCarty 1997), thus soil temperatures later in the21

season are conducive to goosegrass germination and emergence.  Herbicide systems that22

exclusively utilized glyphosate had late-season grass emergence in other studies (Askew et23
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al. 2002; Culpepper and York 1999b).  All herbicide systems in 2002 that included atrazine1

PRE or metolachlor plus atrazine PRE controlled goosegrass at least 94%.  Glyphosate2

resistance in goosegrass has been reported in Malaysia (Lee and Ngim 2000).  With the risk3

of herbicide resistance, weed management systems that include other herbicide sites of action4

may be more sustainable than glyphosate-only weed management systems for goosegrass5

control.  Goosegrass control with glyphosate POST was not influenced by the addition of6

halosulfuron or mesotrione in mixture.7

Large crabgrass.  There was a significant PRE by POST interaction for large crabgrass8

control.  Atrazine PRE controlled large crabgrass from 30 to 63% depending on location,9

while metolachlor plus atrazine PRE controlled 77 to 88% (Table 2).  All glyphosate POST10

only systems controlled large crabgrass 79 and 99%, depending on year.  This variability11

reflects the lack of residual control with glyphosate, as initial large crabgrass control was12

98% with all glyphosate POST treatments (Appendix B).  Control of large crabgrass with13

glyphosate POST was similar whether applied alone or in mixture with halosulfuron or14

mesotrione.  Gimenez et al. (1998) reported complete control of large crabgrass with15

glyphosate, and control was not affected by the mixture application with the ALS inhibitors,16

chlorimuron or imazethapyr.  Herbicide systems that include a PRE herbicide treatment plus17

any glyphosate POST treatment controlled large crabgrass at least 94%.18

Texas panicum.  There was a significant PRE by POST interaction present for Texas19

panicum control.  Atrazine alone controlled Texas panicum 20 and 30%, depending on year20

(Table 2).  Unlike goosegrass and large crabgrass, the addition of metolachlor to atrazine21

PRE provided only marginal improvement in Texas panicum control with control ranging22

from 33 to 53%.  Chloroacetamide herbicides are ineffective for the control of this large23
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seeded annual grass (Wilcut et al. 1994).  Glyphosate POST alone or in mixture with either1

halosulfuron or mesotrione controlled Texas panicum similarly (77 to 99%).  Herbicide2

systems that included metolachlor plus atrazine PRE fb any POST glyphosate treatment3

controlled Texas panicum > 94%.4

Yellow nutsedge.  There was a significant PRE by POST interaction present for yellow5

nutsedge control.  Metolachlor plus atrazine PRE controlled yellow nutsedge variably (46 to6

53%) (Table 3).  The inclusion of glyphosate POST always improved control compared to7

atrazine plus metolachlor PRE.  Glyphosate POST treatments, regardless of PRE herbicide8

treatment option, controlled yellow nutsedge at least 76%.  The addition of halosulfuron to9

glyphosate POST improved yellow nutsedge control in 10 of 12 comparisons to glyphosate10

POST alone.  Nelson and Renner (2002) and Vencill et al. (1995) reported good to excellent11

control of yellow nutsedge with halosulfuron in field and greenhouse research.  Fischer and12

Harvey (2002) indicated that yellow nutsedge control was greater than 85% at 24 or 35 DAT13

for all treatments including halosulfuron and was not influenced by application timing.  The14

addition of mesotrione to glyphosate POST improved yellow nutsedge control in only 5 of 1215

comparisons to glyphosate POST alone.  Mesotrione at 70 g ai/ha provided variable control16

of yellow nutsedge ranging from 40 to 76% (Johnson et al. 2002).17

Common ragweed.  There was a significant PRE by POST interaction for common ragweed18

control.  Atrazine PRE and atrazine plus metolachlor PRE controlled common ragweed 53 to19

87% and 72 to 87%, respectively (Table 3).  All herbicide systems that used any glyphosate20

POST treatment controlled common ragweed > 93%.  Herbicide systems that used a PRE21

herbicide treatment plus any glyphosate POST treatment controlled common ragweed 100%.22

Atrazine PRE (York et al. 2003) and glyphosate POST (Scott et al. 2002) have been reported23
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to control common ragweed.  Common ragweed control in Virginia with mesotrione POST1

ranged from 56 to 82% at 35 g/ha and 66 to 93% at 70 g/ha, respectively (Armel et al. 2003).2

Common lambsquarters.  There was a significant PRE by POST interaction for common3

lambsquarters control.  Atrazine PRE alone controlled common lambsquarters between 674

and 99%, depending on the year while atrazine plus metolachlor PRE controlled 86 to 95%.5

Glyphosate POST alone controlled common lambsquarters at least 89% while all other6

glyphosate POST mixtures controlled common lambsquarters > 98% (Table 3).  Since7

control was so high with glyphosate POST alone, the addition of halosulfuron or mesotrione8

was of minimal benefit.  In the warm humid southeastern Coastal Plain, common9

lambsquarters germination occurs early in the season with essentially little germination and10

emergence after early June (J. W. Wilcut, personal communication).  A soil applied PRE11

herbicide treatment plus any POST glyphosate treatment controlled common lambsquarters12

at least 99%.  Other researchers have shown common lambsquarters control with mesotrione13

POST (Armel et al. 2003) and with atrazine PRE plus glyphosate POST in Ohio (Gower et14

al. 2002) and Kentucky (Ferrell and Witt 2002).15

Pitted morningglory.  There was a significant PRE by POST interaction for pitted16

morningglory control.  The soil-applied herbicide treatments of atrazine PRE and atrazine17

plus metolachlor PRE controlled pitted morningglory 33 to 67% (Table 4).  Glyphosate18

POST controlled pitted morningglory 69 to 89%.  Johnson et al. (2000) in Missouri reported19

less than 40% control of Ipomoea spp. with a single glyphosate POST treatment.  The20

addition of mesotrione to glyphosate POST with no soil applied herbicide treatment always21

improved control (8 to 30 percentage points) compared to control with glyphosate POST22

alone.  In a similar comparison, the addition of halosulfuron to glyphosate POST improved23
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control in only one comparison (no PRE herbicide treatment).  The best and most consistent1

pitted morningglory control was obtained with a PRE herbicide treatment fb any glyphosate-2

containing POST treatment.  When a PRE herbicide treatment was used, the use of3

mesotrione or halosulfuron was of limited benefit in a mixture with glyphosate POST,4

compared to control of glyphosate POST alone with a PRE herbicide treatment.5

Ivyleaf morningglory.  There was a significant PRE by POST interaction for ivyleaf6

morningglory control.  Atrazine PRE controlled ivyleaf morningglory 43 to 55% and control7

was less than 70% with the addition of metolachlor PRE (Table 4).  Glyphosate POST alone8

controlled ivyleaf morningglory from 62 to 92%.  As with pitted morningglory, the addition9

of mesotrione to glyphosate POST with no soil-applied PRE herbicide treatment always10

improved control (5 to 35 percentage points) compared to control with glyphosate POST11

alone.  Mesotrione at 70 g/ha applied early postemergence, mid postemergence, and late12

postemergence controlled ivyleaf morningglory in Missouri 60, 70, and 90% in 1999,13

respectively, and 71, 85, and 81% in 2000, respectively (Johnson et al. 2002).  The addition14

of halosulfuron to glyphosate POST increased control in two of three years.  Even though the15

addition of halosulfuron to glyphosate POST with no soil-applied PRE herbicide treatment16

increased control in 2002 compared to glyphosate POST alone, ivyleaf morningglory control17

was inadequate (76%).  When a PRE herbicide treatment was used, the POST use of18

mesotrione or halosulfuron was of limited benefit in a mixture with glyphosate POST,19

compared to control with the PRE herbicide treatment and glyphosate POST alone.20

The most effective and consistent control (>92%) of ivyleaf morningglory was obtained21

with a PRE herbicide treatment fb any glyphosate POST treatment.  Other researchers have22

found effective control of ivyleaf morningglory with glyphosate herbicide systems that23
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included either a PRE fb POST or sequential POST programs (Ferrell and Witt 2002;1

Johnson et al. 2000; Nolte and Young 2002)2

Entireleaf morningglory.  There was a significant PRE by POST interaction for entireleaf3

morningglory control.  As seen with the other morningglory species, atrazine PRE controlled4

entireleaf morningglory variably (35 to 54% control) (Table 4).  The addition of metolachlor5

PRE to atrazine was only marginally better (<67% control).  Metolachlor PRE is not6

considered effective for control of Ipomoea species including entireleaf, ivyleaf, and pitted7

morningglories (Wilcut et al. 1994).  Glyphosate POST alone controlled entireleaf8

morningglory 82 to 92%.  The addition of mesotrione to glyphosate POST with no soil-9

applied residual herbicide always improved control (5 to 17 percentage points) compared to10

glyphosate POST alone.  Mesotrione has been shown to provide effective control of other11

Ipomoea spp. (Johnson et al. 2002).  The addition of halosulfuron to glyphosate POST was12

beneficial in two of three years when no PRE herbicide was used.  As with pitted and ivyleaf13

morningglory, the most consistent and best entireleaf morningglory control was obtained14

with a PRE herbicide treatment fb any glyphosate-containing POST treatment.  When a PRE15

herbicide treatment plus glyphosate POST was used, the additional input of mesotrione or16

halosulfuron was of limited benefit.17

Corn yield.  There was a significant PRE by POST interaction for corn yield and there was a18

significant year by treatment interaction, thus corn yields are presented by year.  Regardless19

of year, corn treated with metolachlor plus atrazine PRE yielded more than untreated corn or20

corn treated with atrazine PRE (Table 5).  The highest yielding corn was always treated with21

glyphosate POST with or without a PRE herbicide treatment.  These high yields reflect the22

broad spectrum of weed control provided by glyphosate POST (Tables 2 to 4).  Corn yielded23
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similarly when treated with glyphosate POST alone or in a mixture with halosulfuron or1

mesotrione.  Other research has also shown no differences in yield with various weed control2

programs in glyphosate-resistant corn (Ferrell and Witt 2002; Johnson et al. 2000; Tharp and3

Kells 2002).4

Net returns.  There was a significant PRE by POST interaction for net economic returns.  A5

significant year by treatment interaction resulted in net returns being presented by year.  No6

herbicide programs were profitable in 2000 or 2002 due to low yields resulting from7

inadequate and inconsistent rainfall (Appendix E) on the coarse-textured coastal plain soils8

(Table 5).  Compared to the yearly average rainfall for June and July in Lewiston, below9

average rainfall occurred in June of 2000 and 2002 and in July of all years.  However when10

yields were higher in 2001, weed management systems that included any glyphosate POST11

treatment were among the most profitable.12

The most consistent and best weed management systems included a PRE herbicide13

treatment and any glyphosate POST treatment.  While glyphosate POST controlled all weeds14

evaluated initially, the lack of residual control often resulted in uncontrolled weeds at later15

evaluations.  The addition of mesotrione POST to glyphosate POST only systems was16

beneficial for control of entireleaf, ivyleaf, and pitted morningglories.  However, if atrazine17

PRE was used alone or with metolachlor PRE, control of the aforementioned Ipomoea18

morningglories was similar for all glyphosate POST treatments.  Halosulfuron plus19

glyphosate POST provided better yellow nutsedge control than glyphosate POST alone in 1020

of 12 comparisons.  These data show that glyphosate POST provides broad spectrum control21

of numerous problematic annual grass and broadleaf weeds and yellow nutsedge.  Corn22
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injury, weed control, and glyphosate-resistant corn yield were similar for both the1

diammonium and isopropylamine salt formulations of glyphosate.2

3

4
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Table 1.  Corn growth stage and weed growth stage and density at the time of POST herbicide treatments at Lewiston-Woodville,1
NC, 2000-2002.2

a  Density is presented in plants per m2.3
b  ** denotes weed was not present at the location.4

  ________  2000  ________   _______  2001a  _______   _______  2001b  _______   ________  2002  ________

Stage Dena Stage Den Stage Den Stage Den

Corn V4 ** V5 ** V4 ** V5-V6 **

Goosegrass **b ** 2L - 2 T 7 ** b ** 2L – 2 T 20

Large crabgrass 2L – 3 T 7 2L – 2 T 4 ** b ** 3L – 2 T 9

Texas panicum 1 – 3 T 15 2 – 5 L 19 1 – 4 L 10 2L – 3 T 25

Yellow nutsedge 15 – 25 cm 10 15 – 20 cm 50 4 – 25 cm 30 15 – 25 cm 50

Common ragweed Cot – 4L 6 ** b ** Cot – 5L 8 ** b **

Common lambsquarters 2 – 8L 10 2 – 5L 20 2 – 8L 10 2 – 10 L 10

Ivyleaf morningglory ** b ** Cot – 4L 9 Cot – 4L 7 Cot -2L 20

Entireleaf morningglory Cot – 4L 8 Cot – 3L 6 Cot – 4L 6 ** b **

Pitted morningglory 2 – 4L 4 Cot – 3L 4 Cot -3L 3 Cot – 4L 6
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Table 2.  The effect of PRE and POST herbicide systems on control of goosegrass, large crabgrass, and Texas panicum at1
Lewiston-Woodville, NC, 2000-2002.2

a   Abbreviations:  Atra, atrazine; halo, halosulfuron; gly, glyphosate; meso, mesotrione; meto, metolachlor; none, no herbicide;3
ELEIN, goosegrass; DIGSA, large crabgrass; and PANTE, Texas panicum.4
b  Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.5

Preemergence Postemergence ELEINab DIGSA PANTE

herbicidea herbicidea 2001a 2002 2000 2001a 2001b 2002 2000 2001a 2001b 2002

______________________________________________________  %  ____________________________________________________

None Gly 98 a 72 d 85 c 96 b 85 b 79e 92 b 82 c 90 b 77 e

None Gly + meso 98 a 63 d 99 a 98 ab 81 b 83 de 99 a 93 ab 91 b 85 de

None Gly + halo 98 a 67 d 93 b 97 b 84 b 91 b 90 b 94 ab 94 b 77 e

Atra None 54 c 96 abc 33 d 63 d 43 c 30 f 20 d 20 e 20 d 30 g

Atra Gly 98 a 95 bc 92 b 98 ab 98 a 94 ab 93 b 87 bc 99 a 93 bc

Atra Gly + meso 100 a 97 abc 96 b 100 a 84 b 94 ab 96 ab 83 c 95 b 91 cd

Atra Gly + halo 99 a 95 bc 98 a 98 ab 80 b 94 ab 98 ab 83 c 94 b 93 bc

Atra + meto None 78 b 94 c 85 c 77 c 82 b 88 cd 35 c 41 d 33 c 53 f

Atra + meto Gly 100 a 98 ab 97 ab 98 ab 99 a 98 a 96 ab 94 ab 99 a 97 ab

Atra + meto Gly + meso 100 a 99 a 98 a 100 a 84 b 98 a 98 ab 96 a 93 b 98 a

Atra + meto Gly + halo 100 a 96 abc 98 a 100 a 80 b 98 a 98 ab 95 ab 95 b 98 a



50

Table 3.  The effect of PRE and POST herbicide systems on control of yellow nutsedge, common ragweed, and common1
lambsquarters at Lewiston-Woodville, 2000-2002.2

a  Abbreviations:  Atra, atrazine; halo, halosulfuron; gly, glyphosate; meso, mesotrione; meto, metolachlor; none, no herbicide;3
CYPES, yellow nutsedge; AMBEL, common ragweed; CHEAL, common lambsquarters.4
b  Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.5

Preemergence Postemergence CYPESab AMBEL CHEAL

herbicidea herbicidea 2000 2001a 2001b 2002 2000 2001b 2000 2001a 2001b 2002

______________________________________________________  %  ____________________________________________________

None Gly 81 d 83 cd 83 cd 80 de 93 b 99 a 96 b 100 a 98 a 89 b

None Gly + meso 86 d 81 d 85 c 81 de 99 a 100 a 100 a 100 a 99 a 100 a

None Gly + halo 99 a 93 ab 94 ab 94 abc 100 a 100 a 100 a 100 a 100 a 98 a

Atra None 12 f 0 f 22 f 20 g 87c 53 c 89 d 83c 67 e 99 a

Atra Gly 82 d 76 d 85 bc 76 e 100 a 100 a 100 a 100 a 100 a 99 a

Atra Gly + meso 83 d 95 ab 92 ab 79 de 100 a 100 a 100 a 100 a 100 a 99 a

Atra Gly + halo 96 bc 94 ab 91 bc 89 bcd 100 a 100 a 100 a 100 a 100 a 100 a

Atra + meto None 46 e 49 e 71 e 53 f 87 c 72 b 93 c 95 b 89 d 86 b

Atra + meto Gly 83 d 91 bc 98 a 87 cde 100 a 100 a 100 a 100 a 100 a 100 a

Atra + meto Gly + meso 94 c 94 ab 94 ab 94 abc 100 a 100 a 100 a 100 a 100 a 100 a

Atra + meto Gly + halo 98 ab 97 a 92 ab 97 a 100 a 100 a 100 a 100 a 100 a 100 a
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Table 4.  The effect of PRE and POST herbicide systems on control of pitted morningglory, ivyleaf morningglory, and entireleaf1
morningglory at Lewiston-Woodville, NC, 2000-2002.2

a  Abbreviations:  Atra, atrazine; halo, halosulfuron; gly, glyphosate; meso, mesotrione; meto, metolachlor; none, no herbicide;3
IPOLA, pitted morningglory; IPOHE, ivyleaf morningglory; IPOHG, entireleaf morningglory.4
b  Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.5

Preemergence Postemergence IPOLAab IPOHE IPOHG

herbicidea herbicidea 2000 2001a 2001b 2002 2001a 2001b 2002 2000 2001a 2001b

______________________________________________________________________  %  _____________________________________________________________________

None Gly 87 b 89 c 83 c 69 de 92 d 84 c 62 e 87 c 92 c 82 c

None Gly + meso 97 a 97 ab 99 ab 99 ab 97 abc 99 ab 97 bc 97 ab 97 ab 99 a

None Gly + halo 94 ab 95 bc 97 b 78 d 94 cd 96 b 76 d 94 ab 93 bc 96 ab

Atra None 37 d 50 d 53 e 33 f 55 e 50 e 43 g 35 e 54 d 52 e

Atra Gly 93 b 93 b 99 ab 93 c 94 cd 100 a 92 c 92 bc 93 bc 99 a

Atra Gly + meso 98 a 99 ab 99 ab 95 bc 99 a 99 ab 96 bc 98 a 99 a 99 a

Atra Gly + halo 98 a 98 ab 99 ab 98 ab 98 ab 100 a 96 bc 98 a 98 ab 99 a

Atra + meto None 54 c 54 d 67 d 63 e 59 e 69 d 53 f 52 d 60 d 67 d

Atra + meto Gly 94 ab 95 ab 96 b 96 bc 95 bcd 99 ab 97 bc 93 b 95 bc 98 ab

Atra + meto Gly + meso 99 a 100 a 99 ab 100 a 99 a 97 b 100 a 99 a 100 a 94 b

Atra + meto Gly + halo 98 a 97 ab 100 a 99 ab 97 abc 100 a 99 ab 98 ab 97 ab 98 ab
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Table 5.  The effect of PRE and POST herbicide systems on grain yield and net returns at Lewiston-Woodville, NC, 2000-2002.1

a  Abbreviations:  Atra, atrazine; halo, halosulfuron; gly, glyphosate; meso, mesotrione; meto, metolachlor; and none, no herbicide.2
b  Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.3

Preemergence Postemergence Yieldb Net returns

herbicidea herbicidea 2000 2001a 2001b 2002 2000 2001a 2001b 2002

______________________  kg/ha  ______________________ ___________________  $/ha  ___________________

None None 0 d 1,390 c 3,811 e 0 e -625 d -486 e -244 d -625 e

None Gly 5,970 a 8,100 a 11,560 ab 3,980 b -67 ab 147 a 493 a -265 ab

None Gly + meso 6,300 a 8,260 a 11,300 ab 4,130 ab -64 ab 132 ab 436 ab -282 ab

None Gly + halo 6,230 a 8,000 a 10,880 ab 4,000 b -70 b 107abc 395 ab -293 ab

Atra None 340 c 1,150 c 6,530 d 1,090 d -607 d -526 e 13 c -532 d

Atra Gly 6,640 a 8,090 a 11,320 ab 4,330 ab -15 a 130 ab 453 ab -246 a

Atra Gly + meso 6,310 a 7,740 a 10,730 b 4,370 ab -78 b 64 bc 363 b -273 ab

Atra Gly + halo 6,360 a 7,550 a 11,410 ab 4,220 ab -73 b 47 c 433 ab -286 ab

Atra + meto None 1,440 b 3,530 b 8,060 c 2,700 c -536 c -327 d 126 d -410 c

Atra + meto Gly 6,450 a 7,590 a 11,950 a 4,380 ab -74 b 40 c 476 a -281 ab

Atra + meto Gly + meso 6,690 a 8,000 a 12,080 a 4,580 a -81 b 50 c 459 ab -292 ab

Atra + meto Gly + halo 6,520 a 8,120 a 11,870 ab 4,430 ab -96 b 64 bc 438 ab -305 b
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Weed Management in Glyphosate-Resistant Corn with Glyphosate and Halosulfuron11.1

2

WALTER E. THOMAS and JOHN W. WILCUT123

4

Abstract:  Three field studies were conducted at Lewiston-Woodville in 2001 and 2002 to5

evaluate crop tolerance and grain yield in glyphosate-resistant corn with various herbicide6

systems.  Preemergence (PRE) treatments included no herbicide, atrazine at 1.12 kg ai/ha, or7

atrazine at 1.12 kg/ha plus metolachlor at 1.68 kg ai/ha.  Postemergence treatment options8

included (1) no herbicide, (2) glyphosate early postemergence (EPOST), (3) glyphosate plus9

halosulfuron EPOST at 53 g ai/ha plus 0.25% (v/v) nonionic surfactant, or (4) glyphosate10

EPOST followed by (fb) glyphosate POST application.  All EPOST and POST applications11

including glyphosate evaluated both the isopropylamine salt and diammonium salt12

formulations at 1.12 kg ai/ha with only one glyphosate formulation being used on each13

respective plot.  Crop injury, weed control, and grain yields were not influenced by14

glyphosate formulation.  Atrazine PRE and atrazine plus metolachlor PRE, averaged over15

POST systems, controlled Texas panicum at least 80 and 87%, respectively.  Sequential16

glyphosate applications (EPOST fb POST) provided at least 99% control of Texas panicum17

compared to at least 86 and 88% control with glyphosate EPOST and glyphosate plus18

halosulfuron EPOST, respectively.  Atrazine PRE and atrazine plus metolachlor PRE fb any19

                                               
11 Received and revised form .

12 Graduate Research Assistant and Professor, Crop Science Department, North Carolina

State University, Raleigh, NC 27695-7620.  Corresponding author’s Email:

john_wilcut@ncsu.edu.
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glyphosate system provided 86 and 94% control of large crabgrass and 89 and 94% control1

of goosegrass, respectively.  Sequential glyphosate treatments controlled large crabgrass and2

goosegrass at least 99 and 95%, respectively.  Regardless of PRE system, glyphosate plus3

halosulfuron EPOST and sequential applications of glyphosate controlled common ragweed4

and common lambsquarters at least 99% while glyphosate EPOST alone provided at least 885

and 96%, respectively.  Glyphosate plus halosulfuron EPOST and glyphosate sequentially6

controlled yellow nutsedge similarly and more consistently than glyphosate EPOST.7

Regardless of PRE, sequential glyphosate applications provided at least 98% control of8

entireleaf and pitted morningglory, while glyphosate EPOST provided at least 64 and 62%9

control, respectively.  Glyphosate EPOST and the sequential glyphosate EPOST fb POST10

systems yielded similarly at all three locations.  Net returns were highest at all three locations11

with the glyphosate sequential system with similar net returns obtained with glyphosate12

EPOST and glyphosate plus halosulfuron EPOST at two and one locations, respectively.13

Nomenclature:  Atrazine; glyphosate; halosulfuron; metolachlor; common lambsquarters,14

Chenopodium album L. #13 CHEAL; common ragweed, Ambrosia artemisiifolia L. #15

AMBEL; entireleaf morningglory, Ipomoea hederacea var. integruiscula Gray # IPOHG;16

goosegrass, Eleusine indica (L.) Gaertn. # ELEIN; large crabgrass, Digitaria sanguinalis (L.)17

Scop. # DIGSA; pitted morningglory, Ipomoea lacunosa L. # IPOLA; Texas panicum,18

Panicum texanum Buckl. # PANTE; yellow nutsedge, Cyperus esculentus L. # CYPES; corn,19

Zea mays L. # ZEAMX.20

                                               
13 Letters following this symbol are WSSA-approved computer code from Composite List of

Weeds, Revised 1989.  Available only on computer disk from WSSA, 810 East 10th Street,

Lawrence, KS  66044-8897.
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Additional Index Words:  Diammonium salt; glyphosate formulations; isopropylamine salt;1

net returns.2

Abbreviations:  DAT, days after treatment; fb, followed by; PRE, preemergence; EPOST,3

early postemergence; POST, postemergence.4

5

INTRODUCTION6

Several weeds including Ipomoea spp., Cyperus spp., and various grasses including7

goosegrass, Digitaria spp., and Texas panicum are considered some of the most problematic8

weeds of corn in the southern United States (Webster 2000).  Texas panicum has been9

identified as a one of the ten most troublesome weeds of corn in Alabama, Florida, Georgia,10

North Carolina, South Carolina, and Texas (Webster 2000).  Atrazine, alachlor, acetochlor,11

dimethenamid, metolachlor, and mesotrione are not registered for PRE control of Texas12

panicum (Anonymous 2002a).  Inadequate Texas panicum control with pendimethalin PRE13

has been reported (Johnson and Mullinix 1990; Prostko et al. 2001).  The warm humid14

environment of the mid-Atlantic and southeastern coastal plain is conducive to extended15

germination and emergence of many problematic species including goosegrass (Nishimoto16

and McCarty 1997), broadleaf signalgrass [Brachiaria platyphylla (Griseb.) Nash] (Burke et17

al. 2003a), crowfootgrass (Dactyloctenium aegyptium) (Burke et al. 2003b), and Texas18

panicum (Johnson 1989).19

Nicosulfuron is labeled for control of numerous grasses including Texas panicum and20

broadleaf signalgrass, but not for goosegrass or large crabgrass (Anonymous 2002b).  Grass21

control provided by nicosulfuron is dependent on small grass size, consequently reducing the22

flexibility of POST systems utilizing nicosulfuron (Anonymous 2002b).  Nicosulfuron also23
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does not control some problematic broadleaf weed species on the mid-Atlantic and1

southeastern coastal plain including common lambsquarters, common ragweed, and2

sicklepod [Senna obtusifolia (L.) Irwin and Barneby] (Dobbels and Kapusta 1993; Mekki and3

Leroux 1994, 1995; Monks et al. 1996; Richburg et al. 1993; Wilcut et al. 1999).  In addition4

to these weed management limitations, nicosulfuron is not recommended for use in corn5

production systems that utilize terbufos (S-[[(1,1-dimethylethyl)thio]-methyl] 0,0-diethyl6

phosphorodithioate), a commonly used soil-applied insecticide (Kapusta and Krausz 1992;7

Morton et al. 1994).8

Recent advances in biotechnology now allow the use of glyphosate in glyphosate-9

resistant corn (Anonymous 1999).  Glyphosate weed management systems may reduce the10

use of soil-applied residual herbicides and consequently reduce the potential for these11

herbicides to leach into groundwater (Blanchard and Donald 1997; Buhler et al. 1993;12

Pantone et al. 1992; Wilcut et al. 1995).13

Since glyphosate is a broad-spectrum herbicide and has a wide window of application in14

corn (up to the V8 stage), its use increases the flexibility of postemergence weed15

management decisions (Anonymous 1999; Hart and Wax 1999; Johnson et al. 2000).  Nolte16

and Young (2002) and Johnson et al. (2000) found that glyphosate-resistant corn systems17

were economically feasible in Illinois and Missouri, respectively.  However, there is only18

limited information is available regarding the efficacy and economics of glyphosate-resistant19

corn in southeastern coastal plain of the United States.20

Other glyphosate-resistant crops like cotton (Gossypium hirsutum L.) and soybean21

[Glycine max (L.) Merr.] have increasingly used total POST herbicide systems to control22

weeds.  A single application of glyphosate seldom provides season-long weed control as23



57

glyphosate does not provide residual control (Culpepper et al. 2000; Gower et al. 2002;1

Johnson et al. 2000; Payne and Oliver 2000).  In glyphosate-resistant cotton and soybean,2

effective weed control often may be achieved by using either sequential applications of3

glyphosate, glyphosate EPOST fb residual herbicides, or glyphosate applied in mixtures with4

POST residual herbicides, depending on the spectrum of weeds (Askew and Wilcut 1999;5

Askew et al. 2002; Culpepper et al. 2000; Faircloth et al. 2001; Payne and Oliver 2000; Scott6

et al. 2002; Webster et al. 1999).  Since other glyphosate-resistant crops rely heavily on total7

POST systems, glyphosate-resistant corn should be evaluated for similar total POST systems.8

POST residual herbicides like halosulfuron, an ALS inhibitor, may provide increased9

efficacy on various weed species in glyphosate-resistant corn.  In addition to yellow and10

purple nutsedge (Cyperus rotundus L.) control (Fischer and Harvey 2002; Nelson and Renner11

2002; Vencill et al. 1995), halosulfuron controls velvetleaf (Abutilon theophrasti Medicus)12

(Fischer and Harvey 2002).13

Since glyphosate is available as isopropylamine salt14 and diammonium salt1514

formulations, our objectives were to evaluate glyphosate formulations alone or in mixture15

with halosulfuron.  Sequential applications of glyphosate (EPOST fb POST) were also16

included.  An additional objective was to evaluate glyphosate weed management systems17

with and without PRE herbicide treatments.  All of the aforementioned objectives were18

evaluated with respect to 1) crop injury, 2) weed control, 3) grain yield, and 4) net returns.19

                                               
14 Roundup Ultra, Monsanto Company, 800 N. Lindbergh Blvd., St. Louis, MO  63167.

15 Touchdown, Syngenta Crop Protection, P.O. Box 18300, Greensboro, NC  27419.
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1

MATERIALS AND METHODS2

Three experiments were conducted at the Peanut Belt Research Station near Lewiston-3

Woodville, NC in 2001 and 2002.  In 2001, two experiments were conducted in different4

fields.  Soils included either Rains sandy loam (fine-loamy, siliceous, semiactive, thermic,5

Typic Paleaquults) or Norfolk sandy loam (fine-loamy, siliceous, thermic Typic Kandiudults)6

with pHs ranging from 5.7 to 6.1 and organic matter content ranging from 1.1 to 1.3%.7

Glyphosate-resistant corn hybrid ‘DK 662 RR’ was planted on April 11 for both 20018

trials and ‘RX 897 RR’ was planted on April 16, 2002.  Seed were planted in a conventional9

seedbed at 7 seed/m of row.  Terbufos was applied in furrow at 1.12 kg ai/ha according to10

North Carolina State Cooperative Extension recommendations for early season insect control11

(Van Duyn 2003).12

The experimental design was a randomized complete block design with three13

replications of treatments.  Plots were four 91 cm rows and 6.1 m in length.  Herbicide14

systems included a factorial arrangement of PRE and postemergence herbicide treatment15

options. PRE treatment options included no herbicide, atrazine at 1.12 kg ai/ha, or atrazine at16

1.12 kg/ha plus metolachlor at 1.68 kg ai/ha.  All PRE herbicides were applied on the day of17

planting.  Postemergence treatment options included (1) no herbicide, (2) glyphosate EPOST,18

(3) glyphosate plus halosulfuron EPOST at 53 g ai/ha plus 0.25% (v/v) nonionic surfactant16,19

and (4) glyphosate EPOST fb glyphosate POST.  All EPOST and POST glyphosate20

                                               
16 Induce (mixture of alkyl polyoxylkane ether, free fatty acids, and isopropanol), Helena

Chemical Co., 5100 Popular Avenue, Memphis, TN  38137.
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applications evaluated both the isopropylamine salt and diammonium salt formulations at1

1.12 kg ai/ha with only one glyphosate formulation being used on each respective plot.2

EPOST and POST treatments were applied at V4 to V5 and V8 stages of corn growth,3

respectively (Table 1).  All weeds and their respective sizes and densities at the EPOST and4

POST application timings for each location are shown in Table 1.  All herbicides and5

adjuvant rates were based on North Carolina Cooperative Extension recommendations (York6

et al. 2003).  All herbicides were applied with a compressed air backpack sprayer delivering7

137 L/ha at 207 kPa equipped with 11002 flat fan nozzles17.8

Visual estimation of corn injury and weed control were based on a summation of9

stunting, discoloration, and stand reduction ranging from 0 (no corn injury or no weed10

control) to 100 (corn death or complete weed control) (Frans et al. 1986).  Corn injury was11

recorded at 43 to 50 DAT and again 67 to 71 DAT.  Common lambsquarters, entireleaf12

morningglory, large crabgrass, pitted morningglory, and yellow nutsedge were present at13

three locations (Table 1).  While common ragweed, goosegrass, and Texas panicum were14

present at two locations (Table 1).  The center two rows of each plot were harvested using a15

combine modified for small plot research.  Corn grain was dried to 15.5% moisture and16

yields were determined.17

Economic Analysis.  Economic return was calculated by the formula (Ferrell and Witt18

2002):19

Return=[yield (kg/ha)*0.10/kg] – [herbicide cost + fixed and variable cost]       [1]20

                                               
17 Teejet 11002 flat fan nozzles, Spraying Systems Company, North Avenue, Wheaton, IL

60188.
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Herbicide costs included the cost of herbicides (prices used were obtained from the HADSS1

database18), a $15/ha technology fee, and $10/ha application cost per herbicide treatment.2

Fixed and variable cost values were $610/ha (G. Bullen and R. Heiniger, personal3

communication).4

Statistical analysis.  Data were tested for homogeneity of variance by plotting residuals.5

Yield data and weed control data were square root and arcsine transformed, respectively.  To6

recognize treatment structure in the factorial treatment arrangement, analysis of variance was7

conducted using the general linear models procedure in SAS19 to evaluate the effects of8

various PRE (three levels) and postemergence (seven levels) herbicide treatment options on9

crop injury, weed control, grain yield, and net returns.  The formulations of glyphosate were10

analyzed for differences in crop injury, weed control, grain yield, and net returns and were11

found to be not different.  Thus data were pooled over glyphosate formulations for all data.12

Sums of squares were partitioned to evaluate year effects, which were considered separate13

random variables.  Main effects and interactions were tested by the appropriate mean square14

associated with the random variables (McIntosh 1983).  Means separations were performed15

on transformed yield and weed control data and non-transformed net returns using Fisher’s16

Protected LSD at P=0.05.  When interactions were significant, LSD tests were performed17

separately across the levels of a given factor within the levels of the other factor.18

19

                                               
18 Herbicide Application Decision Support System, North Carolina State University, P. O.

Box 7620, Raleigh, NC 27695.

19 Statistical Analysis Systems (SAS) software, Ver. 8. SAS Institute, Inc., Box 8000, SAS

Circle, Cary, NC 27513.
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RESULTS AND DISCUSSION1

Corn injury.  Injury ratings at 43 to 50 DAT showed < 7% injury for non-treated and no2

injury was observed for all other treatments (Appendix F).  Similarly, later ratings indicated3

crop injury only in plots receiving no herbicide (3 to 13%) (Appendix F).  This injury,4

manifested as stunting, was due to weed interference throughout the entire growing season.5

Research has indicated that early-season weed interference reduced corn growth and grain6

yield (Bosnic and Swanton 1997; Hall et al. 1992; Massinga et al. 2001).  Weeds emerging7

after POST herbicide applications usually do not cause significant yield reductions (Bosnic8

and Swanton 1997; Massinga et al. 2001; Murphy et al. 1996; Vangessel et al. 1995).  No9

differences in crop injury were found between glyphosate formulations (Appendix F).  Corn10

in North Carolina has shown minimal injury from glyphosate and halosulfuron treatments11

(York et al. 2003).12

Weed control.  No differences in weed control were found between glyphosate formulations.13

Therefore data were averaged over the two glyphosate formulations.  There was a significant14

location by treatment interaction for all weeds, thus all data are presented by location.15

Texas panicum.  The PRE and POST main effects were significant for Texas panicum16

control.  Averaged over POST options, Texas panicum control was greatest with metolachlor17

plus atrazine PRE (87 and 88%) while atrazine PRE controlled 80 to 83% control (Table 2).18

With no PRE herbicide treatment, the average of POST treatments controlled Texas panicum19

73 to 78%.  Atrazine PRE does not control Texas panicum and metolachlor provides20

inadequate control (Wilcut et al. 1994; York et al. 2003).21

The main effect of POST treatments was significant, thus data were averaged over PRE22

treatments (Table 3).  PRE herbicide treatments with no POST herbicide input controlled23
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Texas panicum 11 to 27% and documented the difficulty in controlling this annual grass in1

corn with soil-applied herbicides.  Glyphosate applied EPOST alone or in mixture with2

halosulfuron controlled Texas panicum similarly (86 to 90%).  Gimenez et al. (1998) also3

reported no antagonism of annual grass control when comparing glyphosate POST alone or4

in mixture with chlorimuron or imazethapyr.5

Glyphosate controlled all emerged Texas panicum at the time of application, but the lack6

of residual control with glyphosate allowed later germinating weeds to escape.  Thus a7

sequential glyphosate system (EPOST fb POST) controlled more Texas panicum (> 99%)8

than a single glyphosate EPOST application9

Large crabgrass.  There was a PRE by POST interaction for large crabgrass control.10

Depending on year, atrazine PRE alone controlled large crabgrass from 19 to 43% while the11

addition of metolachlor PRE improved control to 66 to 78% (Table 4).  Regardless of year,12

atrazine plus metolachlor PRE provided large crabgrass control equivalent to glyphosate13

EPOST alone.  The control variability with glyphosate EPOST alone reflects the lack of14

residual control discussed earlier.  The addition of halosulfuron to glyphosate EPOST in total15

POST systems increased control as much as 7 to 9 percentage points, depending on location.16

However, the addition of halosulfuron to glyphosate EPOST when used with atrazine PRE or17

atrazine plus metolachlor PRE was of limited value.  Regardless of PRE option and location,18

large crabgrass was controlled > 98% with a sequential system of glyphosate EPOST fb19

POST.  Using glyphosate as needed (three applications at 1.12 kg ai/ha), Faircloth et al.20

(2001) reported 87% large crabgrass control in Alabama cotton.21

Goosegrass.  There was a PRE by POST interaction for goosegrass control.  Atrazine PRE22

alone controlled goosegrass 27 to 32% (Table 4).  Metolachlor plus atrazine PRE controlled23
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goosegrass 58 to 72%.  Regardless of year, atrazine plus metolachlor PRE controlled1

goosegrass equivalent to glyphosate EPOST alone (68 to 84%).  Glyphosate controlled all2

emerged goosegrass at the time of application.  Goosegrass germinates over an extended3

portion of the growing season (Nishimoto and McCarty 1997) and this was evidenced by the4

improved control (95 to 100%) with glyphosate EPOST fb glyphosate POST with no PRE5

herbicide treatment.  Askew and Wilcut (1999) and Payne and Oliver (2000) have reported6

similar (99 and 92%, respectively) control of goosegrass with multiple applications of7

glyphosate.  The addition of halosulfuron to glyphosate EPOST improved goosegrass control8

when no PRE herbicide treatment was used, but was not beneficial when systems included a9

PRE herbicide treatment.  Goosegrass was controlled at least 95% with two applications of10

glyphosate and at least 97% with the additional input of a PRE herbicide treatment.  Since11

goosegrass has developed resistance to glyphosate in Malaysia (Lee and Ngim 2000), the12

inclusion of metolachlor PRE in a systems approach may preclude the development of13

glyphosate resistance (Mallory-Smith and Retzinger 2003).14

Yellow nutsedge.  There was a PRE by POST interaction for yellow nutsedge control.  As15

expected, atrazine PRE alone controlled yellow nutsedge 30% or less while atrazine plus16

metolachlor PRE controlled yellow nutsedge 53 to 68% (Table 4).  Metolachlor PRE is17

widely used for yellow nutsedge control in a variety of crops, but additional POST options18

are frequently needed for heavy infestations (Wilcut et al. 1994, 1995).  A single glyphosate19

treatment, regardless of PRE system, controlled yellow nutsedge > 66% while two20

glyphosate treatments controlled > 94%.  When there was no PRE herbicide treatment, the21

addition of halosulfuron to glyphosate EPOST improved yellow nutsedge control 14 to 3122

percentage points, depending on location.  When a PRE herbicide treatment was used, the23
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additional input of halosulfuron to glyphosate EPOST was of limited benefit.  Other research1

has shown that the addition of halosulfuron to glyphosate increased yellow nutsedge control2

(Fischer and Harvey 2002; Nelson and Renner 2002).  Nelson and Renner (2002) and Vencill3

et al. (1995) reported good to excellent control of yellow nutsedge with halosulfuron in field4

and greenhouse studies.5

Common ragweed.  There was a PRE by POST interaction for common ragweed control.6

Atrazine PRE and atrazine plus metolachlor PRE controlled common ragweed 52 to 71% and7

53 to 81%, respectively (Table 5).  Glyphosate EPOST without PRE herbicide treatment8

controlled common ragweed 88 to 99% while glyphosate EPOST fb glyphosate POST9

controlled 100%.  Systems including PRE herbicides and glyphosate EPOST alone, in10

mixture, or sequentially controlled common ragweed > 98%.  Tharp and Kells (2002) found11

at least 92% control of common ragweed with atrazine fb sequential applications of12

glyphosate.  Glyphosate POST only systems have been shown to control common ragweed in13

glyphosate-resistant cotton (Askew and Wilcut 1999).14

Common lambsquarters.  There was a PRE by POST interaction for common lambsquarters15

control.  Atrazine PRE controlled common lambsquarters 47 to 76% and atrazine plus16

metolachlor PRE controlled 65 to 91% (Table 5).  Glyphosate EPOST controlled common17

lambsquarters 96 to 99% while glyphosate plus halosulfuron EPOST and the sequential18

glyphosate EPOST plus POST systems controlled common lambsquarters 100%.  All19

herbicide systems that include a PRE herbicide treatment fb any glyphosate treatment(s)20

controlled common lambsquarters 100%.  Systems using only multiple applications of21

glyphosate have controlled common lambsquarters > 95% (Askew and Wilcut 1999;22

Culpepper et al. 2000; Ferrell and Witt 2002; Johnson et al. 2000).  Other researchers using a23
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single glyphosate application reported 77 to 93% control of common lambsquarters1

(Culpepper and York 2000; Johnson et al. 2000; Tharp and Kells 2002).2

Entireleaf morningglory.  There was a PRE by POST interaction for entireleaf morningglory3

control.  Atrazine PRE and atrazine plus metolachlor PRE controlled entireleaf morningglory4

58% or less and illustrated the difficulty in controlling this problematic weed with soil-5

applied herbicides (Table 6).  Glyphosate EPOST controlled entireleaf morningglory 64 to6

89% depending on location.  Regardless of PRE herbicide use, glyphosate sequentially7

controlled entireleaf morningglory at least 98% and was equivalent to control obtained with8

any system that included a PRE herbicide treatment and glyphosate EPOST.  The addition of9

halosulfuron to glyphosate EPOST improved control in total POST systems at two of the10

three locations compared to glyphosate EPOST alone.  When a system used a PRE herbicide11

treatment, entireleaf morningglory control with glyphosate EPOST and glyphosate plus12

halosulfuron EPOST was similar.  Culpepper et al. (2000) reported 93 and 100% control of13

entireleaf morningglory with single and sequential applications of glyphosate, respectively.14

Pitted morningglory.  There was a PRE by POST interaction for pitted morningglory control.15

As seen with entireleaf morningglory, atrazine PRE and atrazine plus metolachlor PRE16

controlled pitted morningglory variably (37 to 57%) (Table 6).  Glyphosate EPOST alone17

also controlled pitted morningglory variably (62 to 90%).  The addition of halosulfuron to18

glyphosate EPOST improved control at two locations when no soil-applied herbicide19

treatment was used.  Glyphosate sequential systems controlled pitted morningglory at least20

98%, regardless of use of a PRE herbicide treatment.  Payne and Oliver (2000) reported 68,21

58, and 92% control of pitted morningglory with a single glyphosate application at soybean22

growth stages of V2 and V4, and sequential glyphosate applications at V2 fb V4,23
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respectively.  Culpepper et al. (2000) and Johnson et al. (2000) also have reported a1

significant increase in pitted morningglory control with sequential glyphosate applications2

compared to a single glyphosate application.3

Corn grain yield.  There were PRE and POST main effects for corn grain yield.  A4

significant location by treatment interaction was also present, thus yields are presented by5

location.  When pooled over POST treatments, atrazine PRE increased yields at two of three6

locations compared to no PRE herbicide treatment, while atrazine plus metolachlor PRE7

increased yields at all three locations (Table 7).  The increased yields with metolachlor plus8

atrazine PRE reflects the better and broader spectrum of weed control with this treatment9

versus atrazine PRE (Tables 2, 4, and 5).  It also illustrated why metolachlor and atrazine are10

the most widely used herbicides in U. S. corn production (Anonymous 2003).11

The benefit of glyphosate POST was readily apparent upon inspection of the POST main12

effect on corn grain yields.  At all three locations, yields were improved by the use of13

glyphosate applied once EPOST alone or in mixture with halosulfuron, or twice sequentially14

(Table 8).  These high yields reflect the consistent broad spectrum control of the weed15

complex at these locations with glyphosate (Table 3 to 6).  There were very few differences16

in POST main effect yields among the POST treatments with the highest numerical yields17

being obtained with the glyphosate sequential system.18

Net returns.  The main effect of POST treatment options was significant for net returns.  Net19

returns were always improved by the use of POST herbicide treatments.  At two of three20

locations, glyphosate EPOST provided the highest net returns while glyphosate sequentially21

(EPOST fb POST) provided equivalent net returns at these two locations and provided the22

highest net returns at the third location.23



67

These data show that glyphosate sequentially controlled the weed complex at these1

locations and maximized high yields and net returns.  The addition of halosulfuron to2

glyphosate EPOST improved control of yellow nutsedge compared to glyphosate EPOST but3

was no more effective than glyphosate used sequentially.  While a glyphosate POST only4

system was effective, caution should be exercised in using only glyphosate in weed5

management-cropping systems.  The use of other herbicide sites of action may preclude6

development of glyphosate-resistant weed biotypes (Mallory-Smith and Retzinger 2003).7

8
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Table 1.  Corn growth and weed size and density at Lewiston-Woodville are shown at EPOST and POST treatment timings.1

a  Abbreviations:  EPOST, early postemergence; POST, postemergence; den, density in number/m2; AMBEL, common ragweed;2
CHEAL, common lambsquarters; CYPES, yellow nutsedge; DIGSA, large crabgrass; ELEIN, goosegrass; IPOHG, entireleaf3
morningglory; IPOLA, pitted morningglory; PANTE, Texas panicum; and ZEAMX, corn.4

____________  Lewiston 2001a  ____________ ___________  Lewiston 2001b  ____________ _____________  Lewiston 2002  _____________

____  EPOSTa  ___ ______  POST  _____ _____  EPOST  ____ ______  POST  _____ _____  EPOST  ____ ______  POST  ______

Size Den Size Den Size Den Size Den Size Den Size Den

AMBELa 2-4 L 10 Cot-2 L 3 ** ** ** ** 2-6 L 8 1-3 L 4

CHEAL 2-6 L 4 2-3 L 6 2-3 L 20 2-6 L 5 2-10 L 9 2-12 L 9

CYPES 10-25 cm 30 10-20 cm 18 10-15 cm 150 15-25 cm 44 15-33 cm 19 15-36 cm 10

DIGSA 1-4 L- 50 1-2L 12 1-3 L 4 1-2 L 8 1-3 T 18 1-2 L 15

ELEIN ** ** ** ** 1-3 L 4 1-3 L 4 2 L-2 T 3 2 L-2 T 5

IPOHG Cot-3 L 9 Cot-2 L 3 Cot-3 L 2 Cot-2 L 5 Cot-3 L 6 Cot-2 L 4

IPOLA Cot-5 L 2 Cot-2 L 8 Cot-2 L 4 Cot-2 L 6 Cot-3 L 5 Cot-2 L 3

PANTE ** ** ** ** 2-6 L 9 2-7 L 5 2-5 L 10 2-5 L 2

ZEAMX V4-V5 V8 V5 V8 V4-V5 V8
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Table 2.  Main effect for preemergence treatments for Texas panicum control, averaged over postemergence treatments, at1
Lewiston-Woodville, NC, 2001-2002a.2

a Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.3

Preemergence herbicide Texas panicum

2001b 2002
_______________________________________  %  _______________________________________

None 78 c 73 c

Atrazine 83 b 80 b

Atrazine plus metolachlor 88 a 87 a
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Table 3.  Main effect of postemergence treatments for Texas panicum control, averaged over preemergence treatments, at1
Lewiston-Woodville, NC, 2001-2002 a.2

a Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.3

Postemergence herbicide Texas panicum

2001b 2002
________________________________  %  ________________________________

None 27 c 11 c

Glyphosate EPOST 88 b 86 b

Glyphosate  + halosulfuron EPOST 90 b 88 b

Glyphosate EPOST fb glyphosate POST 99 a 100 a
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Table 4.  Interaction of PRE and POST herbicide treatments for large crabgrass, goosegrass, and yellow nutsedge control at1
Lewiston-Woodville, NC, 2001-2002, by years a.2
Preemergence Postemergence

DIGSA ELEIN CYPES

herbicideb herbicide 2001a 2001b 2002 2001a 2002 2001a 2001b 2002
__________________________________________  %  __________________________________________

None Gly 85 d 81 ef 68 cd 84 d 68 f 70 d 78 de 66 e

None Gly + halo 94 c 89 cd 75 c 94 bc 78 e 85 c 92 bc 97 abc

None Gly fb gly 99 ab 100 a 99 a 100 a 95 bc 95 ab 96 ab 94 bc

Atra None 42 e 43 g 19 e 32 f 27 g 21 f 30 f 23 f

Atra Gly 93 c 86 de 89 b 91 c 89 d 91 bc 84 cd 82 d

Atra Gly + halo 98 abc 89 cd 94 b 98 abc 90 cd 95 ab 92 bc 98 ab

Atra Gly fb gly 100 a 98 ab 100 a 99 a 97 ab 98 a 94 ab 94 bc

Atra + meto None 78 d 76 f 66 d 72 e 58 f 53 e 68 e 55 e

Atra + meto Gly 95 bc 94 bc 100 a 94 bc 95 bc 90 bc 91 bc 98 ab

Atra + meto Gly + halo 97 bc 89 cd 99 a 99 a 95 bc 91 bc 95 ab 99 a

Atra + meto Gly fb gly 99 ab 99 ab 100 a 99 a 100 a 97 ab 98 a 99 a
a Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.3
b  Abbreviations:  Atra, atrazine; gly, glyphosate EPOST; gly fb gly, glyphosate EPOST fb glyphosate POST; halo, halosulfuron4
EPOST; meto, metolachlor EPOST; DIGSA, large crabgrsss; ELEIN, goosegrass; and CYPES, yellow nutsedge.5
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Table 5.  Interaction of PRE and POST herbicide treatments for common ragweed and common lambsquarters control at1
Lewiston-Woodville, NC, 2001-2002a.2
Preemergence Postemergence

AMBEL CHEAL

herbicideb herbicide
2001b 2002 2001a 2001b 2002

_________________________________  %  _________________________________

None Gly 99 a 88 b 98 a 99 a 96 b

None Gly + halo 100 a 100 a 99 a 100 a 100 a

None Gly fb gly 100 a 100 a 100 a 100 a 100 a

Atra None 71 c 52 c 76 c 68 c 47 d

Atra Gly 98 a 99 a 100 a 100 a 100 a

Atra Gly + halo 100 a 100 a 100 a 100 a 100 a

Atra Gly fb gly 100 a 100 a 100 a 100 a 100 a

Atra + meto None 81 b 53 c 91 b 84 b 65 c

Atra + meto Gly 100 a 100 a 100 a 100 a 100 a

Atra + meto Gly + halo 100 a 100 a 100 a 100 a 100 a

Atra + meto Gly fb gly 100 a 100 a 100 a 100 a 100 a
a Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.3
b  Abbreviations:  Atra, atrazine; gly, glyphosate EPOST; gly fb gly, glyphosate EPOST fb glyphosate POST; halo, halosulfuron4
EPOST; meto, metolachlor EPOST; AMBEL, common ragweed; and CHEAL, common lambsquarters.   5



79

Table 6.  Interaction of PRE and POST herbicide treatments for entireleaf and pitted morningglory control at Lewiston-Woodville,1
NC, 2001-2002a.2
Preemergence Postemergence

IPOHG IPOLA

herbicideb herbicide 2001a 2001b 2002 2001a 2001b 2002
_______________________________________  %  ______________________________________

None Gly 77 d 89 de 64 c 76 d 90 cd 62 d

None Gly + halo 89 c 94 cde 89 b 88 c 94 bcd 89 c

None Gly fb gly 98 ab 99 ab 99 a 100 a 98 ab 99 ab

Atra None 42 f 43 g 39 d 37 e 47 e 40 e

Atra Gly 92 bc 88 e 97 a 92 c 88 d 96 b

Atra Gly + halo 96 abc 95 bc 98 a 96 bc 95 bcd 99 ab

Atra Gly fb gly 99 a 100 a 100 a 99 ab 100 a 100 a

Atra + meto None 58 e 55 f 48 e 51 e 50 e 47 e

Atra + meto Gly 92 bc 95 bc 99 a 91 c 95 BCD 99 ab

Atra + meto Gly + halo 95 bc 97 abc 99 a 94 c 98 ab 99 ab

Atra + meto Gly fb gly 99 a 99 ab 99 a 99 ab 100 a 100 a
a Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.3
b  Abbreviations:  Atra, atrazine; gly, glyphosate EPOST; gly fb gly, glyphosate EPOST fb glyphosate POST; halo, halosulfuron4
EPOST; meto, metolachlor EPOST; IPOHG, entireleaf morningglory; and IPOLA, pitted morningglory.5
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Table 7.  Main effect of PRE herbicide treatments on corn grain yield at Lewiston-Woodville, NC, 2001-2002a.1

a Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.2

Preemergence herbicide
Yield

2001a 2001b 2002

________________________________________________  kg/ha  _______________________________________________

None 6,080 b 10,400 b 5,060 c

Atrazine 6,220 b 11,670 a 6,510 b

Atrazine + metolachlor 6,640 a 11,820 a 6,840 a
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Table 8.  Main effect of POST herbicide treatments on corn grain yield and net economic return at Lewiston-Woodville, NC,1
2001-2002a.2

a Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.3

Postemergence herbicide Yield Net returns

2001a 2001b 2002 2001a 2001b 2002
   ____________________  kg/ha  ________________ ___________________  $/ha  __________________

None 3,170 b 8,210 c 7,750 c -332b 172 c -571 c

Glyphosate EPOST 6,810 a 12,050 a 6,740 a -6 a 518 a -13 b

Glyphosate  + halosulfuron EPOST 6,660 a 11,210 b 6,760 a -51 a 405 b -41 b

Glyphosate EPOST fb glyphosate POST 7,050 a 12,170 a 7,580 a -20 a 491 a 33 a
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Experiments were conducted in the North Carolina State University Phytotron greenhouse1

and field locations in Clayton, Rocky Mount, and Lewiston-Woodville, NC in 2002 to2

determine the effect of glyphosate on pollen viability and seed set in glyphosate-resistant3

corn.  Varieties representing both currently commercial glyphosate-resistance corn events,4

GA21 and NK603, were used in phytotron and field studies.  All glyphosate treatments were5

applied at 1.12 kg ai ha-1 at various growth stages which included both labeled and non-6

labeled applications.  Regardless of hybrid, pollen viability was reduced in phytotron and7

field studies with glyphosate treatments applied at the V6 stage or later.  Scanning electron8

microscopy of pollen from affected treatments showed distinct morphological alterations9

correlating with reduced pollen viability as determined by Alexander stain.  Transmission10

electron microscopy showed pollen anatomy alterations including large vacoules and lower11

starch accumulation with these same glyphosate treatments.  Although pollen viability and12

pollen production were reduced in glyphosate treatments after V6, no effect on kernel set or13

yield was found among any of the reciprocal crosses in the phytotron or field studies.  There14

were also no yield differences among any of the hand self-pollinated (nontreated male x15

nontreated female, etc.) crosses, simulating normal biological situations.  Using enzyme-16

linked immunosorbent assay to examine CP4-EPSPS expression in DKC 64-10 (NK602) at17

anthesis, we found the highest expression in pollen with progressively less in brace roots, ear18

leaf, anthers, roots, ovaries, silks, stem, flag leaf, and husk.19

Nomenclature:  Glyphosate; corn, Zea mays L. ‘DK 662RR’; ‘DK 687RR’, ‘DKC 64-20

10RR/SIL’.21

Key words:  pollen viability; Alexander stain; fluorochromatic reaction; yield; GA21;22

NK603; mEPSPS; CP4-EPSPS; ELISA.23
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Abbreviations:  DAIA, days after initial anthesis; ELISA, enzyme-linked immunosorbent1

assay; EPSPS, 5-enolpyruvlshikimate-3-phosphate synthase; SEM, scanning electron2

microscopy; POST, postemergence; TEM, transmission electron microscopy.3

4

5

Glyphosate is a broad spectrum, non-selective herbicide that is registered in over 506

crops and is used widely for vegetation control in non-agricultural situations (Duke 1988).7

Since glyphosate-resistance was commercialized in canola (Brassica napus L.), corn (Zea8

mays L.), cotton (Gossypium hirsutum L), and soybean [Glycine max L. (Merr.)], its use has9

greatly increased in agricultural systems (Shaner 2000).  Nearly 11, 58, and 75% of corn,10

cotton, and soybean, respectively, grown in the United States in 2002 were herbicide-11

resistant (Anonymous 2002a).12

Glyphosate-resistant corn offers many potential benefits to current corn weed13

management systems.  Glyphosate-resistant weed management systems can reduce use of14

soil-applied residual herbicides and consequently reduce the potential for these herbicides to15

leach into groundwater (Blanchard and Donald 1997; Buhler et al. 1993; Pantone et al.16

1992).  Nicosulfuron, a widely used corn POST herbicide, provides less than adequate17

control of some major problematic broadleaf weeds including common lambsquarters18

(Chenopodium album L.) (Dobbels and Kapusta 1993), common ragweed (Ambrosia19

artemsiifolia L.) (Mekki and Leroux 1994, 1995), and sicklepod [Senna obtusifolia (L.) Irwin20

and Barneby] (Richburg et al. 1993).  Terbufos (S-[[(1,1-dimethylethyl)thio]-methyl] 0,0-21

diethyl phosphorodithioate), a commonly used soil-applied insecticide, is limited in corn22

weed control systems that include nicosulfuron due to sensitivity of terbufos treated corn to23
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nicosulfuron (Kapusta and Krausz 1992; Morton et al. 1994).  Dicamba and 2,4-D, additional1

herbicide options for corn, control broadleaf weeds but do not control grasses (York 2003).2

The use of these phenoxy herbicides in southern cropping systems that include cotton,3

tobacco (Nicotiana tabacum L.), and tomato (Lycopersicon esculentum L.) is also limited to4

the high sensitivity of these non-target species (Johnson et al. 2000; York 2003).5

In addition to its broad-spectrum activity, systems utilizing glyphosate have no rotational6

restrictions and none of the aforementioned potential limitations in conventional corn weed7

management systems (Anonymous 2002b; Sprankle et al. 1975).  Comparing conventional8

corn weed control systems with glyphosate-resistant systems in Illinois, Nolte and Young9

(2002) showed that glyphosate-resistant corn grain production was either equivalent or10

greater than conventional corn varieties, depending on the year.  Economic returns were11

similar between nontransgenic and glyphosate-resistant corn varieties (Nolte and Young12

2002).  In Kentucky and Missouri, economic returns were similar among all herbicide13

systems, yet weed control was maximized with either preemergence herbicide treatments14

followed by glyphosate postemergence (POST) or with sequential POST glyphosate15

treatments (Ferrell and Witt 2002; Johnson et al. 2000).16

Two different glyphosate-resistance events, GA21 and NK603, are commercially17

available in corn.  The GA21 and the NK603 events were released for commercial18

production in the United States in 1998 and 2001, respectively (Anonymous 2001, 2002a).19

The GA21 event uses the plasmid pDPG434 as the plant transformation vector to express a20

modified corn EPSPS (mEPSPS) protein to confer glyphosate-resistance (Anonymous 2001).21

The mEPSPS gene is regulated by the rice (Oryza sativa L.) actin promoter and rice actin22

intron (Anonymous 2001).  The mEPSPS is fused with an optimized transit peptide that23
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directs the mEPSPS protein to the chloroplast (Anonymous 2001).  The mEPSPS used in1

GA21 varieties has two amino acid changes, threonine 102 replaced with isoleusine, and2

proline 106 replaced with serine, from the native corn mEPSPS protein (Anonymous 2001).3

The NK603 event uses a CP4-EPSPS protein from common soil bacterium Agrobacterium4

sp. strain CP4 to encode glyphosate-resistance.  The plasmid PV-ZMGT32 was the plant5

transformation vector for NK603 (Anonymous 2002b).  Two copies of the CP4-EPSPS are6

controlled by either the rice actin promoter or the enhanced 35S promoter from CaMV7

(Anonymous 2002b).  The copy of CP4-EPSPS under regulation by the 35S promoter has the8

amino acid leucine 214 substitied with proline (Anonymous 2002b).  Both cassettes were9

fused to a chloroplast transit peptide (Anonymous 2002b).  Since the chloroplast is the10

location of native EPSPS and the site of amino acid synthesis (Kishore et al. 1988), the GA2111

and NK603 plasmids target the chloroplast using an optimized transit peptide and chloroplast12

transit peptide, respectively (Anonymous 2001, 2002a).13

The molecular site of action for glyphosate is the inhibition in activity of 5-enolpyruvyl14

shikimic acid-3-phosphate synthase (EPSPS) [EC 2.5.1.19], an enzyme in the shikimic acid15

pathway (Duke 1988).  This specific site of action inhibits the biosynthesis of the aromatic16

acids of tryptophan, tyrosine, and phenylalanine (Siehl 1997).  As a secondary effect, the17

inhibition of EPSPS may affect the biosynthesis of proteins, auxins, pathogen defense18

compounds, phytoalexins, folic acid, precursors of lignins, flavonoids, plastoquinone, and19

hundreds of other phenolic and alkaloid compounds through the inhibition of aromatic acids20

(Bentley 1990).21

Yield data from glyphosate-resistant corn and soybean soybean indicate no significant22

yield losses in response to labeled glyphosate treatments (Nolte and Young 2002; Elmore et23
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al. 2001a).  When comparing glyphosate-resistant soybean with their corresponding non-1

transgenic isoline, Elmore et al. (2001b) found a 5% reduction in yield for glyphosate-2

resistant lines.  Elmore et al. (2001b) also found that the seed weight was lower and plants3

were 20 mm shorter in glyphosate-resistant lines.  Glyphosate-resistant cotton has been4

shown to have boll retention problems after glyphosate treatments (Jones and Snipes 1999).5

Further investigations into this problem have shown reductions in pollen viability and6

number of seeds per boll, and reduced anther filament length in response to glyphosate7

applications (Pline et al. 2002a, Pline et al. 2002b).8

Therefore, our objectives were to investigate the effects of labeled and nonlabeled9

glyphosate treatments on glyphosate-resistant corn with respect to pollen viability using light10

and electron microscopy techniques, anther and pollen production, pollination, and seed set.11

12

MATERIALS AND METHODS13

Phytotron Experiments.  Corn plants were grown in the North Carolina State University14

Phytotron greenhouse with a 26/22º C day/night temperature regime.  DK1 662 RR (GA2115

event) and DKC1 64-10RR (NK 603) varieties were planted in 25.4 cm (6 L volume) pots16

containing a gravel-metro mix soil combination (Anonymous 1991).  Plants were thinned to17

one plant per pot and received individual drip irrigation with standard nutrient solution twice18

daily (Anonymous 1991).  All glyphosate2 treatments were made at 1.12 kg ai ha-1 using a19

CO2 pressurized sprayer equipped with 11002 flat fan nozzles and calibrated to deliver 137 L20

ha-1 at 207 kPa.  Glyphosate was applied POST to DK 662RR at V6, V10, and V6 followed21

by (fb) a V10.  Glyphosate was also applied POST at 1.12 kg ha-1 to DKC 64-10RR at V4,22

V4 fb V8, and V4 fb V10.  A nontreated check was included with both varieties.  Glyphosate23
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can be applied up to the V8 stage or a height of 76 cm according to the supplemental label1

(Anonymous 1999a).  Immediately following tassel emergence from the whorl, a paper tassel2

bag3 was placed over the entire tassel and secured to collect pollen, and prevent its3

uncontrolled shed (J. B. Holland, personal communication).4

On the first day of anthesis, anther and pollen that had shed from each tassel were5

collected and weighed.  Following the initial collection, additional samples were taken 2, 4,6

and 11 d after initial anthesis (DAIA) (Struik and Makonnen 1992).  All pollen samples were7

collected between 9:00 and 11:00 am.  Anther and pollen samples were weighed immediately8

after collection and the bag was replaced onto the tassel.  A subsample of this pollen was9

subjected to a viability test.  Two pollen viability tests were initiated on the first day of10

sampling.  The fluorochromatic reaction uses fluoroscein diacetate to examine the integrity11

of the plasma membrane and the presence of nonspecific esterase in the pollen cytoplasm12

(Heslop-Harrison et al. 1970; Kearns and Inouye 1993).  Alexander stain was also used to13

estimate viability (Alexander 1969; Pline et al. 2002b).  This non-vital stainability evaluation14

tests for a mature pollen wall and cytoplasm differentiation (Alexander 1969; Kearns and15

Inouye 1993).  Initial evaluation between each method showed no significant difference in16

viability measurements between methods.  Therefore for simplification of pollen viability17

estimation, Alexander stain was used for the remainder of the study.18

In order to evaluate yield potential from these glyphosate treatments, reciprocal crosses19

of all possible male and female combinations of treatments were made.  Plants were20

subjected to an identical growing environment for pollen viability and anther and pollen21

production studies.  For the DKC 64-10RR hybrid, glyphosate was applied POST at the V4,22

V4 fb V8, and V4 fb V10.  While for the DK 662RR hybrid, glyphosate treatments were23
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applied POST at V4 fb V8, V4 fb V10, and V4 fb V10 postemergence-directed (PDS).  A1

nontreated check was included for both hybrids.  Glyphosate was applied at 1.12 kg ha-1 with2

a CO2 pressurized sprayer equipped with 11002 flat fan nozzles and calibrated to deliver 1373

L ha-1 at 207 kPa.  All crosses were made using 0.02 g pollen collected from the male parent4

on the second day after anthesis.  Pollen viability was assessed for each cross.  Ear shoots5

were covered with bags4 to prevent pollination from an unintended source.  Silks were also6

cut the day before crossing to ensure even pollination.  Ears were harvested after a minimum7

of 45 d after fertilization (Holland, personal communication).  Ears were allowed to dry using8

a forced air drier at 30 C.  Kernels were removed with an automatic corn sheller5.  Percent9

moisture was measured for each ear using a grain moisture analyzer6.  Total kernel weight10

per ear was adjusted to 15.5% moisture.  The number of kernels produced per ear was11

counted using an automated seed counter7.  All phytotron experiments had a minimum of12

three replications of treatments and were repeated in time.13

Field Experiments.  Field experiments were conducted at the Central Crops Research14

Station near Clayton, NC, at the Upper Coastal Plain Research Station near Rocky Mount,15

NC, and at the Peanut Belt Research Station near Lewiston-Woodville, NC in 2002.  Studies16

were arranged in split blocks with complete randomization within blocks.  Four replications17

of treatments were included at each location.  DK 687RR (GA21) and DKC 64-10 (NK 603)18

were planted on April 24, 2002 and April 23, 2002 in Rocky Mount, and Lewiston-19

Woodville, respectively.  While only DKC 64-10RR was planted at the Clayton location on20

April 22, 2002.  Soils were Norfolk (fine-loamy, kaolinitic, thermic Typic Kandiudults) and21

Goldsboro (fine-loamy, siliceous, subactive, thermic Aquic Paleudults) sandy loams at22

Rocky Mount, Goldsboro and Lynchburg (fine-loamy, siliceous, semiactive, thermic Aeric23
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Paleaquults) sandy loams at Lewiston, and Dothan (fine-loamy, kaolinitic, thermic Plinthic1

Kandiudults) at Clayton.  Percent organic matter and pH ranged from 1.1 to 1.5 and 5.9 to2

6.1, respectively.3

A preemergence treatment of S-metalachlor8 at 1.12 kg ai ha-1 and atrazine9 at 1.12 kg ai4

ha-1 was applied on the respective planting date at each location.  Postemergence herbicide5

treatments included no glyphosate or glyphosate applied POST at the V4, V8, V4 fb V8, and6

V4 fb V10.  A postemergence directed (PDS) treatment of glyphosate at the V10 stage was7

also made following a V4 POST.  Glyphosate was applied at 1.12 kg ha-1 with a CO28

pressurized sprayer as previously described.  The PDS treatment contacted the leaves on the9

lower half of the plant, simulating a late season application with drop nozzles.  Plots were10

kept weed free with hand weeding as needed.11

At each location, pollen viability was determined using methodology and Alexander12

stain as described earlier.  Reciprocal crosses with all possible combinations of male and13

female treatments were made to determine yield potential.  A minimum of three crosses per14

replication were made for each reciprocal cross.  Ear shoots were covered with bags to15

prevent pollination from an unintended source.  Tassels were covered using tassel bags the16

day before crosses were made in order to collect pollen.  All pollen collected was used for17

each cross.  Silks were also cut the day before crossing to ensure even pollination.  Ears were18

harvested after a minimum of 45 d after fertilization.  Kernels were removed, counted, and19

weighed as previously described.20

Electron Microscopy Procedures.  Pollen samples were prepared for examination using21

scanning electron microscopy (SEM) (Bozzola and Russell 1999a) and transmission electron22

microscopy (TEM) (Bozzola and Russell 1999b).  Samples were collected from the second23
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replication at each of the field locations.  Pollen samples for SEM were fixed in 3%1

glutaraldehyde12 with 0.05 M potassium phosphate buffer (pH 7.3).  After complete2

dehydration using a series of graded (30, 50, 70, 95, and 100%) ethanol solutions, samples3

were critical point dried13.  Pollen from all treatments was mounted on microscope stubs144

using sticky tabs15 surrounded with silver paint16.  Samples were than sputter coated17 with5

25 to 30 nm of gold palladium.  All samples were viewed between 1000 and 1300x using a6

scanning electron microscope18.7

For TEM examination, a subsample of all pollen samples taken from the field was8

removed from the 3% glutaraldehyde with 0.05 M potassium phosphate buffer (pH 7.3) and9

post fixed using 2% osmium tetraoxide19 with 0.05 M potassium phosphate buffer (pH 7.3).10

Samples were dehydrated using a series of graded (30, 50, 70, 95, and 100%) ethanol washes.11

Following dehydration, pollen samples were embedded in capsules20 using Spurr’s resin2112

and allowed to cure at 70 C.  Thick and thin sections of each sample were made using an13

ultramicrotome22.  Thick sections were placed on light microscope slides for viewing in a14

compound microscope.  After thin sections were placed on either 150 or 200 mesh grids23,15

they were stained using 4% uranyl acetate24 for 1 hr and with lead citrate25 for 4 min.  Mesh16

screens were then placed in the transmission electron microscope26 for viewing.  All TEM17

images were taken at 5,000X magnification.18

Quantification of CP4-EPSPS in DKC 64-10RR.  Corn was grown in the North Carolina19

State University phytotron greenhouse as previously described.  Roots, brace roots, stems,20

leaf subtending the dominant ear, silks, husks, ovaries, the flag leaf, anthers, and pollen were21

collected from three plants at anthesis.  Sampled plants were considered replicates.  The22

study was repeated in time.  Since pollen has autoflorescence characteristics, pollen from23
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nontransgenic corn was used as positive control.  CP4-EPSPS was extracted from 100 mg1

freshly ground tissue, diluted 5,000 fold, and analyzed by enzyme linked immunosorbent2

assay (ELISA)11 designed for quantification of CP4-EPSPS and included directions for3

quantification of CP4-EPSPS in food products (Anonymous 1999b; Pline et al. 2002a).4

Statistical Analysis.  Data variance retrieved from phytotron, field, segregation, and ELISA5

studies was visually inspected by plotting residuals to confirm homogeneity of variance prior6

to statistical analysis.  Both non-transformed and arcsine-transformed data were examined,7

and transformation did not improve homogeneity.  Analysis of variance (ANOVA) was8

therefore performed on non-transformed data using SAS27.  Linear, quadratic, and higher9

order polynomial effects of pollen viability and pollen and anther production over time from10

phytotron trials were tested by partitioning sums of squares (Draper and Smith 1981).  Since11

no significant linear, quadratic, or higher order polynomial effects were found with pollen12

viability or anther and pollen production data, these data were separated using Fisher’s13

Protected LSD using α=0.05.  The use of higher order polynomials to describe the14

relationship of anther and pollen production among the treatments was prohibited due to the15

low number of data points.  The least square means function in SAS was used to separate16

means from field trials.  Means for ELISA data were separated using Fisher’s Protected LSD17

using α=0.05.18

19

RESULTS AND DISCUSSION20

Phytotron Experiments.  Pollen viability for both varieties was measured four times during21

pollen shed.  ANOVA revealed no significant differences across sampling times for any22

treatment or experimental replication.  Therefore, pollen viability data were pooled over23
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sampling times and experimental replications.  Pollen viability in DK 662RR (GA21 event)1

was reduced by 39.2 and 41.2 percentage points with glyphosate POST treatments at the V102

and V6 fb V10, respectively, compared to the nontreated check (Table 1).  No pollen3

viability reductions in DK 662RR were seen with labeled glyphosate treatments.  When4

glyphosate was applied at the V10 stage (non-label treatment), pollen viability reductions5

were evident (Table 1).  Pollen viability in DKC 64-10RR (NK603 event) was reduced by6

8.6, 36.7, and 36.2 percentage points with glyphosate applied POST at V4, V4 fb V8, and V47

fb V10 compared the nontreated check, respectively (Table 2).  The DKC 64-10RR hybrid8

had pollen viability reductions with labeled (V8) and non-labeled (V10) glyphosate9

treatments.  Any glyphosate treatment applied after the V6, presumably after tassel initiation10

(Kiesselbach 1992), caused reductions in pollen viability, regardless of variety.11

Pollen and anther production were also negatively influenced by glyphosate treatments12

at various timings.  Pollen and anthers were weighed at initial anthesis and at 2, 4, and 1113

DAIA.  Total anther and pollen production for DK 662RR was reduced 21.0, 50.8, and 52.514

percentage points by glyphosate POST treatments at V6, V10, and V6 fb V10, respectively15

(Table 1).  While DKC 64-10RR showed anther and pollen production reductions of 47 and16

34 percentage points with glyphosate applied POST at V4 fb V8 and V4 fb V10 compared17

with the nontreated, respectively (Table 2).  Anther and pollen production of DKC 64-10RR18

with glyphosate applied at V4 POST fb V8 POST and V4 POST fb V10 POST was also19

lower than the nontreated check and V4 POST treatments at all sampling times (Table 2).20

Glyphosate-induced pollen viability reductions in corn are not transitory as in cotton, perhaps21

due to the short duration of pollen shed (approximately 7 d) and fertilization of corn22

(approximately 3 d) (Pline et al. 2003a; Keisselbach 1992).  The reductions in anther and23
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pollen production may be due to delayed reproductive maturity caused by glyphosate.  Pline1

et al. (2003a, 2003b) found that glyphosate treatments to glyphosate-resistant cotton delayed2

flowering by three to four days.  In glyphosate-resistant cotton, glyphosate treated plants at3

anthesis showed either no pollen or malformed pollen compared to the pollen covered4

anthers of nontreated cotton plants (Pline et al. 2002a; Yasuor et al. 2000).  Furthermore,5

Pline et al (2002a) found 42.2 to 42.5% less loose pollen per stigma from glyphosate treated6

plants than nontreated plants.7

Regardless of hybrid, kernel set was not reduced by any glyphosate treatment (data not8

shown).  Further analysis showed no difference in hand self-pollinated crosses (Appendix L,9

M) (nontreated male x nontreated female, etc.).10

Field Experiments.  Pollen viability was averaged over locations due to lack of location and11

treatment interaction.  Since only DKC 64-10 was planted at the Clayton location, means12

were separated using the least square means function in SAS to account for unbalanced data.13

Regardless of hybrid, any glyphosate treatment applied after the V4 stage reduced pollen14

viability (Table 3).  Pollen viability of DK 687RR hybrid was lower in the V4 POST fb V1015

POST treatment compared to all other treatments.  The reduction in pollen viability in the V416

POST fb V10 POST may be due to the complete spray coverage of the emerged leaves at the17

V10 stage.  When only the lower half of the plants at the V10 stage (V4 POST fb V10 PDS)18

were treated with glyphosate, pollen viability was 8.9 percentage points higher than the V419

POST fb V10 POST treatment (Table 3).  A comparison of the means of pollen viability20

from each hybrid showed higher viability in DK 687RR hybrid with glyphosate POST at the21

V8, V4 fb V8, and V4 fb V10 compared with DKC 64-10RR (Table 3).  In field grown22

glyphosate-resistant cotton, pollen from cotton treated with glyphosate at 4-leaf POST and 4-23
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leaf POST fb 8-leaf PDS was 70 and 38% viable, respectively compared to 90 to 92%1

viability in the nontreated check (Pline et al. 2003a).  However, the reduction in cotton pollen2

viability in response to glyphosate treatments was transitory (Pline et al. 2003a).  Cotton has3

the reproductive ability to produce multiple flowers per plant.  Contrary to cotton, corn is4

monecious which limits the ability of corn to compensate reproductively.  In addition to its5

reproductive characteristics, glyphosate translocation and accumulation may be altered due to6

difference in the numbers and duration of reproductive sinks compared to glyphosate-7

resistant cotton.8

Due to pollen availability requirements, all crosses were not made.  Since a significant9

location interaction was found, locations were analyzed separately.  No significant yield10

effects were found among any glyphosate treatment combination (data not shown).  After11

further statistical analysis using the hand self-pollinations, no significant yield effects were12

found regardless of location or hybrid (Appendix N, O).13

Electron microscopy.  Scanning (SEM) and transmission (TEM) electron microscopy14

techniques were used to examine pollen grains from all treatments in each hybrid.  SEM15

images indicated distinct morphological alterations in corresponding treatments with reduced16

pollen viability.  Comparative SEM images of DK 662RR pollen from a nontreated check17

and from a plant treated with glyphosate POST at the V10 stage (non-labeled treatment) are18

shown in Figure 2.  In Figure 2a and 2b, pollen grains from the nontreated check and V10,19

respectively, have a spherical shape with the characteristic single pollen aperture20

(Kiesselbach 1992; Chang and Neuffer 1989; Mandaron et al. 1990).  However, figure 2b21

shows collapsed regions of a pollen grain from a glyphosate treated corn plant.  Pline et al.22
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(2002a) also found collapsed pollen grains after labeled glyphosate treatments, while, pollen1

from nontreated glyphosate-resistant cotton plants remained turgid.2

TEM micrographs showed pollen anatomy alterations corresponding with glyphosate3

treatments that reduced pollen viability.  In Figure 3, pollen from DK 687RR and DKC 64-4

10RR hybrids treated with glyphosate V4 POST and V4 POST fb V10 POST are shown.5

Regardless of hybrid, pollen from plants receiving the V4 POST fb V10 POST has large6

vacuoles and lower starch accumulation than those receiving the V4 POST.  No significant7

differences were seen between pollen from the nontreated and V4 POST micrographs (data8

not shown).  Researchers have described the various stages of corn microsporogenesis9

including the uninucleate stages, first pollen mitosis, second pollen mitosis, and mature10

pollen (Chang and Neuffer 1989) and the respective size of pollen after the tetrad stage11

(Mandaron et al. 1990).  Since the germ pore, exine, and intine have already formed (Figure12

3), all pollen grains examined were after the uninucleate stage (Chang and Neuffer 1989).13

The level of starch accumulation and size of the vacuole is indicative of the stages of14

microsporogenesis after the uninucleate stage (Mandaron et al. 1990; Chang and Neuffer15

1989).  Since the locations of the nuclei were unidentifiable, we were unable to distinguish16

between the first and second pollen mitosis.  Yet Mandaron et al. (1990) has shown that17

pollen is 60, 90, and 90 to 110 µm in diameter for the vacuolated microspore, late starch18

accumulation and pollen at dehiscence, respectively.  Pollen sizes in SEM micrographs of19

characteristic and abnormal pollen grains (Figure 2) are not visually different.  Therefore,20

microsporogenesis was inhibited after the uninucleate stage, but most probably during the21

later stages of starch accumulation due to the size of the vacuole and level of starch22

accumulation [S2 in Mandaron et al. (1990) and second pollen mitosis in Chang and Neuffer23



98

(1989)].  Pollen from glyphosate-resistant cotton has shown similar developmental1

alterations from glyphosate treatments.  Pline et al. (2002a) has shown alterations at the2

conversions between the early vacuolated microspore and vacuolated microspore, the3

vacuolated microspore and vacuolated microgamete, and vacuolated microgamete and4

mature binucleate pollen in glyphosate-resistant cotton treated with glyphosate.5

Quantification of CP4-EPSPS in DKC 64-10RR.  Analysis of CP4-EPSPS in various corn6

tissues has shown variable levels of CP4-EPSPS (Figure 4).  Various other vegetative tissues7

have been shown to accumulate silica, reducing the amount of leaf tissue available to contain8

CP4-EPSPS compared to pollen in the extraction process (Lanning et al. 1980).  Lanning et9

al. (1980) had shown that as much as 11% of dried corn leaf tissue was composed of10

inorganic silica.  Lanning et al. (1980) also found measurable silica amounts in the stem pith,11

stem epidermis, tassel, and roots.  Reproductive tissues of anthers, ovaries, and silks12

contained significantly less CP4-EPSPS than either the leaf subtending the ear or brace roots.13

However, the flag leaf contained lower CP4-EPSPS than all other tissues except the husks.14

Therefore, it is difficult to directly compare CP4-EPSPS levels in different tissues as the15

composition of tissues is so variable.16

Analysis of commercial glyphosate-resistant cotton and non-commercial glyphosate-17

resistant tobacco has been shown to have lower reproductive tolerance to glyphosate (Pline et18

al. 2002a; Ye et al. 2001).  Pline et al. (2002a) found reproductive tissues including the19

stigma, anther, pre-anthesis floral bud, and flower petals contained significantly less CP4-20

EPSPS than vegetative leaf tissue.  Ye et al. (2001) found similar differences between21

vegetative and reproductive tissue of glyphosate-resistant tobacco plants containing different22

constructs of the CP4-EPSPS gene encoded in the chloroplast genome.  Compared to leaf23
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tissue, CP4-EPSPS levels were approximately 10-fold lower in flower petals and 50-fold1

lower in both immature anthers and ovaries (Ye et al. 2001).2

Although in this study, CP4-EPSPS levels in pollen are greater than any other tissue,3

pollen development was negatively affected by glyphosate treatment.  As in glyphosate-4

resistant cotton, corn pollen development appears to be slowed or arrested possibly, due to5

the dose and timing of glyphosate during pollen development.6

Since glyphosate inhibits the shimikic acid pathway from producing phenylalanine,7

tyrosine, and trytophan, reduced levels of these amino acids may influence the rate of pollen8

development that has been associated with male-sterile pollen in other plants (Frankel and9

Galun 1977).  In addition, aromatic compounds such as flavonoids and sporopollenin,10

eventual products of the shikimic acid pathway, are needed for pollen development and wall11

formation.  Absence of these compounds can cause male sterility (Van der Meer et al. 1992;12

Niester-Nyveld et al. 1997).  Reproductive organs of glyphosate-treated glyphosate resistant13

corn may still produce some aromatic amino acids and secondary metabolites.  The presence14

of sub-optimal quantities of these compounds may slow, instead of completely inhibiting15

maturation.  A slower maturation of pollen in glyphosate-treated glyphosate-resistant plants16

may explain the presence of pollen grains at different developmental stages.17

Pollen viability reductions were evident with glyphosate treatments after the V6 stage in18

phytotron experiments and the V4 stage in field experiments.  Since tassel initiation can19

begin as early as two weeks after emergence, it is probable that any glyphosate treatment20

made to glyphosate-resistant corn before tassel initiation will not have an effect on pollen21

viability or anther and pollen production (Kiesselbach 1992).  Since many researchers have22

shown glyphosate accumulates in reproductive organs (Gougler and Geiger 1981; Pline et al.23
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2001; Sandberg et al. 1981; Viator et al. 2003), the tassel and ear may accumulate1

glyphosate.  If accumulation does occur, then this accumulation may explain the resulting2

pollen damage and reduction in pollen and anther production.3

Kiesselbach (1992) has shown that corn can produce up to 25,000,000 pollen grains per4

plant.  Kiesselbach (1992) estimated that 25,000 pollen grains would be shed per silk,5

assuming each ear had 1,000 silks.  Kiesselbach (1992) calculates further that 42,500 pollen6

grains were shed per square inch and 170 grains per silk.  Bassetti and Westgate (1994) and7

Otegui et al. (1995) have shown that pollen production would not limit kernel set.  However,8

researchers did not consider effects of reduced pollen production and viability.  Despite this,9

Uribelarrea et al. (2002) designed experiments to evaluate pollen production and pollen10

thresholds for kernel set under various planting densities and a 50% detasseling treatment.11

Using an exponential model, two and three pollen grains per exposed silk could account for12

95 and 99% percent kernel set, respectively (Uribelarrea et al. 2002).  Additional data from13

Uribelarrea et al. (2002) found that pollen production could be reduced by half in the 50%14

detasseling treatments with no expected changes in kernel set.  Therefore, based on our15

results, labeled glyphosate treatments to glyphosate-resistant corn should not result in16

reduced kernel set nor reduced grain yields.17
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1  Dekalb, 800 N. Lindburg Blvd., Monsanto Co., St. Louis, MO.7

2  Roundup UltraMax, 800 N. Lindburg Blvd., Monsanto Co., St. Louis, MO.8

3  Tassel bag #217, Lawson Pollinating Bags, P.O. Box 8577, Northfield, IL  60093.9

4  Ear shoot bag #402, Lawson Pollinating Bags, P.O. Box 8577, Northfield, IL  60093.10
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14  Microscope stubs #60065, Ladd Research, 83 Holly Court, Williston, VT  05495.22

15  Sticky tabs #14445, Ladd Research, 83 Holly Court, Williston, VT  05495.23
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18  Phillips 505T, FEI Company, 7451 NW Evergreen Prkwy, Hillsboro, OR,  97124.3

19  Osmium tetraoxide #55091, Ladd Research, 83 Holly Court, Williston, VT  05495.4

20  BEEM capsules #21600, Ladd Research, 83 Holly Court, Williston, VT  05495.5

21  Spurr’s resin #21230, Ladd Research, 83 Holly Court, Williston, VT  05495.6

22  LKB NOVA, Leica, 2345 Waukegan Road, Bannockburn, IL 600157

23  Mesh grids #150CP #200CP, Ladd Research, 83 Holly Court, Williston, VT  05495.8

24  Uranyl acetate #23620, Ladd research, 83 Holly Court, Williston, VT  05495.9

25  Lead citrate #23605, Ladd Research, 83 Holly Court, Williston, VT  05495.10

26 JEOL 100S, JEOL USA, 11 Dearborn Rd., Peabody, MA.11

27  SAS ver. 8.0, SAS Institute, Inc., 100 SAS Campus Drive, Cary, NC 27513-241412
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Table 1.  The effect of glyphosate on pollen viability, averaged over sampling times, and1
pollen and anther production on DK 662RR in phytotron studies1.2

Glyphosate Pollen Pollen and anther production

treatments viability Initial 2 DAIA2 4 DAIA2 11 DAIA2 Total

anthesis

% _____________________________  grams plant-1  _____________________________

Nontreated 99.4 a 0.929 a 1.725 a 1.544 a 0.069 b 4.888 a

V6 97.7 a 0.274 ab 1.075 b 1.271 a 1.233 a 3.853 b

V10 60.4 b 0.295 ab 0.664 b 0.844 b 0.601 b 2.404 b

V6 + V10 57.5 b 0.018 b 0.980 b 0.625 b 0.698 b 2.320 b
1 Means within a column followed by the same letter are not different according to Fisher’s3
Protected LSD test at P=0.05.4
2 Days after initial anthesis.5
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Table 2.  The effect of glyphosate on pollen viability, averaged over sampling times, and1
pollen and anther production on DK 64-10RR in phytotron studies1.2

Glyphosate Pollen Pollen and anther production

treatments viability Initial 2 DAIA2 4 DAIA2 11 DAIA2 Total

anthesis

% _____________________________  grams plant-1  ____________________________

Nontreated 99.3 a 0.344 a 1.141 a 1.032 a 0.418 a 2.774 a

V4 90.8 b 0.189 b 0.893 b 0.970 a 0.471 a 2.549 a

V4 + V8 62.9 c 0.126 b 0.649 c 0.496 b 0.294 b 1.466 b

V4 + V10 63.4 c 0.150 b 0.727 c 0.630 b 0.311 b 1.819 b
1 Means within a column followed by the same letter are not different according to Fisher’s3
Protected LSD test at P=0.05.4
2 Days after initial anthesis.5
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Table 3.  The effect of glyphosate on pollen viability of DK 687RR and DKC 64-10RR in1
field trials averaged over locations.  Contrast statement were used to compare pollen viability2
between varieties averaged over locations1.3
Glyphosate Pollen viability

treatments DK 687RR DKC 64-10RR

_________________________________  %  ________________________________

Nontreated 98.6 a 97.6 a

V4 POST 98.8 a 97.5 a

V8 POST* 76.2 b 67.7 b

V4 + V8 POST* 74.3 bc 69.9 b

V4 + V10 POST* 69.2 c 65.3 b

V4 + V10 PDS 78.1 b 71.9 b

1 Means within a column followed by the same letter are not different according to Fisher’s4
Protected LSD test at P=0.05.5
* Mean pollen viability for treatments are significantly different at P=0.05.6
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Figure 1.  A viable (a) and non-viable (b) corn pollen grains from DK 662RR treated with

glyphosate at the V10 stage, stained using Alexander stain (Alexander 1969).

Figure 2.  Scanning electron micrographs of pollen from DK 662RR treated with glyphosate

POST at V10 (b) with the nontreated check (a) included for comparison.  The pollen grain on

the left (image b) would be considered viable while the pollen grain on the right would be

considered not viable.

Figure 3.  Transmission electron micrographs of pollen from DK 687RR and DKC 64-10RR

varieties treated at the V4 POST (a, b) and V4 POST fb V10 POST (c, d), respectively.

Figure 4.  Levels of CP4-EPSPS in NK603 hybrid DKC 64-10RR in various vegetative and

reproductive tissues at anthesis.
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Effects of Various Glyphosate Timings and Rates on Reproductive1

Development of Sicklepod (Senna obtusifolia)20.2

3

WALTER E. THOMAS, WENDY A. PLINE, RYAN P. VIATOR,4

and JOHN W. WILCUT21.5

6

Abstract:  Greenhouse experiments were conducted to examine the effect of glyphosate on7

reproductive development in sicklepod.  Postemergence (POST) glyphosate treatments were8

applied at 112 and 280 g ai/ha to sicklepod at growth stages of 4-leaf, 8-leaf, 4-leaf followed9

by (fb) 8-leaf, and 12-leaf.  A nontreated check was also included.  The numbers of flowers10

were recorded twice per week for eight weeks.  Pollen viability was measured on one open11

flower per plant per sampling time using Alexander stain.  The numbers of pods, pod length,12

seeds per plant, total seed weight, seed germination, seed viability, and dry weight of above13

ground biomass were also recorded.  No significant differences among the treatments were14

found for average pod length, seed germination, seed viability, and above ground biomass.15

The nontreated had 18 flowers counted over 8 weeks.  Glyphosate applied at 4 L, 8 L, 12 L,16

and sequentially at 4 L and 8 L, averaged over glyphosate rates, reduced flower production17

by 29, 5, 65, and 54%, respectively, compared to the nontreated.  Similarly, glyphosate at18

                                               
20 Received for publication and in revised form.

21 Graduate Research Associate, North Carolina State University, Raleigh, NC 27695-7620;

Research Leader, Syngenta, Jealotts Hill International Research Centre, Bracknell, Berkshire

RG42GEY, UK; graduate research associate, and professor, North Carolina State University,

Raleigh, NC 27695-7620.
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112 and 280 g/ha, averaged over treatment timings, reduced flower production by 19 and1

58%, respectively, compared to the nontreated.  Since the number of flowers produced was2

limited from our treatment structure, pollen viability measurements could not be analyzed3

using the repeated measures method due to large amounts of missing data points.  The4

number of pods and seeds and total seed weight were reduced by 78, 80, and 81%,5

respectively, with 280 g/ha of glyphosate compared to the nontreated.6

Nomenclature:  Glyphosate; sicklepod, Senna obtusifolia (L.) Irwin and Barnaby #227

CASOB.8

Keywords:  Pollen viability; Alexander stain; tetrazolium chloride.9

Abbreviations:  EPSPS, 5-enolpyruvylshikimate-3-phosphate synthase (EC 2.5.1.19); fb,10

followed by; POST, postemergence over the top.11

12

INTRODUCTION13

A member of the Fabaceae and subfamily Caesalpinoideae, sicklepod is widely14

distributed throughout the world.  Irwin and Turner (1960) indicate that it is distributed in15

tropical America, Asia, Africa, and throughout the United States with its most common16

presence in the southeast (Webster 2001).  Its center of origin is tropical, but the time and17

point of entry into the United States is unknown (Brown and Bridges 1989).  Teem et al.18

(1980) surveyed weed extension specialists in each of the 50 states to find that sicklepod is19

troublesome in 11 southern states and increasing in 12 other states.20

                                               
22 Letters following this symbol are WSSA-approved computer code from Composite List of

Weeds, Revised 1989.  Available only on computer disk from WSSA, 810 East 10th Street,

Lawrence, KS  66044-8897.
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Sicklepod has many characteristics that enable it to thrive in a variety of environments.1

The weediness of sicklepod can be attributed to its potential to produce many seed (Bozsa et2

al. 1989; Bridges and Walker 1985), seed dormancy and survival (Creel et al. 1968;3

Barrapour and Oliver 1998), hard and waxy seedcoat (Egley and Chandler 1978; Creel et al4

1968), and inconsistent control with herbicides (Isaacs et al. 1989).  Sicklepod can produce5

between 750 and 1,000 flowers (Senseman and Oliver 1993) and between 8,000 and 14,0006

seed per plant (Creel et al. 1968; Bozsa et al. 1989).  Senseman and Oliver (1993) showed7

that sicklepod could produce consistent flower primodia regardless of the environmental field8

conditions.  Sicklepod can grow in temperatures of 18 to 36 C yet thrives at 30 to 36 C, a pH9

range of 3.2 to 7.9 (Creel et al. 1968), and emergence capability from 12.5 cm (Teem et10

al.1980).  After two years of seed deposition, 5,336 seed/m2 and 2,528 seed/m2 were found in11

tillage and no tillage systems, respectively (Barrapour and Oliver 1998).  In these same12

studies, sicklepod seed remained in the soil seed bank after 5 years of investigation13

(Barrapour and Oliver 1998).  Since sicklepod is capable of producing copious amounts of14

seeds that are able to survive many years in the soil, Ratankye and Shaw (1992) recognized15

the importance of using harvest aid herbicides to reduce sicklepod viability and longevity in16

the soil without adversely affecting crop growth.17

Glyphosate is a broad spectrum, non-selective herbicide that is registered in over 5018

crops and is used widely for vegetation control in non-agricultural situations (Duke 1988).19

The development of herbicide-resistant crops like glyphosate-resistant soybean [Glycine max20

L. (Merr.)], corn (Zea mays L.), and cotton (Gossypium hirsutum L.) enable a grower to use21

glyphosate to control many annual and perennial grass and broadleaf weeds throughout much22

of the growing season.  Since glyphosate-resistant crops are available where sicklepod23
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predominates, the increased flexibility of glyphosate application timings may provide even1

greater potential for sicklepod seed bank reductions.2

Glyphosate mimics the substrate phosphoenolpyruvate, binding to 5-3

enolpyruvylshikimate-3-phosphate synthase (EPSPS) enzyme [EC 2.5.1.19] which4

consequently inhibits the biosynthesis of the aromatic amino acids, tryptophan, tyrosine, and5

phenylalanine (Siehl 1997).  This inhibition further affects the biosynthesis of proteins,6

auxins, pathogen defense compounds, phytoalexins, folic acid, precursors of lignins,7

flavonoids, plastoquinone, and hundreds of other phenolic and alkaloid compounds (Bentley8

1990; Siehl 1997).9

Many herbicides have been shown to reduce seed set and seed viability when applied at10

or near flowering (Biniak and Aldrich 1986; Clay and Griffin 2000; Fawcett and Slife 1978;11

Isaacs et al. 1989; Maun and Cavers 1969; Taylor and Oliver 1997).  Many of these12

researchers focused on the effects of late-season applications of glyphosate on sicklepod seed13

production and viability.  Compared with the nontreated check, the number of sicklepod14

seeds per plant, 100-seed weight, germination, normal seedlings, and radicle length were15

reduced by 27, 30, 33, 69, and 28%, respectively, with a 560 g ai/ha treatment of glyphosate16

applied at R5 (Ratnayake and Shaw 1992a).  Sicklepod seed production was reduced by17

greater than 80% with glyphosate applications made between bud formation and initial seed18

set (Clay and Griffin 2000; Taylor and Oliver 1997; Isaacs et al. 1989).  Clay and Griffin19

(2000) also reported similar reductions of 100-seed weight and seedling emergence rates of20

46 and 66%, respectively, compared to the nontreated plots.21

In addition to negative influences of glyphosate on sicklepod seed production,22

glyphosate has been shown to cause reproductive development flaws including pollen23
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abnormalities in glyphosate-resistant corn and glyphosate-resistant cotton (Thomas et al.1

2003; Pline et al. 2002b).  These negative impacts on reproductive structures may be2

enhanced due to the translocation of glyphosate from source leaves to metabolic sinks like3

reproductive organs where it accumulates (Pline et al. 2001; Viator et al. 2003).4

Since glyphosate negatively affects pollen viability in glyphosate-resistant corn and5

cotton (Thomas et al. 2003; Pline et al. 2002b), and the potential for glyphosate treatments6

near the reproductive development period in several weed species to reduce seed production7

and seed viability (Biniak and Aldrich 1986; Clay and Griffin 2000; Fawcett and Slife 1978;8

Isaacs et al. 1989; Maun and Cavers 1969; Taylor and Oliver 1997), we hypothesized that9

reproductive development of sicklepod specifically pollen viability, flower number, and10

resulting seed production would be negatively influenced by various rates and treatment11

timings of glyphosate.12

13

MATERIALS AND METHODS14

Sicklepod was planted in 30 cm pots containing planting medium23 and grown in a15

glasshouse maintained at a 28/22 C day/night temperature regime.  Plants were thinned to16

one plant per pot after emergence.  Herbicide systems included a factorial arrangement of17

glyphosate treatments timings of 4 leaf (L) growth stage POST, 8 L growth stage POST, 4 L18

POST fb the 8 L growth stage POST, and 12 L growth stage POST with glyphosate24 rates of19

                                               
23 Metro Mix 200, Sierra-Scotts Horticultural Prodcuts Co., 14111 Scottslawn Rd.,

Marysville, OH  43041.

24 Roundup UltraMax, Monstanto, 800 N. Lindbergh Blvd., St. Louis, MO  63167.
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112 and 280 g ai/ha.  A nontreated check was also included.  All glyphosate treatments were1

applied with a backpack sprayer calibrated to deliver 140 L/ha at 207 kPa.2

Since sicklepod exhibits a photoperiodic response (Patterson et al. 1993; Senseman and3

Oliver 1993), plants were covered with two layers of black plastic25 after the 8 L growth4

stage POST application of glyphosate to maintain an 11 h photoperiod to initiate flower5

production.  Immediately after the 12 L growth stage POST application, the number of open6

flowers per plant was recorded twice per week for 8 weeks.  One open flower/plant was7

tagged with the date and sampled for pollen viability analysis.  Two to three anthers were8

removed using forceps.  The tip of each anther was removed to facilitate the removal of9

pollen.  Pollen was placed directly onto microscope slide containing Alexander stain which10

estimates pollen viability by testing the integrity of the pollen wall and for cytoplasm11

differentiation (Alexander 1969; Pline et al. 2002a, 2002b; Kearns and Inouye 1993; Thomas12

et al. 2003).  Pollen viability was evaluated 30 minutes after staining using a compound light13

microscope at 400x magnification.14

As pods matured, they were removed from the plant.  After all pods were harvested,15

above ground biomass at seed maturity was removed and dried in a forced air dryer at 40 C.16

The number of pods, average pod length, the number of seeds per plant, and total seed weight17

were recorded.  A subsample of 50 seed from each plant was subjected to germination18

evaluations.  Seeds were placed in 9 cm petri dishes containing 2 layers of germination paper19

and 10 ml of deionized water (Burke et al. 2003).  Petri dishes were placed in a 30/20 C20

day/night temperature with light being provided by fluorescent overhead bulbs set for a 8 h21

                                               
25 Black plastic construction sheeting, #B0610, Tyco Plastics LP, 1401 West 94th Street,

Minneapolis, MN 55431.



124

light 16 h dark regime with a light intensity of 34.9 µmol m2/s (Burke et al. 2003).1

Germination was recorded at 7 and 14 d after planting.  Non-germinated seed were examined2

for viability using 1% tetrazolium chloride26 (Peters 2000).3

Statistical Analysis.  The experimental design was a randomized complete block design with4

four replications of treatments.  Studies were repeated in time.  Data were tested for5

homogeneity of variance by plotting residuals prior to statistical analysis.  Square root6

transformation was performed on the number of pods, the number of seeds, total seed weight,7

and pod length.  To recognize the structure of the factorial treatment arrangement, sums of8

squares were partitioned in SAS (1998) to evaluate the effects of sicklepod growth stage9

(four levels) and glyphosate application rate (two levels).  Main effects and interactions were10

tested by the appropriate mean square associated with the random variables (McIntosh 1983).11

Analysis of variance (ANOVA) was performed on square root transformed number of pods,12

number of seeds, total seed weight, and pod length and non-transformed stem weight.  Mean13

separations were performed using Fisher’s Protected LSD at P = 0.05.14

The cumulative number of flowers was summed for each of the eight weeks.  Pollen15

viability was averaged over sampling times for each of eight weeks.  The cumulative number16

of flowers and pollen viability were analysized using a repeated measures analysis in SAS.17

Since our treatment structure significantly limited flower production, pollen viability18

measurements were too infrequent for the repeated measures analysis.  Therefore pollen19

viability will not be shown.20

21

                                               
26 2,3,5-triphenyltetrazoliumcloride T8877, Sigma Chemical Co., P.O. Box 14508, St. Louis,

MO  63178.
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RESULTS AND DISCUSSION1

Sicklepod stem weight at pod harvest was not significantly different with any glyphosate2

rate or treatment timing (Appendix P, Q).  Sub-lethal preflowering applications of glyphosate3

altered plant architecture.  During vegetative growth phases, glyphosate accumulates in4

regions of meristematic growth (Pline et al. 2001; Sandberg et al. 1980; Schultz and Burnside5

1980).  In addition, glyphosate inhibits the production of trytophan, a precursor to6

indoleacetic acid (IAA) (Gruys and Sikorski 1999).  Indoleacetic acid is a plant hormone that7

maintains apical dominance (Taiz and Zeiger 1998).  Due to these accumulation patterns and8

inhibition of IAA, sublethal glyphosate rates can cause death of the apical meristem,9

consequently releasing apical dominance, allowing production of lateral branches.  These10

lateral branches were able to compensate for reductions of main stem growth.  Therefore11

vegetative production was similar among all treatments.  Research simulating glyphosate12

drift has shown that soybean has the ability to compensate for height reductions without yield13

reductions (Al-Khatib and Peterson 1999; Ellis and Griffin 2002; and Ellis et al. 2002).14

Average pod length, seed germination, and seed viability were not influenced by any15

glyphosate treatment or timing (Appendix P, Q).  Sicklepod seeds from any glyphosate16

treated plant germinated less than 5% (Appendix P, Q).  Due to the low germination rate,17

seed viability tests were conducted on non-germinated seed to ascertain if seeds were either18

dormant or non-viable.  These tests found greater than 97% viable seed, indicating that these19

seed were dormant and that the number of viable sicklepod seed in the soil seedbank would20

increase (Appendix P, Q).  Taylor and Oliver (1997) also found that seed viability was21

greater than 90% regardless of glyphosate rate or application timing.  Based on our data and22

Taylor and Oliver (1997), glyphosate will not influence sicklepod seed in the soil seed bank23
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by reducing seed viability and germination capability.  However, Clay and Griffin (2000)1

showed seedling emergence reductions of 76, 14, and 8% with glyphosate applied at initial2

seed set, mid seed fill, and physiological maturity, respectively, compared to the nontreated3

check.  Clay and Griffin (2000) applied glyphosate after pollination had occurred while our4

treatment timings were not correlated with a specific stage of flowering.  However, Clay and5

Griffin (2000) did not perform viability tests on remaining non-germinated seed.6

Even though vegetative production was similar among treatments, the main effects of7

glyphosate rate and application timing, depending on week, negatively affected various8

reproductive characteristics including the number of flowers.  The nontreated check produced9

18.4 flowers/plant over the 8 week sampling period (Table 1).  Glyphosate application timing10

significantly affected the cumulative number of flowers in week 6 or later (Table 1).  In11

weeks 6 to 8, sequential applications of glyphosate at 4 L and 8 L and a single application at12

12 L, regardless of rate, reduced flower production, compared to the nontreated check (Table13

1).  For example at 8 weeks after the 12 L glyphosate treatment, glyphosate at 4 L POST fb14

8L POST and glyphosate at 12 L POST reduced the cumulative number of flowers/plant 54.315

and 65.2%, respectively, compared to nontreated sicklepod.  Even though weeks 2 to 5 were16

only numerically different for all treatments, flower production for sicklepod treated at 12 L17

remained less than 2 cumulative flowers/plant through the first six weeks of measurements18

(Table 1).  The abscission and delay of flowering in response to glyphosate treatments has19

been noted in tomato (Lycopersicon exsulentum Mill.) and glyphosate-resistant cotton20

(Gilbreath et al. 2001; Pline et al. 2002).  These abscission patterns may be due to glyphosate21

translocation to reproductive sinks (Pline et al. 2001; Viator et al. 2003).  Consequently,22

pollen viability could not be measured due to the large reduction in flower number.23
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The main effect of glyphosate rate also reduced flower production in weeks 3 through 81

after glyphosate treatment (Table 2).  In weeks 3 and 4, the nontreated plants and plants2

treated with glyphosate at 112 g/ha flowered similarly, but 280 g/ha of glyphosate reduced3

flower production.  In weeks 5 to 8, a similar trend was found with 280 g/ha of glyphosate4

consistently reducing flower production compared to the nontreated.  Sicklepod treated with5

280 g/ha glyphosate limited flower production to less than 2 flowers/plant over the first 36

weeks of measurement.  Similarly, tomatoes treated with 60 and 100 g ai/ha of glyphosate7

caused bloom abscission and consequently reduced fruit set (Gilbreath et al. 2001).8

Glyphosate at 100 g/ha caused abscission of all flowers for 28 d following a prebloom9

treatment (Gilbreath et al. 2001).  Romanowski (1980) found abnormalities in tomato fruit10

development following glyphosate applications.11

The number of pods and seeds and seed weight were also negatively influenced by12

glyphosate rate.  Glyphosate at 112 and 280 g/ha reduced the number of pods by 35 and 78%,13

respectively, compared to the nontreated check (Table 3).  Similar reductions in seed14

production of 36 and 80% resulted with glyphosate treatments of 112 and 280 g/ha,15

respectively.  Other research has indicated similar trends with glyphosate applied near16

reproductive phases of sicklepod growth.  Clay and Griffin (2000) reported seed production17

reductions of 80% when applied at initial seed set, regardless of glyphosate rate.  When 42018

and 840 ae g/ha of glyphosate was applied to sicklepod forming buds to plants with 9 cm19

seed pods, seed production was reduced by 95% or greater (Taylor and Oliver 1997).  At20

these same treatment timings, glyphosate at 105 ae g/ha reduced seed production nearly 70%21

(Taylor and Oliver 1997).  Isaacs et al. (1989) showed that 280 g ai/ha of glyphosate caused22
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seed production reductions between 84 and 100% depending on year.  Total seed weight was1

also reduced by 34 and 81% with glyphosate applied at 112 and 280 g/ha (Table 3).2

Other species in the Fabaceae family have shown similar reproductive response to3

glyphosate.  Reductions in yield in response to glyphosate at less than 560 g ai/ha were found4

with soybean (Ratnayake and Shaw 1992b; Bennett and Shaw 2000), subterranean clover5

(Trifolium subterraneum L.) (Wallace et al. 1998), annual medic (Medicago polymorpha L.)6

(Wallace et al. 1998), and hemp sesbania (Sesbania exalta) (Clay and Griffin 2000).7

Glyphosate has also been shown to reduce seed germination in soybean (Ratnayake and8

Shaw 1992b), catclaw mimosa (Mimosa pigra) (Creager 1992), Phaseolus vulgaris9

(Blackburn and Boutin 2003), and hemp sesbania (Clay and Griffin 2000).10

Even though pollen viability reductions could not be noted due to the severe reduction in11

flower production, our data suggested that rates as low as 112 g/ha of glyphosate, depending12

on application timing, can reduce flower production and consequently sicklepod seed13

production.  With 280 g/ha of glyphosate, total flower production and seed production were14

reduced by 58 and 81%, respectively.  Clay and Griffin (2000) had reported a reduction in15

seed viability and germination with seed from sicklepod plants treated with glyphosate.16

However, our data agree with Taylor and Oliver (1997) in that glyphosate at our application17

timing and rates did not influence seed viability of sicklepod.18

19
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Table 1.  The main effect of glyphosate treatment timings, averaged over glyphosate rates, on  cumulative flower production in the1
first eight weeks after the 12L glyphosate treatment.a2

a  Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.3

Glyphosate treatment Weeks after 12 L glyphosate treatment

timing 1 2 3 4 5 6 7 8

________________________________________________  # of flowers/plant  _______________________________________________

Nontreated 0 a 0.625 a 3.1 a 5.5 a 13.0 a 17.4 a 18.4 a 18.4 a

4 L POST 0 a 0.625 a 4.3 a 5.8 a 9.1 a 11.4 ab 12.6 ab 13.1 ab

8 L POST 0 a 0 a 1.7 a 3.9 a 7.6 a 10.6 ab 13.4 ab 17.4 ab

4 L POST fb 8 L POST 0 a .25 a 1.6 a 2.9 a 5.2 a 6.5 bc 7.5 bc 8.4 bc

12 L POST 0 a .187 a 0.75 a 0.75 a 1.1 a 1.2 c 3.3 c 6.4 c
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Table 2.  The main effect of glyphosate rate, averaged over treatment timings, on cumulative1
flower production in the first eight weeks after the 12 L glyphosate treatment.a2

a  Means within a column followed by the same letter are not different according to Fisher’s3
Protected LSD test at P=0.05.4

Glyphosate Weeks after the 12 L glyphosate treatment

rate 1 2 3 4 5 6 7 8

g ai/ha ___________________________________  # of flowers/plant  ____________________________________

None 0 a 0.625 a 3.1 a 5.5 a 13 a 17.4 a 18.4 a 18.4 a

112 0 a 0.53 a 3.7 a 4.9 a 8.7 ab 10.6 ab 12.6 ab 14.9 ab

280 0 a 0 a 0.53 b 1.8 b 2.8 b 4.2 b 5.6 b 7.8 b
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Table 3.  The main effect of glyphosate rate, averaged over treatment timings, on1
sicklepod pod and seed production.a2

Glyphosate rate Pods Seed Total seed weight

g ai/ha __________________  Number  __________________ grams

Nontreated 15.88 a 207.13 a 3.28 a

112 10.38 a 132.09 a 2.18 a

280 3.44 b 40.78 b 0.63 b

12 L vs. 4L, 8Lb 0.01d 0.02 0.02

4L fb 8L vs 4L, 8Lc NSe NS NS

b  Means within a column followed by the same letter are not different according to3
Fisher’s Protected LSD test at P=0.05.4
b  Comparison of 12 L glyphosate treatment versus the average of 4 L and 8L glyphosate5
treatments, averaged over glyphosate rate, using contrast statements.6
c  Comparison of sequential application of glyphosate at 4 L fb 8 L versus the average of7
4 L and 8 L glyphosate treatments, averaged over glyphosate rate, using contrast8
statements.9
d  Where numbers are present, they represent the p-value for the respective parameter.10
e  Abbreviations:  NS, non-significant using P=0.05.11
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Yield and Physiological Response of Nontransgenic1

Cotton (Gossypium hirsutum) to Simulated Glyphosate Drift27.2

3

WALTER E. THOMAS, IAN C. BURKE, BRIDGET L. ROBINSON,4

WENDY A. PLINE, KEITH L. EDMISTEN, RANDY WELLS,5

and JOHN W. WILCUT, 28.6

Abstract:  Field studies were conducted in 2001 in Lewiston-Woodville, NC and in 2002 at7

Clayton and Lewiston-Woodville, NC to investigate the response of nontransgenic cotton to8

simulated glyphosate drift in a weed-free environment.  Nontransgenic cotton variety9

‘Fibermax 989’ was planted in a conventional seedbed at all locations.  Glyphosate10

treatments were applied early postemergence (EPOST) at the 4-leaf growth stage of cotton at11

0, 8.7, 17.5, 35, 70, 140, 280, 560, and 1,120 g ai/ha and represents 0, 0.78, 1.55, 3.13, 6.25,12

12.5, 25, 50, and 100% of the commercial use rate, respectively.  Rates as low as 140 g/ha13

caused lint yield reductions depending on year and location.  When averaged over all14

locations, lint yield reductions of 4, 49, 72, and 87% compared with nontreated cotton were15

observed with glyphosate rates of 140, 280, 560, and 1,120 g/ha, respectively.  Visual injury16

                                               
27 Received for publication     and in revised form.
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Professor, and Professor, North Carolina State University, Raleigh, NC 27695-7620.
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and shikimic acid accumulation were evident at glyphosate rates greater or equal to 70 g/ha.1

Collectively, visual injury and shikimic acid accumulation at 7 DAT may be used as a2

diagnostic indicator for where potential yield reductions from simulated glyphosate drift3

would occur.4

Nomenclature:  Glyphosate, cotton, Gossypium hirsutum L., ‘Fibermax 989’.5

Additional Index Words:  Shikimic acid.6

Abbreviations:  DAT, days after treatment; EPSPS, 5-enolpyruvylshikimate-3-phosphate7

synthase [EC 2.5.1.19]; HPLC, high performance liquid chromatography; EPOST, early8

postemergence over the top; PDS, postemergence-directed.9

10

INTRODUCTION11

Herbicide-resistant crops have provided additional weed control options in many12

cropping systems.  Nearly 11, 58, and 78% of corn (Zea mays L.), upland cotton (Gossypium13

hirsutum L.), and soybean [Glycine max. L. (Merr.)], respectively, grown in the United States14

in 2002 were herbicide-resistant (Anonymous 2002).  Glyphosate-resistant soybean and15

cotton are common throughout the southeastern portions of United States, as this technology16

provides broad-spectrum control of numerous weed species infesting this warm humid17

production environment (Askew and Wilcut 1999; Askew et al. 2002; Culpepper and York18

1999; Culpepper et al. 2000; Scott et al. 2001).  The large hectarages of these herbicide-19

resistant crops increases the potential for glyphosate drift onto neighboring susceptible crops.20

With the increased use of glyphosate due to herbicide-resistant crops (Shaner 2000),21

applicators must recognize that certain factors including nozzle types, spray pressure, droplet22
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size, environmental conditions, protective covers, boom height, and spray additives may1

affect the potential of spray droplets to drift onto susceptible plants (Bode et al. 1976; Wolf2

et al. 1993).  High winds and environmental conditions conducive to volatility and3

redeposition may also increase the potential for herbicide drift (Hanks 1995).4

Glyphosate, a non-selective herbicide, controls more than 300 weeds species (Franz et5

al. 1997).  Glyphosate mimics the substrate phosphoenolpyruvate, binding to 5-6

enolpyruvylshikimate-3-phosphate synthase (EPSPS) enzyme [EC 2.5.1.19] which7

consequently inhibits the biosynthesis of the aromatic amino acids, tryptophan, tyrosine, and8

phenylalanine (Siehl 1997).  This inhibition further affects the biosynthesis of proteins,9

auxins, pathogen defense compounds, phytoalexins, folic acid, precursors of lignins,10

flavonoids, plastoquinone, and hundreds of other phenolic and alkaloid compounds (Bentley11

1990; Siehl 1997).  With the inhibition of the EPSPS, shikimate-3 phosphate accumulates12

and is cleaved to shikimic acid in the tonoplast or vacuole (Hollander-Czytko and Amrhein13

1983).  Thus, shikimic acid accumulates rapidly in sensitive plants (Hollander-Czytko and14

Amrhein 1983; Lydon and Duke 1988; Mollenhauser et al. 1987).  Shikimic acid15

accumulation can be measured using high performance liquid chromatography (HPLC)16

(Lydon and Duke 1988) or spectrophotometrically (Singh and Shaner 1998).  Since shikimic17

acid only accumulates following treatment with glyphosate, it may also exclude other18

potential herbicidal mode of actions for detrimental crop injury and potential yield losses19

(Singh and Shaner 1998).20

Previous research has investigated simulated drift of glufosinate, glyphosate (Ellis and21

Griffin 2002a), quinclorac (Snipes et al. 1992), and tricloypr (Snipes et al. 1991) in cotton.22

Further studies investigating drift, have indicated that drift rates typically range from 1/100 to23
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1/10 of the normally applied herbicide rate (Al-Khatib and Peterson 1999; Bailey and1

Kapusta 1993; Ellis and Griffin 2002a; Snipes et al. 1991, 1992).  Since glyphosate causes2

shikimic acid accumulation after absorption in sensitive plants, we hypothesized that an3

inverse correlation between yield, and crop injury and shikimic acid accumulation would4

occur.  Therefore, our objectives were 1) to evaluate crop injury, 2) shikimic acid5

accumulation, and 3) cotton lint yield in nontransgenic cotton treated with eight increasing6

rates of glyphosate applied at the 4-leaf growth stage.7

8

MATERIALS AND METHODS9

Field studies were established at the Peanut Belt Research Station near Lewiston-10

Woodville, NC in 2001 and 2002 and at the Central Crops Research Station near Clayton,11

NC in 2002.  Soils were Norfolk sandy loams (fine-loamy, siliceous, thermic, Typic12

Paleudults) with a 5.8 pH and 1.1% organic matter at Lewiston-Woodville and 5.9 pH and13

1.0% organic matter at Clayton.14

Nontransgenic cotton variety ‘Fibermax 989’ was planted into a conventional seedbed at15

a rate of 13 seed/m of row on May 15, 2001 in Lewiston, April 25, 2002 in Clayton, and May16

14, 2002 in Lewiston.  Cotton was seeded in 96 cm and 91 cm row spacing in Clayton and17

Lewiston, respectively, with a plot length of 6.1 m and 4 rows wide.  Pendimethalin at 0.8418

kg ai/ha and fluometuron at 1.12 kg ai/ha were applied preemergence (PRE) on the day of19

planting at each location.  An early postemergence (EPOST) treatment of glyphosate29 was20

applied to cotton at the 4-leaf growth stage to the center two rows of each plot.  Glyphosate21

                                               
29 Roundup UltraMAX, Monsanto Co., 800 N. Lindburg Blvd., St. Louis, MO 63167.
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rates included 0, 8.7, 17.4, 35, 70, 140, 280, 560, and 1,120 g ai/ha and represent 0, 0.78,1

1.55, 3.13, 6.25, 12.5, 25, 50, and 100% of the commercial use rate, respectively.  EPOST2

treatments were made on June 12, 2001 and June 10 for both locations in 2002.  A late3

postemergence-directed (PDS) application of prometryn at 1.12 kg ai/ha plus MSMA at 2.244

kg ai/ha plus a non-ionic surfactant30 at 0.25% (v/v) was applied to all plots plus a late POST5

application of clethodim at 140 g ai/ha plus 1.0% (v/v) crop oil concentrate31 to control6

weeds.  These PRE, late POST, and PDS herbicide treatments are according to extension7

recommendation and are standard in North Carolina (York 2003).  All plots received8

biweekly hand weeding to maintain a weed-free environment through harvest.9

Visual estimation of cotton injury based on a summation of stunting, discoloration, and10

stand reduction ranged from 0 (no injury) to 100 (plant death) (Frans et al. 1996).  Cotton11

injury was recorded 7 d after the EPOST treatment (DAT) at all locations.  Mid-season12

cotton injury was also recorded 47 DAT in all 2002 trials.  The center two rows of each plot13

were harvested once with a spindle picker modified for small plot research.14

Shikimic Acid Accumulation.  A modified spectrophotometric method for detection of15

shikimic acid was used due to the relative simplicity of the laboratory procedures compared16

to HPLC detection methods (Pline et al. 2002a; Singh and Shaner 1998).  The17

spectrophotometric method has been shown to become less efficient at higher shikimic acid18

                                               
30 Induce (mixture of alkyl polyoxylkane ether, free fatty acids, and isopropanol), Helena

Chemical Co., 5100 Popular Avenue, Memphis, TN  38137.

31 Agri-Dex (mixture of heavy range paraffinic oil, polypol fatty acid esters, and

polyethoxylated derivatives), Helena Chemical Co., 5100 Popular Avenue, Memphis, TN

38137.
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concentrations, but plants exhibiting these high accumulation values resulting from high rates1

of glyphosate are most often killed (Pline et al. 2002a).  One leaf disc was removed from the2

third newest leaf of ten plants in the center two rows of each plot using a 7 mm hole punch32.3

The ten discs were placed in microcentrifuge tubes containing 0.5 mL of 0.01 M H2SO4 and4

placed on ice while transported back to the laboratory.  Once in the laboratory, the samples5

were ground and 0.25 mL of 0.4 M NaH2CO3 was added to each sample.  Solutions remained6

in –20 °C freezer storage until assay.  Samples were allowed to thaw for one hour and then7

centrifuged at 10,000 g for 5 minutes.  After centrifuging, 20 µL of the non-diluted sample8

was analyzed according to the methods of Singh and Shaner (1998) using a spectrometer33 at9

380 nm.  A standard curve was developed using pure shikimic acid standards34 with known10

concentrations (Pline et al. 2002a).  The µg shikimic acid/g plant tissue from all plants was11

determined by comparison with the standard curve.12

Statistical Analysis. The experimental design was a randomized complete block with three13

replications of treatments at all locations.  Data were subjected to analysis of variance14

(ANOVA) using SAS35 version 8.0.  Since a significant location interaction was present for15

yield and shikimic acid accumulation, data are presented by location and years.  Since16

ANOVA established a significant difference in yield, injury, stunting, discoloration, and17

                                               
32 Walmart Stores, Inc., 702 S.W. 8th Street, Bentonville, AR  72716

33 Perkin Elmer UV/VIS Lambda 10 spectrometer, 45 William Street, Wellesley, MA 02481-

4078.

34 Shikimic acid S-5375, Sigma Chemical Co., P. O. Box 14508, St. Louis, MO  63178.

35 SAS.  Version 8.0.  SAS Institute, Inc., 100 SAS Campus Drive, Cary, NC  27513-2414.
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shikimic acid accumulation, a log-logistic function (equation 1) was used to describe the1

relationship between glyphosate rates and the respective variable (Seefeldt et al. 1995).2

Y = A + B/(1 +  exp (D * (log(rate) + log(I50)))) [1]3

This nonlinear function is estimated by using A as the lower limit, B as the upper limit, I50 is4

the concentration of glyphosate to cause 50% reduction, and D as the slope.  Since this5

function utilizes the log of glyphosate rate, log rates of -2.35, -2.05, -1.75, -1.45,        -1.15, -6

0.85, -0.55, -0.25, and 0.05 correspond to actual glyphosate rates of 0, 8.7, 17.4, 35, 70, 140,7

280, 560, and 1,120 g/ha, respectively.  I20, the concentration of glyphosate to cause 20%8

reduction in the respective parameter, was also calculated.  Equation 2 was used to calculate9

I20 values for yield.  While, equation 3 was used to calculate I20 values for injury, stunting,10

discoloration, and shikimic acid accumulation.11

Y = exp (log(I50) + log(.25)/D) [2]12

Y = exp (log(I50) + log(4)/D) [3]13

Since a nonlinear equation was fit to the data, an approximate R2 value (R2
nonlinear)14

(Draper and Smith 1981; Jasieniuk et al. 1999) was obtained by subtracting the ratio of15

residual sum of squares to corrected total sum of squares from one (Equation 4).16

squares of sum  totalCorrected

squares of sum Residual
12 −=nonlinearR [4]17

Residual sum of squares can be attributed to that variation not explained by the fitted line.18

The R2 and residual mean squares (RMS) were used to determine goodness of fit to nonlinear19

models.20

21
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RESULTS AND DISCUSSION1

Cotton Injury.  Visual injury was rated as a composite of percent stunting, discoloration,2

and stand reduction (Frans et al. 1996).  Although visual injury at 7 DAT had no trial3

interactions (data not shown), it is presented by locations so that the visual relationship of4

injury to yield reduction (which had a treatment by location interaction) can be determined5

by readers (Figure 1).  Injury ratings at 47 DAT in 2002 are presented by location due to a6

significant location by treatment interaction.7

Visual cotton injury, mainly discoloration and stunting at 7 DAT, increased at all8

locations with increasing glyphosate rates (Figure 1).  Visible injury increased linearly at9

rates of 70 g/ha and higher (Figure 1).  Glyphosate at 140 g/ha caused between 5 and 12%10

injury at 7 DAT (Figure 1).  Discoloration was the earliest and most visible symptom of11

glyphosate injury.  There were no reductions in cotton stand evaluations at 7 DAT.  However12

at 47 DAT, cotton stand was reduced by 10% at 560 g/ha of glyphosate and ranged from 1313

to 25% at 1,120 g/ha of glyphosate (Table 1).  With these same mid-season ratings, cotton14

injury, manifested mainly as stunting and stand reduction, ranged from 12 to 32% with 560 g15

ai/ha of glyphosate and from 75 to 90% with 1,120 g/ha of glyphosate at two locations (Table16

1).  Glyphosate caused no visible injury at 47 DAT with glyphosate rates of 280 g/ha and17

lower at both locations in 2002.  Ellis and Griffin (2002a) showed that nontransgenic cotton18

injury ranged from 0 to 18% at 28 DAT with 140 g ai/ha of glyphosate applied to 3- to 4-leaf19

stage cotton.  No injury was seen at 14 or 28 DAT with glyphosate rates of 9, 18, 35, and 7020

g ai/ha (Ellis and Griffin 2002a).  Since drift rates usually occur between 1/100 and 1/10 the21

normal herbicide rate, predicted injury for 11 and 112 g/ha of glyphosate was calculated22

using the log-logistics function from Seefeldt et al. (1995) (Table 2).  Cotton injury ranged23



145

from 1 to 2% and from 11 to 15% for 11 and 112 g/ha of glyphosate, respectively, depending1

on year and location (Table 2).  Another modification from the log-logistic equation (Seefeldt2

et al. 1995), predicted 20% injury at 7 DAT at 186, 189, and 212 g/ha for Lewiston 2001 and3

2002 and Clayton 2002, respectively (Figure 1).4

Shikimic Acid Accumulation.  Shikimic acid accumulation is presented by location due to5

significant treatment by location interactions.  Plant tissue samples were taken at 7, 14, 21,6

and 28 DAT in 2001.  Since no accumulation was found at 14, 21, and 28 DAT in 2001 (data7

not shown), samples were only taken 7 DAT in 2002.  Shikimic acid accumulation increased8

with increasing glyphosate rates at all locations (Figure 2).  Pline et al. (2002a) found a9

similar increase in shikimic acid accumulation in the nontransgenic cotton variety DP 5415.10

At Lewiston 2001 and 2002, rates of 140 g/ha of glyphosate and greater caused shikimic acid11

accumulation (Figure 2).  However, at the Clayton location, shikimic acid accumulation did12

not occur until 280 g/ha glyphosate.  Accumulation in Clayton at 140 g/ha was 94 and 90%13

lower than in Lewiston 2001 and 2002, respectively (Figure 2).  Lower shikimic acid14

accumulation in the Clayton trial may be due to the extreme drought situation during the15

most of the growing season (Figure 3).  Since glyphosate is phloem mobile, its movement16

may have been limited due to water stress (Duke 1988).  No accumulation was observed with17

rates below 70 g/ha at any location.  With 1 and 5 mMol glyphosate (0.112 and 0.560 kg18

ae/ha, respectively) applied to a 9 cm2 section on the first leaf on the first reproductive19

branch of DP 5415, no elevated levels of shikimic acid were detected (Pline et al. 2002a).20

However, Pline et al. (2002a) harvested plants at only 72 h after glyphosate treatments,21

potentially underestimating the final concentration of shikimic acid actually accumulating.22
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In addition, Pline et al. (2002a) treated only a 9 cm2 section of leaf surface, whereas our1

treatments were applied POST to simulate normal field conditions.2

Yield.  Cotton lint yield data are presented by location due to significant treatment by3

location interactions.  Nontreated cotton yielded 1720, 780, and 780 kg/ha at Lewiston 20014

and 2002, and Clayton 2002, respectively (Figure 1).  At Lewiston in 2001, yield of cotton5

treated with glyphosate at 8.7, 17.5, 35, and 70 g/ha was increased by 27, 27, 25, and 8%,6

respectively, compared to the nontreated check (Figure 1).  Extremely low rates of herbicides7

including glyphosate, may have a stimulatory effect on plant growth (Banks and Schroeder8

2002).  Glyphosate was registered and used for only one year as a yield enhancer in peanut9

(Arachis hypogaea L.) production, but this use was subsequently discontinued due to its10

inconsistent yield benefits (Colvin et al. 1990).  Studies in 2002 did not show any increases11

in lint yield with 35 g/ha of glyphosate and lower (Figure 1).  Cotton yields in 2001 were12

reduced when cotton was exposed to simulated glyphosate drift rates of 140 g/ha or higher13

(Figure 1).  When 140 g/ha of glyphosate was applied to cotton grown in Louisiana at either14

3- to 4-leaf, pinhead square, or early bloom stages, seed cotton yield and yield were at least15

94% of the nontreated check (Ellis and Griffin 2002a).  Our data showed less than a 4%16

reduction in lint yield with 140 g/ha glyphosate at Lewiston in 2001 and Clayton in 200217

(Figure 1).  However, a 20% lint yield reduction was observed in Lewiston 2002 with18

glyphosate at 140 g/ha (Figure 1).  Our data thus indicates that nontransgenic cotton response19

to simulated glyphosate drifts maybe influenced by the environmental conditions of a20

growing season.21

Locations in 2002 had similar levels of yield reductions, however, nontreated yields in22

2002 were lower than 2001 yields due to the extreme drought situation (Figure 3).23
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Precipitation in June 2002 (when glyphosate applications were made) at Clayton and1

Lewiston was 75 and 39%, respectively, below the 48 and 49 year average precipitation at2

these locations (Figure 3).  Other simulated herbicide drift research on cotton has indicated3

significant year interactions potentially due to varying environmental conditions (Ellis and4

Griffin 2002a; Snipes et al. 2001, 2002) that influence herbicide absorption (Wanamarta and5

Penner 1989).  Plants grown in a low stress environment including high soil moisture, lack of6

water stress, high relative humidity, and low light intensity usually absorb and translocate7

more glyphosate than stressed plants (Duke 1988).  Pline et al. (2001) studied absorption and8

translocation patterns at 4- and 8-leaf cotton using 14C-glyphosate.  When flowering was9

initiated, Pline et al. (2001) found that cotton began translocating more glyphosate to the10

fruiting structures rather than to the roots.   With cotton treated at the 4-leaf growth stage,11

reproductive tissues (fruiting branches, squares, and bolls) accumulated 2% and 6.8% of12

applied 14C-glyphosate at the 12-leaf stage and cutout, respectively (Pline et al. 2001).  In13

similar experiments using shikimic acid detection, Pline et al. (2002a) found 18- and 11-fold14

increases in shikimic acid accumulation in fruiting branches and squares compared to treated15

leaves following glyphosate treatment.  These increases were similar in both a nontransgenic16

(DP 5415) and a glyphosate-resistant variety (DP 5415RR) (Pline et al. 2002a).  Since these17

translocation patterns were similar among both the nontransgenic and glyphosate-resistant18

varieties, flower morphology may also change in response to glyphosate, potentially altering19

the number of seeds per boll thereby reducing yield (Pline et al. 2002a, 2002b, 2003a).20

Since drift rates usually occur between 1/100 and 1/10 of the normal herbicide rate,21

predicted yield for 11 and 112 g/ha of glyphosate was calculated using the log-logistics22

function from Seefeldt et al. (1995) (Table 2).  Cotton lint yield loss was less than 3% and23
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ranged from 1 to 17% for 11 and 112 g/ha of glyphosate, respectively, depending on year and1

location (Table 2).  Using the log-logistic equation from Seefeldt et al. (1995) modified to2

calculate I20 values, our data predicted a 20% yield reduction with glyphosate rates of 154,3

171, and 350 g/ha at Lewiston 2001 and 2002, and Clayton 2002, respectively (Figure 1).4

Another objective of this research was to attempt to correlate visual cotton injury and5

shikimic acid accumulation to potential yield reductions.  Although visual injury at 7 DAT to6

nontransgenic cotton was evident at all locations from glyphosate rates of 70 g/ha and higher,7

yield was not always influenced.  However later ratings at 47 DAT in 2002 showed no visual8

injury with 140 and 280 g/ha of glyphosate (Appendix R), yet reductions in lint yield9

occurred (Figure 1).  These yield reductions could be manifested in either reduced boll set or10

delayed maturity (Jones and Snipes 1999; Pline et al. 2001, 2003a, 2003b).  In 2001, yield11

potential was higher due to higher precipitation totals during the growing season (Figure 3).12

During drought stress periods of 2002 with lower yield potential, cotton was able to sustain13

higher rates without compromising yield (Figure 1).  Even though yields differed in years14

due to weather, it should be noted that regardless of location or year, any glyphosate15

treatment causing 10% or greater cotton injury at 7 DAT resulted in lint yield reductions.16

The relationship of shikimic acid accumulation to lint yield showed a similar response.17

Glyphosate rates of 140 g/ha and higher caused shikimic acid accumulation and a18

corresponding yield reduction (Figure 2).  Yet at the 2002 Clayton location which suffered19

through a drought much of the growing season (Figure 3), shikimic acid accumulated at20

glyphosate rates of 140 g/ha and higher (Figure 2).  When shikimic acid accumulation was21

measurable in cotton leaf tissue, a corresponding yield reduction was evident (Figure 2).  Our22
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results suggest that accumulation of 100 µg shikimic acid/g leaf tissue corresponds to1

appreciable yield losses (Figure 2).2

Based on our results, a 20% yield loss, injury, and shikimic acid accumulation3

(depending on year and location) were predicted to occur with glyphosate at 154 to 350 g4

ai/ha.  According to actual data and predicted values, visual injury provides a more sensitive5

assay than shikimic acid accumulation for potential yield reductions from glyphosate drift.6

However, shikimic acid accumulation and visual injury are equally as effective with7

simulated glyphosate drift rates of 140 g/ha and higher.  Using predicted values for yield,8

shikimic acid accumulation, and cotton injury for 11 and 112 g/ha of glyphosate, our data9

suggest that nontransgenic cotton can sustain appreciable yield losses and an increase in10

visual cotton injury and shikimic acid accumulations with glyphosate at 1/10 of the normal11

field rate of 1,120 g/ha depending on the environmental conditions (Table 1).  Therefore, our12

data suggest that nontransgenic cotton can tolerant drift rates at the 4-leaf growth stage as13

high as 70 g/ha based on the lack of yield response, shikimic acid accumulation, and visual14

injury.15

Our studies did not address several potential areas that may alter the effect of glyphosate16

drift.  Banks and Schroeder (2002) and Ellis et al. (2002b) suggest that the carrier volume17

effects may increase glyphosate injury in cotton.  In the current study, only one carrier18

volume was tested.  Secondly, different stages of cotton development should be evaluated for19

potential yield reductions and its relationship to cotton injury and shikimic acid20

accumulation.  Research has shown that damage incurred from drift in early vegetative21

growth and reproductive stages are more likely to cause injury (Hurst 1982; Snipes et al.22

1991, 1992).  Lyon et al. (2003) studied simulated effects of glyphosate drift on cotton at23
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various growth stages.  Depending on location, Lyon et al. (2003) found that glyphosate rates1

as low as 35 g ai/ha applied to pinhead square cotton caused no visible injury, but reduced2

lint yield.  Lyon et al. (2003) concluded that pinhead square and first bloom applications of3

glyphosate to nontransgenic cotton reduced yield greater than application made at cotyledon4

to 1-leaf and 4- to 5-leaf cotton.  Lastly, research could be focused to investigate glyphosate5

drift rates in both constant and variable carrier volumes at various cotton growth stages and6

their effect on fruiting patterns, including boll counts, number of seeds per boll, and pollen7

viability.8

Our results have shown that glyphosate drift rates of 140 g ai/ha and higher to9

nontransgenic cotton caused lint yield reductions and corresponding injury and shikimic acid10

accumulation depending on year and location.  Although shikimic acid accumulation would11

predict potential yield reductions with glyphosate rates of 140 g/ha and higher, visual cotton12

was the most effective assay across years and locations.  Since shikimic acid only13

accumulates in plants in response to glyphosate treatments, the two methods can be used14

collectively to conclude that glyphosate was the source of yield reductions.15

16
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Table 1.  Cotton injury and stand reduction at 47 DAT in 2002 trialsa.1
Glyphosateb ___________  Injury  ___________ ______  Stand reduction  _____

Clayton Lewiston Clayton Lewiston

560 12 32 10 10

1,120 75 90 13 25

a  Glyphosate at 280 g/ha or lower caused no injury or stunting at 47 DAT.2
b  Glyphosate in g/ha.3
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Table 2.  Yield, shikimic acid accumulation, and cotton injury with expected drift rates of1
1/100 and 1/10 the field application rate of 1,120 g/ha compared to the predicted values for2
the nontreated check.3

______  Glyphosate (g ai/ha)  _______

11b 112b Nontreatedb

Yieldc Lewiston 2001 2034 2016 2034

Clayton 2002 770 706 774

Lewiston 2002 729 627 748

SAAa Lewiston 2001 0.163 16.6 0.027

Clayton 2002 0.655 13.2 0.199

Lewiston 2002 3.23 78.8 0.914

Visual injury
Lewiston 2001 2.0 14.8 0.895

Clayton 2002 1.2 10.5 0.504

Lewiston 2002 2.2 15.0 0.965

a  Shikimic acid accumulation in µg shikimic acid/g leaf tissue.4
b  Values were generated using Y = A + B/( 1 +  exp (D * (log(rate) + log(I50)))) (Seefeldt et5
al. 1995).  Values for A, B, D, and I50 can be found in Figure 1 and 2 for each of the6
measured parameters.7
c  Yield is presented as lint yield in kg/ha.8
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Figure 1.  Relationship between yield and cotton visual injury at 7 DAT in response to simulated glyphosate drift, modeled using Y =1
A + B/( 1 +  exp (D * (log(rate) + log(I50)))).2

_______  Lewiston 2001  _______ ________  Clayton 2001  ________ _______  Lewiston 2002  _______

Yieldab Injuryb Yieldab Injuryb Yieldab Injuryb

A 0 0 0 0 0 0

B 2034(50.6) 86.1(4.4) 778(18.4) 71.6(3.1) 783(27.5) 85.65(2.3)

D 4.26(0.79) -2.13(0.24) 2.21(0.39) -2.28(0.21) 1.19(0.23) -2.09(0.11)

I50
c 0.214(0.013) 0.355(0.027) 0.655(0.053) 0.389(0.024) 0.546(0.078) 0.366(0.015)

I20
c 0.154 0.186 0.350 0.212 0.171 0.189

R2 0.96 0.98 0.89 0.99 0.85 0.99

a  Yield is presented as lint yield in kg/ha.3
b  Numbers in parenthesis are standard deviations for each respective parameter.4
c  Glyphosate rate in kg ai/ha.5



159

Figure 2.  Relationship between yield and shikimic acid accumulation at 7 DAT in response to simulated glyphosate drift, modeled1
using Y = A + B/(1 + exp (D * (log(rate) + log(I50)))).2

_______  Lewiston 2001  _______ ________  Clayton 2001  ________ _______  Lewiston 2002  _______

Yieldab SAAabd Yieldab SAAabd Yieldab SAAabd

A 0 0 0 0 0 0

B 2034(50.6) 789.8(19.3) 778(18.4) 193(92.2) 783(27.5) 1281(91.6)

D 4.26(0.79) -4.61(0.86) 2.21(0.39) -3.05(3.56) 1.19(0.23) -3.23(0.62)

I50
c 0.214(0.013) 0.288(0.007) 0.655(0.053) 0.511(0.26) 0.546(0.078) 0.451(0.037)

I20
c 0.154 0.21 0.350 0.32 0.171 0.29

R2 0.96 0.99 0.89 0.34 0.85 0.95

a  Yield is presented as lint yield in kg/ha.3
b  Numbers in parenthesis are standard deviations for each respective parameter.4
c  Glyphosate rate in kg ai/ha.5
d  Shikimic acid accumulation.6
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Figure 3.  Total precipitation for each location and yeara compared to the 48 and 49 year1
averageb for each Clayton and Lewiston, respectively.  The solid vertical line indicates the2
time of glyphosate treatment.3
awww.nc-climate.ncsu.edu/agnet/4
bwww.sercc.com/climateinfo/historical/historical_nc.html5
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Appendix A.  Early and late season corn injury in response to various preemergence by
postemergence herbicide programs in glyphosate-resistant corn.a

Herbicideb herbicideb
2000 2001a 2001b 2002

Early Late Early Late Early Late Early Late

%
None None 0 5 5 7 2 6 0 0

None Glyis 0 0 0 0 0 0 0 0

None Glyds 0 0 0 0 0 0 0 0

None Glyis + halo 0 0 0 0 0 0 0 0

None Glyds + halo 0 0 0 0 0 0 0 0

None Glyis +meso 0 0 0 0 0 0 0 0

None Glyds + meso 0 0 0 0 0 0 0 0

Atra None 0 2 0 0 0 4 0 0

Atra Glyis 0 0 0 0 0 0 0 0

Atra Glyds 0 0 0 0 0 0 0 0

Atra Glyis + halo 0 0 0 0 0 0 0 0

Atra Glyds + halo 0 0 0 0 0 0 0 0

Atra Glyis +meso 0 0 0 0 0 0 0 0

Atra Glyds + meso 0 0 0 0 0 0 0 0

Atra + meto None 0 2 0 0 0 0 0 0

Atra + meto Glyis 0 0 0 0 0 0 0 0

Atra + meto Glyds 0 0 0 0 0 0 0 0

Atra + meto Glyis + halo 0 0 0 0 0 0 0 0

Atra + meto Glyds + halo 0 0 0 0 0 0 0 0

Atra + meto Glyis +meso 0 0 0 0 0 0 0 0

Atra + meto Glyds + meso 0 0 0 0 0 0 0 0

LSD 0 1.5 2.1 2.8 1.0 0.7 0 0
a  Means within a column followed by the same letter are not different according to Fisher’s
Protected LSD test at P=0.05.
b  Abbreviations:  Atra, atrazine; halo, halosulfuron; glyis, isopropylamine salt of glyphosate;
glyds, diammonium salt of glyphosate; meso, mesotrione; meto, metolachlor; none, no
herbicide.

Preemergence Postemergence Injury
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Appendix B .  The effect of PRE and POST herbicide systems on early season control of goosegrass, large crabgrass, and Texas
panicum at Lewiston-Woodville, NC, 2000-2002.

a   Abbreviations:  Atra, atrazine; halo, halosulfuron; gly, glyphosate; meso, mesotrione; meto, metolachlor; none, no herbicide;
ELEIN, goosegrass; DIGSA, large crabgrass; and PANTE, Texas panicum.
b  Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.

Preemergence Postemergence ELEINab DIGSA PANTE

herbicidea herbicidea 2001a 2002 2000 2001a 2001b 2002 2000 2001a 2001b 2002

______________________________________________________  %  ____________________________________________________

None Gly 99 b 98 b 99 ab 100 a 98 b 99 a 99 a 97 b 97 a 98 a

None Gly + meso 100 a 98 b 100 a 100 a 99 b 99 a 99 a 96 b 98 a 97 a

None Gly + halo 100 a 97 b 100 a 100 a 99 b 100 a 99 a 97 b 98 a 98 a

Atra None 78 d 35 c 48 c 86 c 53 d 30 b 37 c 54 d 32 c 29 c

Atra Gly 99 b 98 b 99 ab 99 a 99 b 99 a 99 a 96 b 97 a 97 a

Atra Gly + meso 100 a 97 b 99 ab 100 a 99 b 99 a 99 a 96 b 98 a 98 a

Atra Gly + halo 100 a 97 b 99 ab 100 a 100 a 99 a 99 a 96 b 98 a 99 a

Atra + meto None 96 c 98 b 98 b 95 b 78 c 100 a 61 b 63 c 43 b 53 b

Atra + meto Gly 100 a 100 a 100 a 100 a 100 a 100 a 99 a 99 a 98 a 99 a

Atra + meto Gly + meso 100 a 100 a 100 a 100 a 99 b 100 a 99 a 100 a 98 a 97 a

Atra + meto Gly + halo 100 a 99 ab 100 a 100 a 100 a 100 a 99 a 99 a 97 a 98 a
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Appendix C.  The effect of PRE and POST herbicide systems on early season control of yellow nutsedge, common ragweed, and
common lambsquarters at Lewiston-Woodville, 2000-2002.

a  Abbreviations:  Atra, atrazine; halo, halosulfuron; gly, glyphosate; meso, mesotrione; meto, metolachlor; none, no herbicide;
CYPES, yellow nutsedge; AMBEL, common ragweed; CHEAL, common lambsquarters.
b  Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.

Preemergence Postemergence CYPESab AMBEL CHEAL

herbicidea herbicidea 2000 2001a 2001b 2002 2000 2001b 2000 2001a 2001b 2002

______________________________________________________  %  ____________________________________________________

None Gly 71 c 91 ab 91 b 79 b 98 b 99 a 97 b 100 a 99 b 99 b

None Gly + meso 74 c 82 bc 97 a 79 b 100 a 100 a 100 a 100 a 100 a 100 a

None Gly + halo 89 b 95 a 97 a 93 a 100 a 100 a 100 a 100 a 100 a 100 a

Atra None 26 e 23 e 20 d 20 d 94 c 90 b 83 c 100 a 97c 55 c

Atra Gly 72 c 77 cd 95 ab 77 b 100 a 100 a 100 a 100 a 100 a 100 a

Atra Gly + meso 70 c 95 a 95 ab 75 b 100 a 100 a 100 a 100 a 100 a 100 a

Atra Gly + halo 92 ab 92 a 97 a 93 a 100 a 100 a 100 a 100 a 100 a 100 a

Atra + meto None 46 d 67 d 60 c 65 c 99 a 84 c 99a 99 a 98 bc 100 a

Atra + meto Gly 73 c 90 ab 96 a 94 a 100 a 100 a 100 a 100 a 100 a 100 a

Atra + meto Gly + meso 96 a 91 a 98 a 94 a 100 a 100 a 100 a 100 a 100 a 100 a

Atra + meto Gly + halo 97 a 96 a 98 a 94 a 100 a 100 a 100 a 100 a 100 a 100 a
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Appendix D.  The effect of PRE and POST herbicide systems on early season control of pitted morningglory, ivyleaf morningglory,
and entireleaf morningglory at Lewiston-Woodville, NC, 2000-2002.

a  Abbreviations:  Atra, atrazine; halo, halosulfuron; gly, glyphosate; meso, mesotrione; meto, metolachlor; none, no herbicide;
IPOLA, pitted morningglory; IPOHE, ivyleaf morningglory; IPOHG, entireleaf morningglory.
b  Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.

Preemergence Postemergence IPOLAab IPOHE IPOHG

herbicidea herbicidea 2000 2001a 2001b 2002 2001a 2001b 2002 2000 2001a 2001b

_______________________________________________________  %  _____________________________________________________

None Gly 95 c 93 c 95 c 97 a 93 d 96 a 97 b 95 c 93 e 93 d

None Gly + meso 100 a 97 bc 99 ab 100 a 98 abc 98 a 100 a 100 a 98 bcd 100 a

None Gly + halo 99 b 96 c 98 bc 100 a 96 bcd 98 a 100 a 99 b 97 cd 98 bc

Atra None 55 e 56 d 47 d 47 b 58 e 52 c 53 c 55 d 58 f 47 f

Atra Gly 100 a 94 c 97 bc 99 a 94 cd 98 a 99 ab 100 a 94 e 97 c

Atra Gly + meso 100 a 100 a 100 a 100 a 100 a 99 a 100 a 100 a 100 a 99 ab

Atra Gly + halo 100 a 100 a 99 ab 99 a 99 a 99 a 99 ab 100 a 99 ab 99 ab

Atra + meto None 62 d 54 d 53 d 97 a 54 e 58 b 95 b 60 d 54 f 61 e

Atra + meto Gly 100 a 94 c 99 ab 100 a 95 cd 97 a 100 a 100 a 96 de 98 bc

Atra + meto Gly + meso 100 a 99 ab 99 ab 100 a 99 a 99 a 100 a 100 a 99 ab 100 a

Atra + meto Gly + halo 100 a 99 ab 99 ab 100 a 99 a 99 a 100 a 100 a 99 ab 100 a
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Appendix E.  Rainfall at Lewiston-Woodville, NC compared to the historic average.
Month Precipitation

2000a 2001 2002 Averageb

__________________________  cm  __________________________

April 11.76 5.00 4.88 7.57

May 9.78 5.11 4.42 9.78

June 12.39 26.24 6.53 10.62

July 8.94 10.92 10.21 14.58

August 12.01 7.82 12.75 12.88
awww.nc-climate.ncsu.edu/agnet/
bwww.sercc.com/climateinfo/historical/historical_nc.html



170

Appendix F.  Early and late season corn injury in response to various preemergence by
postemergence herbicide programs in glyphosate-resistant corn.a

None None 7 10 7 3 0 13

None Glyis 0 0 0 0 0 0

None Glyds 0 0 0 0 0 0

None Glyis + halo 0 0 0 0 0 0

None Glyds + halo 0 0 0 0 0 0

None Glyis + glyis 0 0 0 0 0 0

None Glyds + glyds 0 0 0 0 0 0

Atra None 0 1 0 2 0 0

Atra Glyis 0 0 0 0 0 0

Atra Glyds 0 0 0 0 0 0

Atra Glyis + halo 0 0 0 0 0 0

Atra Glyds + halo 0 0 0 0 0 0

Atra Glyis +glyis 0 0 0 0 0 0

Atra Glyds + glyds 0 0 0 0 0 0

Atra + meto None 0 0 0 0 0 0

Atra + meto Glyis 0 0 0 0 0 0

Atra + meto Glyds 0 0 0 0 0 0

Atra + meto Glyis + halo 0 0 0 0 0 0

Atra + meto Glyds + halo 0 0 0 0 0 0

Atra + meto Glyis +glyis 0 0 0 0 0 0

Atra + meto Glyds + glyds 0 0 0 0 0 0

LSD 2 2 1 1 0 2
a  Means within a column followed by the same letter are not different according to Fisher’s
Protected LSD test at P=0.05.
b  Abbreviations:  Atra, atrazine; halo, halosulfuron; glyis, isopropylamine salt of glyphosate;
glyds, diammonium salt of glyphosate; meto, metolachlor; none, no herbicide.

Preemergence Postemergence Injury

herbicideb herbicideb
2001a 2001b 2002

Early Late Early Late Early Late

%
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Appendix G.  Main effect for preemergence treatments for early season Texas panicum control, averaged over postemergence
treatments, at Lewiston-Woodville, NC, 2001-2002, by yearsa.

a Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.

Preemergence herbicide Texas panicum

2001b 2002
_______________________________________  %  _______________________________________

None 83 c 82 c

Atrazine 87 b 87 b

Atrazine plus metolachlor 92 a 92 a
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Appendix H.  Main effect of postemergence treatments for early season Texas panicum control, averaged over preemergence
treatments, at Lewiston-Woodville, NC, 2001-2002, by yearsa.

a Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.

Postemergence herbicide Texas panicum

2001b 2002
________________________________  %  ________________________________

None 24 c 30 b

Glyphosate EPOST 96 b 96 a

Glyphosate  + halosulfuron EPOST 97 b 97 a

Glyphosate EPOST fb glyphosate POST 99 a 99 a
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Appendix I.  Interaction of PRE and POST herbicide treatments for early season large crabgrass, goosegrass, and yellow nutsedge
control at Lewiston-Woodville, NC, 2001-2002, by years a.
Preemergence Postemergence

DIGSA ELEIN CYPES

herbicideb herbicide 2001a 2001b 2002 2001a 2002 2001a 2001b 2002
__________________________________________  %  __________________________________________

None Gly 99 a 98 bc 96 c 100 a 94 de 92 a 91 bcd 77 d

None Gly + halo 100 a 99ab 93 d 100 a 93 de 94 a 95 abc 96 bc

None Gly fb gly 100 a 99 ab 100 a 100 a 100 a 92 a 94 abc 96 bc

Atra None 45 c 52 e 52 f 35 c 33 f 17 c 15 e 25 f

Atra Gly 100 a 97 c 99 b 100 a 98 bc 93 a 87 cd 81 d

Atra Gly + halo 100 a 99 ab 100 a 100 a 96 cd 95 a 98 a 98 ab

Atra Gly fb gly 100 a 99 ab 100 a 100 a 100 a 93 a 91 bcd 94 c

Atra + meto None 93 b 83d 83 e 89 b 90 e 62 b 83 d 48 e

Atra + meto Gly 100 a 99 ab 100 a 100 a 100 a 93 a 93 abc 98 ab

Atra + meto Gly + halo 100 a 99 ab 100 a 100 a 100 a 96 a 98 a 99 a

Atra + meto Gly fb gly 100 a 100 a 100 a 100 a 100 a 96 a 96 ab 99 a
a Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.
b  Abbreviations:  Atra, atrazine; gly, glyphosate EPOST; gly fb gly, glyphosate EPOST fb glyphosate POST; halo, halosulfuron
EPOST; meto, metolachlor EPOST; DIGSA, large crabgrsss; ELEIN, goosegrass; and CYPES, yellow nutsedge.
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Appendix J.  Interaction of PRE and POST herbicide treatments for early season common ragweed and common lambsquarters
control at Lewiston-Woodville, NC, 2001-2002, by yearsa.
Preemergence Postemergence

AMBEL CHEAL

herbicideb herbicide
2001b 2002 2001a 2001b 2002

_________________________________  %  _________________________________

None Gly 100 a 96 b 100 a 100 a 97 b

None Gly + halo 100 a 100 a 100 a 100 a 100 a

None Gly fb gly 100 a 100 a 100 a 100 a 100 a

Atra None 92 c 89c 89 c 98 b 87 c

Atra Gly 100 a 100 a 100 a 100 a 100 a

Atra Gly + halo 100 a 100 a 100 a 100 a 100 a

Atra Gly fb gly 100 a 100 a 100 a 100 a 100 a

Atra + meto None 95 b 95 b 98 b 100 a 93 b

Atra + meto Gly 100 a 100 a 100 a 100 a 100 a

Atra + meto Gly + halo 100 a 100 a 100 a 100 a 100 a

Atra + meto Gly fb gly 100 a 100 a 100 a 100 a 100 a
a Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.
b  Abbreviations:  Atra, atrazine; gly, glyphosate EPOST; gly fb gly, glyphosate EPOST fb glyphosate POST; halo, halosulfuron
EPOST; meto, metolachlor EPOST; AMBEL, common ragweed; and CHEAL, common lambsquarters.   
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Appendix K.  Interaction of PRE and POST herbicide treatments for early season entireleaf and pitted morningglory control at
Lewiston-Woodville, NC, 2001-2002, by yearsa.
Preemergence Postemergence

IPOHG IPOLA

herbicideb herbicide 2001a 2001b 2002 2001a 2001b 2002
_______________________________________  %  ______________________________________

None Gly 95 a 97 bc 88 c 92 c 97 a 88 c

None Gly + halo 95 a 99 ab 96 b 95 bc 100 a 96 b

None Gly fb gly 96 a 97 bc 99 ab 95 bc 97 a 99 a

Atra None 38 b 48 e 39 e 43 d 47 c 36 e

Atra Gly 99 a 96 c 99 ab 99 a 97 a 99 a

Atra Gly + halo 98 a 99 ab 100 a 98 ab 100 a 100 a

Atra Gly fb gly 99 a 99 ab 99 ab 98 ab 98 a 100 a

Atra + meto None 38 b 65 d 53 d 44 d 60 b 50 d

Atra + meto Gly 96 a 97 bc 100 a 95 bc 98 a 100 a

Atra + meto Gly + halo 98 a 100 a 100 a 98 ab 100 a 100 a

Atra + meto Gly fb gly 97 a 98 bc 100 a 97 ab 99 a 100 a
a Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P=0.05.
b  Abbreviations:  Atra, atrazine; gly, glyphosate EPOST; gly fb gly, glyphosate EPOST fb glyphosate POST; halo, halosulfuron
EPOST; meto, metolachlor EPOST; IPOHG, entireleaf morningglory; and IPOLA, pitted morningglory.
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Appendix L.  Effect of glyphosate on kernel set and weight of DK 662RR in phytotron trials.a

Kernel

Male Female N Weight Number
_______  g  _____ ______  #  ______

Non Non 4 146.5 399.0

V4 + V8 POST V4 + V8 POST 4 125.2 361.8

V4 + V10 POST V4 + V10 POST 5 92.6 269.0

V4 + V10 PDS V4 + V10 PDS 5 85.3 217.6
a No comparison were significantly different where P=0.05.
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Appendix M.  Effect of glyphosate on kernel set and weight of DKC 64-10RR in
phytotron trials.a

Kernel

Male Female N Weight Number
_______  g  _____ ______  #  ______

Non Non 5 171.5 343.8

V4 POST V4 POST 5 166.5 334.4

V4 + V8 POST V4 + V8 POST 5 90.5 176.6

V4 + V10 POST V4 + V10 POST 5 118.4 225.2
a No comparison were significantly different where P=0.05.
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Appendix N.  Effect of glyphosate on kernel set and weight of DK 687RR in 2002 field trials.a

Rocky Mount Lewiston-Woodville

Kernel Kernel

Male Female N Weight Number N Weight Number
____  g  __ ___  #  ___ ____  g  __ ___  #  ___

Non Non 18 136.9 408.6 10 59.7 156.6

V4 POST V4 POST 10 123.3 368.1 8 45.5 117.3

V8 POST V8 POST 13 139.9 409.8 8 55.5 139.4

V4 POST + V8 POST V4 POST + V8 POST 14 132.0 406.9 7 16.6 45.1

V4 POST + V10 POST V4 POST + V10 POST 11 111.6 355.7 5 31.2 73.8

V4 POST + V10 PDS V4 POST + V10 PDS 14 125.4 364.2 7 42.7 115.1
a No comparison were significantly different where P=0.05.
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Appendix O.  Effect of glyphosate on kernel set and weight of DKC 64-10RR in 2002 field trials.a

Clayton Rocky Mount Lewiston-Woodville

Kernel Kernel Kernel

Male Female N Weight Number N Weight Number N Weight Number
___  g  __ __  #  __ ____  g  __ ___  #  ___ ___  g  __ ___  #  ___

Non Non 14 172.6 459.1 - - - 7 75.2 229.4

V4 POST V4 POST 13 173.4 403.0 - - - 8 53.4 173.4

V8 POST V8 POST 13 158.2 378.8 3 73.3 205.0 7 23.3 68.6

V4 POST + V8 POST V4 POST + V8 POST 13 147.5 385.5 2 122.8 380.0 7 24.8 104.7

V4 POST + V10 POST V4 POST + V10 POST 13 162.2 374.4 3 126.0 355.7 7 24.9 72.9

V4 POST + V10 PDS V4 POST + V10 PDS 14 192.6 456.4 2 144.0 373.5 7 42.9 121.0
a No comparison were significantly different where P=0.05.
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Appendix P.  Effect of glyphosate rate, averaged over treatment timing, on sicklepod stem
weight, average pod length, seed germination, and seed viability.a

Glyphosate Stem Average Seed Seed

Rate Weight Pod length germination viability
_____  g  ______ ____  cm  ____ _____________  %  _____________

Nontreated 5.3 a 8.6 a 2 a 98 a

112 g ai/ha 4.3 a 7.9 a 1 a 99 a

280 g ai/ha 4.2 a 7.1 a 2 a 99 a
a Means within a column followed by the same letter are not different according to
Fisher’s Protected LSD test at P=0.05.
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Appendix Q.  Effect of glyphosate treatment timing, averaged over glyphosate rate, on
sicklepod stem weight, average pod length, seed germination, and seed viability.a

Glyphosate Stem Average pod Seed Seed

Timing Weight length germination viability
_____  g  ______ ____  cm  ____ _____________  %  _____________

Nontreated 5.3 a 8.6 a 1 a 98 a

4 L POST 3.4 a 8.2 a 2 a 99 a

8 L POST 4.9 a 7.8 a 1 a 98 a

4 L POST fb 8 L POST 3.0 a 8.0 a 2 a 99 a

12 L POST 5.7 a 5.9 a 1 a 99 a

a Means within a column followed by the same letter are not different according to
Fisher’s Protected LSD test at P=0.05.
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Appendix R.  Late season nontransgenic cotton injury in response to simulated glyphosate
drift.a

Glyphosate 2002

Rate Lewiston Clayton
_______________  %  _______________

Nontreated 0 c 0 c
8 0 c 0 c
17 0 c 0 c
35 0 c 0 c
70 0 c 0 c
140 0 c 0 c
280 0 c 0 c
560 32 b 12 b
1,120 90 a 75 a
a Means within a column followed by the same letter are not different according to
Fisher’s Protected LSD test at P=0.05.


