
ABSTRACT

PLINE, WENDY ANN.  Physiological and Morphological Basis for Reproductive Sensitivity to

Glyphosate in Glyphosate-Resistant Cotton.  (Under the direction of John W. Wilcut and Keith L.

Edmisten.)

Transgenic, glyphosate-resistant (GR) cotton has been available to U.S. growers since 1997.  Despite

wide-spread acceptance, there have been performance complaints by growers citing lower boll retention in GR

varieties than in conventional varieties.  Field and greenhouse studies confirmed grower observations,

demonstrating a glyphosate-associated decrease in boll retention compared to non-treated GR or conventional

plants.  Late (beyond the 5 leaf stage) foliar applications were the most injurious, presumably because plants

were entering early reproductive stages.  Boll ‘cavitation,’ (dessicated bolls attached to plants) also observed by

growers following glyphosate treatment, resulted from abnormal abscission zone formation and was related to

variety.

14C-glyphosate absorption per cm2 was greater when applied to stem tissue than leaf tissue, but overall

absorption is likely greater when applied foliarly, due to a greater total surface area.  Because glyphosate

typically moves from source tissue to sink tissue, up to 3.7% of applied 14C-glyphosate was translocated to

reproductive tissues.

Seedling development in both GR and conventional cotton was inhibited by root-absorbed glyphosate.

Root tissues were more sensitive to glyphosate than cotyledons or hypocotyls, as was demonstrated by

inhibition of lateral root formation and shikimic acid accumulation.  CP4-EPSPS content was significantly lower

in GR seedling roots than cotyledons, accounting for glyphosate sensitivity.

Further studies compared the accumulation of shikimic acid in response to glyphosate in reproductive

and vegetative tissues in GR and conventional cotton.  Shikimic acid accumulation per µM of glyphosate, was

greater in reproductive than vegetative leaf tissue in both GR and conventional cotton, suggesting that

reproductive tissue is innately more sensitive to glyphosate than vegetative tissue.  The quantity of the

glyphosate-resistant CP4-EPSPS enzyme was significantly less in stamens than in vegetative leaf tissues.

Several morphological differences were apparent in flowers of glyphosate-treated GR cotton.

Glyphosate applications inhibited stamen elongation, resulting in anthers not extending to the tip of the stigma,

thereby limiting pollen deposition to the lower, less receptive portion of the stigma.  Total pollen deposition on



the stigma was less in glyphosate-treated GR cotton than non-treated GR or conventional cotton.  Microscopic

analysis of pollen revealed that glyphosate arrested maturation in at least 3 pollen developmental stages.  At

anthesis, pollen grains from glyphosate-treated GR plants were collapsed, highly vacuolated, and had 60% lower

viability (ability to germinate) than pollen from non-treated GR or conventional plants.  Retained bolls from

glyphosate-treated plants had fewer seeds than those from non-treated GR or conventional plants.  Hand crosses

between glyphosate-treated plants demonstrated that the number of seeds per boll was decreased when the male

parent, but not the female parent, was glyphosate treated.  Hand pollinations using pollen from treated plants,

although overcoming the increased anther-stigma distance, did not restore the normal number of seeds per boll.

Treatment of GA onto glyphosate-treated GR plants did not remediate glyphosate effects on pollen viability and

floral morphology.  Therefore, presumably, several of the bolls that were shed due to glyphosate-treatments,

contained an insufficient number of fertilized ovules and are thus shed.

This research proposes that boll shed due to glyphosate in GR cotton is due to insufficient levels of

CP4-EPSPS in stamens, which are highly sensitive to glyphosate.  As glyphosate accumulates in reproductive

structures, stamen elongation and pollen development are inhibited, resulting in poor fertilization of ovules.

Because fewer ovules are fertilized, bolls are either shed or contain fewer seeds if retained.  Growers should

limit glyphosate contact with GR cotton, especially during the reproductive stages in order to minimize the

potential for glyphosate-induced boll shed.
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CHAPTER 1.

General Introduction

Cotton origin, domestication, and use.  The English botanist Sir George Watt in his famous 1907 monograph

on the Wild and Cultivated Cotton Plants of the World states, “It would not be far from correct to describe

cotton as the central feature of the world’s modern commerce.”  Truly this is the case, as there are very few of

us who do not encounter some use of cotton in our daily lives.  Early historical records show man using various

fibers in the manufacturing of cloth.  In western Asia and southern Europe, wool was primarily used, whereas

flax was used in northern Europe, silk in China, and cotton in India (Brown 1938).  The use of woven cotton

fiber to form cotton cloth, revolutionized textiles around the world making them both more comfortable and

more durable.

There are at least two centers of origin for cotton: Asiatic cotton originated in Asiatic countries and

Old world cotton originated in Mexico, Guatemala, and Central America.  Cotton fibers were reportedly being

woven into cloth in India as early as 800 B.C.  However, it is referred to so often in their literature that cotton

must have been known to them for generations both as a plant and as a textile (Handy 1896).  Brown (1938)

reports that archaeological evidence indicates that fragments of cotton cloth and string dating back to 3000 B.C.

were unearthed in northwestern India.  A microscopic examination showed typical cotton fibers of the arboreum

type that is still grown in India today.  Cotton fabrics have also been found in prehistoric pueblo ruins in

Arizona.  When exactly cotton was domesticated is unclear.  The first reports of it being grown as a

“domesticated row crop” were from Theophratus (327-287 B.C.).

From the many references made to cotton by various early writers, it appears that Hindus not only

grew cotton and used it for making cloth in ancient times, but that for 3000 years, India was the center of the

cotton industry.  So although we lack exact dates for the origin of cotton fibers being used as cloth, and the

domestication of cotton plants, we can ascertain from many reports, that cotton was being grown and used

several hundred to several thousand years B.C.

The species that gave rise to Gossypium hirsutum is not completely certain.  Watt (1907) however,

considers the species a cultivated form of Gossypium punctatum Sch. and Thon.  This species closely resembles

G. hirsutum, is well known in a wild state, and has been identified in many regions in which the latter species

grows.
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The spread of Upland cotton into the US cotton-belt from Mexico and around the world began in the early

seventeenth century.  Varieties grown today are hybrids of cotton species introduced from around the world.

Most early cotton was used in making homespun clothes.  With the advent of the cotton gin, early U.S. colonists

were able to increase the acreage and efficiency of cotton production.  They exported cotton to England as well

as opened cotton mills for spinning and weaving.

In 1999, there were more than 850,000 acres of cotton grown in the state of North Carolina and 13.4

million acres in the United States (Brown 1999).  North Carolina cotton acres, as well as those of many

southeastern states, has been steadily increasing since the boll weevil eradication programs’ success in the mid

to late 1980’s.  Currently, the boll weevil has been eradicated from Virginia, North Carolina, South Carolina,

Georgia, Florida, Alabama, California, and Arizona.  Eradication programs continue in Mississippi, Arkansas,

Louisiana, Texas, Oklahoma, and New Mexico (Fig. 1).

Cotton weed control—few options.  Weed control in cotton is a critical component of cotton production.

Unfortunately, cotton is not as competitive with weeds as corn or soybeans are.  Cost of weed control in cotton

can vary from $55 to $165/hectare or a total cost of approximately $410 million annually in the United States

(Chandler and Cooke 1992).  Cotton grows very slowly in the early season and canopy closure occurs very late

in the season, if at all.  By this time, many difficult to control weeds have already out-competed cotton if they

are not controlled.  Coble and Byrd (1992) found that cotton fields must be maintained free of weed interference

for 8 to 10 weeks after emergence to prevent yield reduction. Because cotton is a very input expensive crop to

grow, producers are always searching for weed control options that are affordable and limit their trips across the

field.

Preemergence herbicides may be used in cotton for annual grass or broadleaf weed control.  Options

include clomazone, fluometuron, metolachlor, norflurazon, pendemethalin, pyrithiobac, or trifluralin.  Cotton is

normally very tolerant to pendamethalin and trifluralin applications.  Clomazone applications made

preemergence are very effective in control of annual grasses and broadleaf weeds, but potential volatility and

movement to off-site areas are cause for concern (Wilcut et al. 1995).  Postemergence herbicides labeled on

cotton include quizalofop, fluazifop, fluazifop + fenoxyprop, sethoxydim, or clethodim for annual grass control

and DSMA, MSMA, fluometuron, or pyrithiobac for broadleaf control.  Some of these broadleaf herbicides
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have the potential for yield loss and loss of quality if used postemergence in cotton.  Therefore, these herbicides

need to be postemergence-directed after a certain growth stage to prevent injury.  Postemergence-directed

(treatments used to control weeds in-row, applied to lower stem of crop plants) applications are very time

consuming for growers.  Many of these herbicides have strict carryover restrictions and prevent rotation to other

crops.  Herbicide resistant weed development by selection pressure from ALS herbicides is also a concern.  In

most conventional cotton, repeated applications of herbicides are needed throughout the season to control weeds

with extended emerging patterns because of very late canopy closure.  Tank-mixtures are also necessary to

broaden the spectrum of weeds controlled (York and Culpepper 1999).  An affordable weed control program

that would allow broad-spectrum control of annual and perennial weeds, broadleaf and grass weeds with no

carryover restrictions would be a welcome development in cotton production.

Herbicide resistant crops.  The development of herbicide resistant crops through genetic engineering and

somaclonal variation has given growers many more options for weed control.  Herbicide resistant crops allow

the use of previously non-selective, broad-spectrum herbicides to be used as selective herbicides, effectively

killing a wider range of weeds than a selective herbicide would, while not injuring the crop.  The availability of

crop cultivars resistant to postemergence herbicides encourages producers to use economic weed threshold

predictions in their weed management systems instead of relying on preemergence herbicide applications

without knowledge of weed pressure (Coble and Mortensen 1992).

Herbicide resistance is conferred to most of the herbicide resistant crops available today by one of two

mechanisms.  The first mechanism is a detoxification mechanism whereby a gene encoding an enzyme to

specifically detoxify a herbicide is used.  One example of such as system is glufosinate-resistant crops where

the PAT or BAR proteins in transformed crops acetylates the herbicide glufosinate, thus detoxifying it.  A

second mechanism of resistance is the insertion of a gene coding for an altered, herbicide-insensitive form of a

target enzyme.  The herbicide will not bind to this altered enzyme, and the enzyme preserves its function in the

plant.  The current generation of glyphosate-resistant crops contain a gene encoding a glyphosate-insensitive

EPSPS enzyme (CP4-EPSPS), which when properly expressed, confers glyphosate resistance.
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Glyphosate—broad spectrum, reliable, non-selective.  Glyphosate is effective in the control of more than

300 weed species (Franz et al. 1997).  It is the most widely labeled product under the modern U.S. registration

system.  Environmentally, glyphosate has very favorable characteristics in that it has no soil residual activity, is

rapidly bound to soil particles, and is not leached into ground water (Franz et al. 1997).  Glyphosate is non-toxic

to mammals, birds, fish, insects, and most bacteria, and does not accumulate in the tissues of animals or

agricultural crops.  Glyphosate is a systemic herbicide with high phloem mobility and is, thus, able to

effectively control many perennial weeds.  Several studies have reported that glyphosate distribution parallels

that of photoassimilates in a variety of plants (Gougler and Geiger 1981; McAllister and Haderlie 1985), thus,

generally following a source-to-sink relationship (Sandberg et al. 1980; Wyrill and Burnside 1976).  It has long

been thought that glyphosate does not penetrate the woody stems of trees or grapevines and is thus, safe for use

in orchards and vineyards provided there is no foliar contact with green tissue.  However, work with 14C-

glyphosate applied to woody stems in cotton showed significant absorption and mobility (Pline et al. 2001 and

Wills 1978).  Wills (1978) found 5- to 7-fold greater glyphosate toxicity to non-glyphosate-resistant cotton

when glyphosate was applied to the lower stem portion of the plant than when applied to the first true leaf.  The

non-selective nature of glyphosate has previously limited its use to non-crop areas and directed applications.

However, with the introduction of numerous glyphosate-resistant crops, producers are now able to use

glyphosate as a postemergence selective herbicide, controlling a wider spectrum of weeds than was previously

available with any other herbicide (Franz et al. 1997).

Glyphosate is thought to be degraded in soil by microorganisms as well as being bound strongly to soil

colloids, accounting for its lack of soil activity on weed control (Duke 1988; Sprankle et al. 1975a & b).

However, it has been shown that glyphosate can be exuded from roots of senescing weeds following treatment.

Rodrigues et al. (1982) reported that glyphosate exuded from the roots of glyphosate-treated wheat (Triticum

aestivum L.) was absorbed by the roots of neighboring soybean (Glycine max L. Merr.) plants, causing a

reduction in soybean fresh weight and height.  It is plausible, therefore, that glyphosate applications made as

burndown treatments in minimal tillage systems may allow glyphosate to be absorbed by the radical or

hypocotyl of germinating seedlings, causing herbicidal injury if crop and senescing weed roots are in direct

contact.
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The metabolism of glyphosate by plants has been reported (Rueppel et al. 1977), however, it remains

unclear whether this metabolism conducted by plants or by microbes present on leaf surfaces (Franz et al.

1997).  There are two major metabolic pathways found in microbes for glyphosate detoxification.  The first

involves oxidative cleavage of the nitrogen-carbon bond to yield aminomethylphophonic acid (AMPA), which

can be further degraded to inorganic phosphate (Jacob et al. 1988).  However, the accumulation of AMPA

before degradation to inorganic phosphate can also be toxic to plants.  A second pathway involves the breaking

of the phosphorus-carbon bond by a novel C-P lyase to generate sarcosine, which can be further metabolized

(Dick and Quinn 1995).  Commercial levels of glyphosate tolerance have been achieved in canola (Brassica

napus), tobacco (Nicotiana tabacum), and other crops by using the glyphosate oxidoreductase enzyme (GOX

enzyme) isolated from Pseudomonas sp. strain LBr, which uses the AMPA metabolism route (Franz et al.

1997).

Glyphosate’s Primary Mode of Action--EPSPS.  Glyphosate inhibits the biosynthesis of the aromatic amino

acids tryptophan, tyrosine, and phenylalanine in sensitive plant species (Siehl 1997).  Glyphosate competes with

the substrate phosphoenolpyruvate (PEP) for a binding site on the 5-enolpyruvylshikimate-3-phosphate

synthase (EPSPS) enzyme [EC 2.5.1.19].  EPSPS is encoded in the nucleus and imported to plastids where it

converts shikimate-3-phosphate and PEP into 5-enolpyruvylshikimate-3-phosphate (Siehl 1997).  Besides

inhibiting aromatic amino acid biosynthesis in sensitive plants, the interaction between glyphosate and EPSPS

interferes with the production of secondary compounds derived from aromatic amino acids. The biosynthesis of

proteins, auxins, pathogen defense compounds, phytoalexins, folic acid, precursors of lignins, flavonoids,

plastoquinone, and hundreds of other phenolic and alkaloid compounds may all be effected by EPSPS inhibition

due to inhibition of aromatic amino acid biosynthesis (Bentley 1990).

Upon EPSPS inhibition by glyphosate, shikimic acid, the metabolic precursor of shikimate 3-

phosphate, has been reported to increase rapidly in sensitive plants (Holländer-Czytko and Amrhein 1983;

Lydon and Duke 1988; Mollenhauer et al. 1987).  Accumulation of shikimic acid to high levels may be the

result of a loss of feedback control of the shikimic acid pathway by a downstream product which regulates the

activity of 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) synthase.  A lack of DAHP synthase

regulation may cause an unregulated flow of carbon to be diverted into intermediates upstream of the blocked
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EPSPS enzyme in the shikimic acid pathway, mainly shikimic acid (Jensen 1985).  The immediate precursor to

EPSP at the EPSPS blockage point is shikimic acid 3-phosphate, but Holländer-Czytko and Amrhein (1983)

reported that this compound is likely cleaved in the tonoplast or vacuole by a phosphatase enzyme, yielding

shikimic acid.

Injury symptoms are often slow in developing from treatment with glyphosate.  Chlorosis is followed

by necrosis and eventual plant death can take two weeks.  The symptoms are thought to occur primarily as a

result of starvation of the plant for amino acids, proteins, and secondary plant products derived from chorismate

and a deregulation of the shikimate pathway.

Altering the EPSPS Enzyme to Confer Resistance to Glyphosate.  Attempts to alter the structure of the

EPSP synthase enzyme in such a way that it is functional in the production of EPSP and phosphate as well as

insensitive to the herbicide glyphosate have been quite intensive over the last two decades.  Padgette et al.

(1991), concentrated on the G101A (glycine to alanine substitution at position 101) of Petunia EPSP synthase,

but no resulting plants were highly glyphosate tolerant and bound the PEP substrate comparably to the wild-

type EPSP synthase.

A naturally occurring EPSP synthase gene was identified from Agrobacterium sp. strain CP4, whose

protein product had favorable glyphosate tolerance kinetic parameters such as high glyphosate tolerance and

tight binding of PEP (Barry et al. 1992; Padgette et al. 1995).  This gene was then cloned from Agrobacterium

sp. strain CP4 and expressed in several crop plants, including cotton.  The glyphosate-tolerant EPSPS enzyme is

targeted to the chloroplast for expression.

Naturally occurring glyphosate resistance in weeds has begun to emerge in the last few years,

presumably in response to increased use of glyphosate in cropping situations.  A line of glyphosate-resistant

Eleusine indica (L.) Gaertn, exhibiting an 8- to 12-fold resistance, was discovered in Malaysia in 2000 (Lee and

Ngim 2000).  Although, not yet published, the mechanism of resistance, as reported in 2002 appears to be an

amino acid substitution in the active site of the EPSPS enzyme (Bourque et al. 2002).  Two independent lines of

Lolium rigidum (Gaud.) resistant to glyphosate were identified in Australia in 1998 and 1999 (Powles et al.

1998; Pratley et al. 1999).  Characterization of resistance mechanisms is ongoing, but in one population a single

nuclear gene confers resistance (Lorainne-Colwill et al. 2001).  The newest weed species to obtain resistance to
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glyphosate is Conyza canadensis.  To date, two glyphosate-resistant Conyza populations have been identified,

one from Delaware and one from Tennessee (VanGessel 2001; Heering et al. 2002).  Although research is still

ongoing, the Delaware population appears to have an amino acid substitution in the active site of one of the

three native EPSPS enzymes, conferring glyphosate resistance (Bourque et al. 2002).  Although naturally

occurring resistance to glyphosate was previously thought to be unlikely (Bradshaw et al. 1997), the yearly

increase in glyphosate-resistant weeds is reminiscent of the appearance of weeds resistant to ALS herbicides in

the 1990’s (Heap 1997).

Glyphosate Resistant Cotton. Glyphosate applications to glyphosate-resistant cotton in North Carolina are

typically made before the 5-leaf stage (approximately 25 d after emergence) as a postemergence (POST)

application, and again as either a post-directed (PD) spray (approximately 40 d after emergence) or as a late

postemergence-directed (LAYBY) treatment (>40 d after emergence).  Reproductive development begins

relatively early in the cotton life cycle.  Mauney (1986) observed differentiation of the first floral bud as early as

10 to 14 d after emergence.  From the time that the first reproductive bud (square) is visible, anthesis typically

occurs 25 to 30 d later, while the actual stimulus to flower is thought to start 10 to 15 d prior to this stage.  In

cotton squares, anther development, and microspore meiosis occur earlier than in ovules, about 22 d before

anthesis (Quintanilha et al. 1962).

Glyphosate-resistant cotton was developed by Monsanto in the early 1990’s and lines released to

farmers in 1997.  Analysis of two transformant lines used as recurrent backcross parents, revealed that both

lines contained a single DNA insertion that segregates in typical Mendelian fashion.  Line 1445 contains a

single insertion of the gene, while line 1698 contains two copies of the CP4-EPSPS gene at a single insertion

site (Nida et al. 1996).  Expression of the CP4-EPSPS enzyme was quantified in leaf and seed samples collected

from field trials to be used as data for registration.  Expression of CP4-EPSPS in leaves and seeds was in the

range of 0.027-0.522 µg/mg in leaf tissue, and 0.058-0.259 µg/mg in seeds.  The level of expression of native

plant EPSPS in leaves and seeds of cotton is not known.  Differing levels of native EPSPS expression have been

reported to occur in different organs of wheat (Triticum aestivum L.), petunia, and tomato (Lycopersicon

esculentum L.).  In wheat plants, developed leaves contained 43% of the total EPSPS plant enzyme, while roots

contained 5 to 40% (Arnaud et al. 1994).  In mature petunia plants, EPSPS expression is very high in petals, but
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barely detectable in mature leaves (Gasser et al. 1988).  Expression of EPSPS in tomato was shown to be

highest in roots and flowers, lower in stems, and lowest in leaves and cotyledons (Gorlach et al. 1994).

Differences in native EPSPS expression between vegetative and reproductive organs of cotton are likely to exist

as well.  Demand is high for shikimate pathway intermediates in reproductive organs, where gametogenesis,

sporopollenin production during pollen biogenesis, and organ growth would require high rates of protein

synthesis and high concentrations of phenylpropanoids (Weaver and Herrmann 1997).  The expression of the

CP4-EPSPS gene in transgenic tobacco using several different promoter constructs was 10-fold lower in flower

petals and 50-fold lower in immature anthers and ovaries than in mature leaf tissue (Ye et al. 2001).

Concerns with Glyphosate-Resistant Cotton

Abscission and Cavitation in Cotton.  The first concerns with glyphosate-resistant cotton were reported by

growers in Mississippi in 1997 who experienced a substantial decrease in boll retention on the lower portion of

the cotton plant, following glyphosate treatments.  The problem was initially thought to be the result of poor

weather conditions, but because the problems recurred in several states and under several different

environmental conditions in the following years, the problem could not be completely attributed to weather

conditions and warranted further research.

The number of cotton fruiting structures (bolls) is positively correlated with the amount of lint

produced (Wells and Meredith 1984; Heitholt 1993).  Therefore, factors which reduce boll retention often

directly reduce lint yield. Boll or square shed is a normal mechanism used by cotton to regulate the number of

bolls developing on a particular plant.  Shedding can result from an inadequate whole-plant supply of

carbohydrates, nitrogen, nutrient or water.  Shedding can also be triggered by insect or pathogen invasion

(Guinn 1998).  In medium to large-bolled cotton varieties, only 26-28% of flowers actually mature into bolls

(Bhatt 1978).  Bolls or squares that the plant cannot support typically develop an abscission layer in the region

where the base of the peduncle attaches to the stem.  The cells in an abscission zone are typically short, small,

and compact, and lack intercellular spaces.  When a boll or square is nearing abscission, tyloses develop

blocking xylem vessels and resin canals within the abscission zone fill up.  A conspicuous layer of starch is

commonly seen in the separation layer followed by abscission of the boll or square.  The plant hormone ABA

has also been linked to boll abscission (Davis and Addicott 1972).



9

Along with increased boll shed, growers have reported that many dead bolls remain attached to the

plant instead of being shed normally.  This phenomenon has been termed ‘cavitation’ in many scientific

discussions.  Plants with ‘cavitation’ have squares or small bolls that seem to have rapidly desiccated on the

cotton plant.  At the base of the petiole’s attachment to the fruiting branch, a large v-shaped scar extending

down the fruiting branch towards the main stem is evident.  This type of square or boll loss, and resulting scar

do not resemble normal square or boll shed where fruits are dropped because they exceed the cotton plants

capacity and resources to support development.  Boll ‘cavitation’ has been observed for several years in the

Western cotton-growing region of the USA, but has only recently been reported in the Southeastern USA,

potentially due to a shift in varieties with an Acala background (Legé 2001).  Although the cause of ‘boll

cavitation’ has not been elucidated, two main theories have been proposed.  The first theory, or the

physiological theory, suggests that ‘cavitation’ of young bolls is the result of a breakage or collapse in the

xylem tissue following anthesis, which leads to a rapid desiccation and necrosis of the boll before normal

abscission can be initiated (McCarty 2001).  Whereas the second theory suggests that ‘cavitation’ is caused by

the pathogenic organism Phomopsis, because it has been isolated from the wounds of plants displaying the

condition (Padgett 2000).  Regardless of the cause of ‘cavitation,’ differences in susceptibility to ‘cavitation’

exist between cultivars (Legé 2001).

In several extensive reports on the topic of ‘boll cavitation,’ Bhatt (1970, 1975, 1978), characterizes a

‘boll drying’ phenomenon in a short-branched, cluster-type cotton variety PRS-72.  In all ways, the

phenomenon appears to be the same condition as the ‘boll cavitation’ observed by growers.  Bhatt (1970)

concluded that the ‘boll drying’ phenomenon was a heritable trait.  Lloyd (1920) concurs, reporting that

shedding is markedly different for different cultivars of cotton.  In particular, ‘bracytic’, or cluster-type varieties

do not shed bolls as readily as others (Lloyd 1920).  Analysis of the carbohydrate content in leaves, normal

bolls, and drying bolls showed a higher percentage of starch and a lower percentage of hexose and sucrose in

drying bolls versus normally developing bolls (Bhatt 1975).  It was also found that source leaves for bolls that

were drying, contained a higher percentage of starch and a lower quantity of amylase enzymes than source

leaves for normal bolls.  The level of ABA was also higher in leaves with bolls that were drying versus leaves

with normally developing bolls.  Similar differences in carbohydrate and ABA content between ‘drying bolls’
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and normally developing bolls have also been reported for abscising and retained bolls (Heitholt and Schmidt

1994).

Pollination Concerns in Glyphosate-Resistant Cotton.  Along with increased boll shed following glyphosate

treatments in glyphosate-resistant cotton, growers have reported a higher than usual occurrence of “hawk-billed

bolls” in glyphosate-treated glyphosate-resistant cotton.  Misshapen or ‘hawk-billed’ bolls result when embryo

and seed development progress normally in some locules due to adequate pollination, while ovaries in other

locules remain unfertilized and therefore do not develop.  Locules with many fertilized ovules grow and expand

at a faster rate than locules with poor fertilization causing the boll to be misshaped.  Motes, or ovaries which

have not been fertilized, in a cotton crop can represent a significant loss in yield.  If 20% of ovules fail to

produce seeds with ginnable fibers, this would result in a 20% reduction in yield (McGregor 1976).  Motes not

only cause yield loss by poor seed production, but when a mature lock of cotton is pulled from a bur, the lock

will most likely break at the location of the mote.  If there is more than one adjacent mote, a break in the lock is

almost certain (McGregor 1976).  Even if the plant attempts to make up for motes by setting more bolls, harvest

will likely be delayed possibly causing more yield loss.  About 50 ovules must be fertilized if a full complement

of seeds is produced (McGregor 1976).  Therefore, if one or more locule is only partially pollinated or not

pollinated at all, formation of hawk-billed bolls is likely to occur.

Success of pollination in cotton is dependent on many factors including the amount of pollen that

reaches the stigma, the location of pollen on the stigma, the viability of the pollen, weather, and availability of

insects for pollination.  Although the majority of cotton flowers are self-fertile and to varying degrees self-

pollinated, Arutiunova (1940), showed that the pollen tube begins to form more quickly if the pollen grain is

from a genetically different cultivar.  It was also shown that twice as much cross pollen germinated on stigmas

and formed germ tubes than self-pollen (Arutiunova and Gubanov 1950).  This finding seems to suggest that

cross-pollination is preferred to self-pollination by cotton plants.  Insects such as bees, are the primary vehicle

of cross-pollination in cotton.  If for some reason, the flowers of glyphosate-resistant cotton were not as

appealing to bees as conventional cotton, this could lead to less cross- and self-pollination of glyphosate-

resistant cotton by bees, and an increase in poorly pollinated bolls.  Another factor that could influence the

population of bees in glyphosate-resistant cotton fields is the presence of a Bt gene for insect resistance in many



11

glyphosate-resistant cotton varieties.  If this protein is being expressed in the pollen of this cotton, insect

pollinator numbers may be reduced in glyphosate-resistant fields.

Poor pollination or sterility can also be due to damaged or abnormal development of either male,

female, or male and female reproductive organs.  Mechanical damage to ovaries of cotton bolls caused 100%

boll abortion (Cognée 1975).  It is also likely that other factors which cause damage, or prevent normal

development of female ovaries, stigmas, or styles may cause poor pollination or sterility.  Stamen development

in many crop species is more sensitive to environmental factors than pistil development (Frankel and Galun

1977).  Reports of male sterility due to temperature extremes, genetics, or incompatibility exist in numerous

crops, including cotton.  Flowers from some male sterile cotton plants exhibit shortened or missing anthers

which do not properly dehisce (Allison and Fisher 1964).  In other cases, dominant mutant genes induced

abortion of mature cotton pollen (Bowman et al. 1978).  Inhibition of stamen initials early in development often

leads to stamenless or antherless phenotypes.  Such mutants exist in a wide range of species including cotton

(Allison and Fisher 1964) and tomato (Sawhney 1992).  Restoration of fertility in male- or female-sterile plants

has been accomplished by the addition of plant growth substances such as abscisic acid, auxins, cytokinins,

ethylene, or GAs (reviewed by Sawhney and Shukla 1994).  In particular, GAs have been implicated with

normal stamen development.  Applications of exongenous GA have restored normal or near-normal stamen and

pollen development in male sterile mutants of barley (Hordeum vulgare L.), cosmos (Cosmos bipinnatus Cav.),

and tomato (Phatak et al. 1966; Kasembe 1967; Rana and Janin 1968; Sawhney and Greyson 1973).

It is unclear whether the CP4-EPSPS enzyme is being expressed in floral structures and pollen of

glyphosate-resistant cotton.  The 4-leaf limit for postemergence over-the-top glyphosate application to this

cotton would suggest that there is a potential for greater injury in cotton that is in the reproductive stage.

However, there are no reports available to document whether the CP4-EPSPS enzyme is being expressed in

cotton fruiting structures.  If the enzyme is not being expressed in these key tissues, and glyphosate that remains

in the plant accumulates in these tissues, pollen production could be greatly reduced, or the pollen that is

produced, could be sterile.  If insufficient viable pollen is available, pollination may be reduced to levels which

promote boll shed.
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RESEARCH OBJECTIVES

1. Quantify glyphosate effects on fruit retention, yield, and fiber quality in glyphosate-resistant cotton.

2. Characterize and determine the physiological cause of ‘cavitation’ in cotton.

3. Determine whether water stress exacerbates glyphosate-induced fruit loss in glyphosate-resistant cotton and

whether carbohydrate levels can be used to predict boll retention.

4. Characterize 14C-glyphosate absorption and translocation in glyphosate-resistant cotton and whether it is

affected by growth stage and application type.

5. Determine whether shikimic acid accumulates in tissues of glyphosate-treated glyphosate-resistant cotton,

and the relative sensitivity of various tissue types to glyphosate.

6. Determine whether glyphosate treatments affect pollen viability and determine various methods of

assessing cotton pollen viability.

7. Determine whether stamens and/or pistils are sensitive to glyphosate, and whether glyphosate-induced

changes in pollen viability and floral morphology can be reversed by GA treatment.

8. Characterize glyphosate-induced changes in floral morphology and pollen development in glyphosate-

resistant cotton.

9. Quantify the amount of CP4-EPSPS in various tissues of mature glyphosate-resistant cotton.

10. Determine whether root absorbed glyphosate effects seedling development in glyphosate-resistant and non-

glyphosate-resistant cotton.
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CHAPTER 2.

Fruit Retention, Yield, Fiber Quality, Lignin Content, and Basis for ‘Cavitation’ in Glyphosate-Resistant

Cotton as Affected by Glyphosate

Glyphosate-resistant (GR) cotton allows growers greater flexibility in timing of herbicide applications,

as well as a broader spectrum of weed control than that offered by other herbicide systems.  Since its

commercialization in 1997, however, concern over reproductive tolerance of GR cotton to glyphosate has been

raised.  Reports of increased boll abscission and pollination problems in response to glyphosate treatments have

occurred in cotton, occasionally leading to yield loss and modified fruiting patterns.  Glyphosate is labeled for

use as a postemergence (POST) treatment only up to the 4-leaf stage of cotton growth.  Later applications of

glyphosate must be POST-directed (PD).  In some cases, growers have also reported a higher incidence of boll

‘cavitation’ following glyphosate treatments.  Although there are several theories as to the cause of boll

‘cavitation’, the result is a boll which has died, but remains attached to the fruiting or vegetative branch.

Field and phytotron experiments were conducted in North Carolina to determine the effects of timely

(POST treatment before 5-leaf stage) and late (POST treatment beyond 5-leaf stage) treatments of glyphosate

on fruit retention and placement, yield, fiber quality, and boll ‘cavitations’.  The first field study, with timely

and late (off-label) glyphosate treatments, showed fruit reductions of first position sympodial bolls on nodes 1-

10 at the midbloom stage in 2001 and at the cutout stage in 2000 when glyphosate was applied POST after the

4-leaf stage.  These same treatments resulted in a 160 kg/ha reduction in seed cotton compared with plants

treated within label guidelines.  Separate studies conducted in Clayton, NC and in a phytotron greenhouse in

2000 found reductions in total, first position, and nodes 1-10 sympodial bolls when glyphosate was applied at

the 4-leaf stage POST and again at the 8-leaf stage PD, compared to the nontreated control.  However, these

differences in fruit retention were not evident in 2001.  Overall, differences in fruit retention due to glyphosate

occurred in some locations or environments, in some years, but were not evident in other locations or

environments or years.  These inconsistent data reflect the unpredictable and often sporadic occurrences of

glyphosate-induced fruit loss that have been reported by cotton producers.

Although glyphosate-resistant soybeans and Bt corn have been shown to contain more lignin than their

non-transgenic counterparts, no consistent differences in lignin content were observed between GR and
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conventional cotton varieties.  Glyphosate treatments also had no effect on acid soluble and insoluble lignin

content of fruiting branches and stems from GR cotton.

The incidence of boll ‘cavitation’ was increased with late applications of glyphosate in both 2000 and

2001.  Several theories on the cause of cavitation have been proposed.  One theory proposes that ‘cavitation’ is

caused by a pathogenic organism Phomopsis.  A second theory proposes that ‘cavitation’ occurs due to a

collapse or break in the xylem tissue (hence, the name ‘cavitation’) whereby water transport to the boll is

inhibited and the boll causing it to dry, yet remain attached to the plant.  Other research has shown that

‘cavitation’ is a trait associated with varieties possessing short fruiting branches.  The research described in this

manuscript suggests that boll ‘cavitation’ occurs due to the inability of bolls from certain varieties to form a

circular abscission zone around the base of the pedicel.  Instead the abscission zone forms in an oblong fashion,

often reaching far down on the fruiting branch internode.  Many forms of stress, including glyphosate

treatments, may increase the incidence of ‘cavitation’ in ‘cavitation’-prone varieties by increasing the overall

number of aborted bolls.  In cultivars prone to ‘cavitation’, aborted bolls may remain attached to the plant,

whereas they would be abscised in cultivars that typically have a low incidence of ‘cavitation.’  Therefore,

although increased plant stress may correlate with increases in ‘cavitation’, the stress itself likely only causes a

boll to abort.  The ‘cavitation’ of a boll, due to improper abscission, is the cultivar’s response to the aborted

boll.

INTRODUCTION

The herbicide glyphosate was registered for use in glyphosate-resistant cotton in the United States in 1997.

A naturally occurring 5-enolpyruvoylshikimate 3-phosphatesynthase (EPSPS) gene [E.C. 2.5.1.19], identified

from Agrobacterium sp. strain CP4, whose protein product is glyphosate resistant (Barry et al. 1992; Padgette et

al. 1995) was cloned from and expressed in several crop plants, including cotton (Nida et al. 1996).

Certain restrictions are specified in the glyphosate use registration for glyphosate-resistant cotton

(Roundup Ultra supplemental label, 2001, The Monsanto Co. 800 N. Lindbergh Blvd., St. Louis, MO 63167).

Producers may make foliar postemergence (POST) applications to cotton through the four-leaf stage of crop

development.  Beyond this stage of crop growth, producers are restricted to postemergence-directed spray

(PDS) applications to minimize glyphosate contact with leaf tissue.  Producers may apply a maximum of two
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POST and two PDS applications of 1.12 kg ha-1 each growing season.  Sequential glyphosate applications must

be at least 10 days apart and cotton must have at least two nodes of incremental growth between applications.

These label restrictions appear related to the potential for fruit loss following applications in proximity to

reproductive development.

Since its commercial availability, there have been several performance and yield loss complaints on

glyphosate-resistant cotton in several southeastern states due to a wide-spread but not rigorously documented

increase in lower fruiting branch boll abortions and misshapen bolls (Ferreira et al. 1998; Vargas et al. 1998).

These symptoms typically occur on the first and second fruiting positions of the lower fruiting branches of

glyphosate treated cotton.  Yields are often not affected by early-season fruit losses because cotton compensates

by relocating the boll load higher and to fruit positions further out on the plant (Jones et al. 1996).  However,

this late-season compensation may delay harvest and cause yield loss if the season is not long enough for

compensatory growth (Jones and Snipes 1999).

Removal of fruit from cotton plants has been associated with changes in fiber quality (Jones et al. 1996;

Pettigrew et al. 1992).  Removal of squares early in the season was shown to decrease fiber micronaire,

maturity, and cell wall thickness (Pettigrew et al. 1992), while removal of late-season fruit was associated with

increased micronaire (Jones et al. 1996).  The effect of glyphosate-induced fruit loss on the on the fiber quality

of harvested bolls from glyphosate-treated plants has not yet been investigated.

In addition to increased boll loss following glyphosate treatments, growers have reported an increase in the

number of ‘cavitations’, (term that describes bolls which die but remain attached to the plant), on glyphosate

treated (GR) plants.  ‘Boll cavitation’ has been observed for several years in the Western cotton-growing region

of the USA, but has only recently been reported in the Southeastern USA, potentially due to a shift in varieties

with an Acala background (Legé 2001).  Although the cause of ‘boll cavitation’ has not been elucidated, two

main theories have been proposed.  The first theory, or the physiological theory, suggests that ‘cavitation’ of

young bolls is the result of a breakage or collapse in the xylem tissue following anthesis, which leads to a rapid

desiccation and necrosis of the boll before normal abscission can be initiated (McCarty 2001).  Whereas the

second theory suggests that ‘cavitation’ is caused by the pathogenic organism Phomopsis, because it has been

isolated from the wounds of plants displaying the condition (Padgett 2000).  Regardless of the cause of

‘cavitation,’ differences in susceptibility to ‘cavitation’ exist between cultivars (Legé 2001).
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In several extensive reports on the topic of ‘boll cavitation,’ Bhatt (1970, 1975, 1978), characterizes a ‘boll

drying’ phenomenon in a short-branched, cluster-type cotton variety PRS-72.  In all ways, the phenomenon

appears to be the same condition as the ‘boll cavitation’ observed by growers.  Bhatt (1970) concluded that the

‘boll drying’ phenomenon was a heritable trait.  Lloyd (1920) concurs, reporting that shedding is markedly

different for different cultivars of cotton.  In particular, ‘bracytic’, or cluster-type varieties do not shed bolls as

readily as others (Lloyd 1920).  Analysis of the carbohydrate content in leaves, normal bolls, and drying bolls

showed a higher percentage of starch and a lower percentage of hexose and sucrose in drying bolls versus

normally developing bolls (Bhatt 1975).  It was also found that source leaves for bolls that were drying,

contained a higher percentage of starch and a lower quantity of amylase enzymes than source leaves for normal

bolls.  The level of ABA was also higher in leaves with bolls that were drying versus leaves with normally

developing bolls.  Similar differences in carbohydrate and ABA content between ‘drying bolls’ and normally

developing bolls have also been reported for abscising and retained bolls (Heitholt and Schmidt 1994).

Boll or square shed is a normal mechanism used by cotton to regulate the number of bolls developing on a

particular plant.  In medium to large-bolled cotton varieties, only 26-28% of flowers typically mature into bolls

(Bhatt 1978).  Deficits of carbohydrates caused by shade, nutrient deficiency, temperature stress, or high boll

load often result in increased boll abscission (Guinn 1998).  Bolls or squares that the plant cannot support due to

carbohydrate or moisture deficit, insect damage, or which do not have an adequate number of fertilized ovaries

to warrant retention typically develop an abscission layer in the region where the base of the pedicel attaches to

the stem (Lloyd 1920; Cogneé 1975; Guinn 1998).  The cells in an abscission zone are typically short, small,

and compact, and lack intercellular spaces.  Upon initiation of abscission, cells in the abscission zone may

divide, and the cell walls and middle lamella may become softened to form a sort of mucilage in which

loosened cells become suspended (Lloyd 1920).  A conspicuous layer of starch is commonly seen in the

separation layer followed by abscission of the boll or square (Davis and Addicott 1972; Bornman et al. 1966,

1967) Cells in the abscission zone are smaller and more densely filled with cytoplasm than cells in adjacent

regions (Addicott 1981).  The reaction of cells within the abscission zone to phloroglucinol-HCl was used to

suggest the presence of lignified cells in the abscission zone (Lee 1911).  However, further research has

demonstrated that the stain phloroglucinol-HCl is not specific for lignin, and the staining of cells within the
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abscission zone more likely indicates that they contain polyphenolic compounds, soluble sugars, and uronic

acids, instead of lignin (Bornman et al. 1966).

Previous research has shown that GR soybean (Glycine max L. Merr.) varieties and Bt corn (Zea mays),

contain a greater lignin content than non-GR or non-Bt sister lines (Gertz and Vencill 1999; Saxena and Stotzky

2001).  In soybean the increase in lignin reportedly leads to an increased incidence of stem-splitting in GR

soybeans versus non-GR soybeans (Gertz and Vencill 1999).  Hypothetically, the addition of another EPSPS

enzyme (the CP4-EPSPS) into GR crops could lead to an increase in carbon flow through the shikimic acid

pathway producing more downstream products such as aromatic amino acids and lignin due to an increased

amount of enzyme.  Upon glyphosate treatment, however, a large portion of the native EPSPS would be

inhibited by glyphosate, leaving only the altered CP4-EPSPS to fulfill tissue demands for aromatic amino acids

and derived downstream products.  It is possible, therefore, that increased lignin deposition may also occur in

other GR crops, such as GR cotton, and that glyphosate because it inhibits EPSPS, an enzyme in the shikimic

acid pathway leading to the production of lignin downstream, may affect lignin production and deposition.

Because of the wide spread acceptance of GR cotton, and a real concern by growers of perceived

glyphosate-induced increases in boll abscission, pollination problems, and ‘cavitation’, studies were initiated

with four main objectives.  The first objective was to determine whether timing and application method of

glyphosate to GR cotton affects fruit retention, fruit placement, and cavitation in field and phytotron-grown GR

and conventional cotton.  The second objective was to determine whether timing and application method of

glyphosate affects yield and fiber quality in field grown GR cotton.  The third objective was to determine

whether lignin content of fruiting branches and stems is different in conventional and GR varieties, and whether

it is affected by glyphosate treatment.  The final objective was to determine whether differences in the

abscission zones of cotton varieties which are more or less prone to ‘cavitation’ during square and boll

development, may potentially explain differences in susceptibility to ‘cavitation’, as well as to characterize the

abscission zone of bolls undergoing ‘cavitation.’

MATERIALS AND METHODS

Two separate field studies were conducted in Greene County and in Clayton, NC in 2000 and 2001.

Treatments used in the Greene County studies included a nontreated control, three glyphosate treatments within
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label restrictions (a 4-leaf POST treatment, a 4-leaf POST treatment fb a 7-leaf PD treatment, and a 7-lf PD

treatment), and three glyphosate treatments outside of label restrictions (a 7-leaf POST treatment, a 7-leaf POST

fb a 12-leaf PD treatment [2001 only], and a 4-leaf POST treatment fb a 7-leaf POST treatment).  The cultivar

used both years was ‘DP 5415RR’.  All glyphosate (Roundup Ultra) treatments consisted of 1.12 kg ai ha-1

glyphosate and were applied using a CO2 backpack sprayer (XR11003 spray tips).  The entire study received a

preemergence treatment of pendemethalin at 0.84 kg ai ha-1, and one treatment of mepiquat-chloride at 0.84 kg

ai ha-1 at the 12-leaf stage to regulate vegetative growth of cotton according to standard extension

recommendations (Edmisten 2001).  Plots were kept weed free through the duration of the study with hand

weedings as necessary.  Plots in 2000 were 3.1 by 12.2 m2 and included 4 rows with 0.8 m row spacing.  In

2001, plots were 9.2 by 45.8 m2 and included 12 rows with 0.8 m row spacing.  Treatments were arranged in a

randomized complete block design with four replications in 2000 and three replications in 2001.  Treatments

used in the Clayton, NC studies included a non-treated conventional ‘DP 5415’ cultivar, a non-treated ‘DP

5415RR’ cultivar and two glyphosate (Roundup Ultra) treatments of 1.12 kg ae ha-1, applied within label

restrictions (a 4-leaf POST treatment, and a 4-leaf POST treatment fb an 8-leaf PD treatment) to DP 5415RR

cotton. The entire study received a preemergence treatment of pendemethalin at 0.84 kg ai ha-1, a late PD

treatment of fluometuron at 1.12 kg ai ha-1, and clethodim at 0.14 kg ai ha-1 as needed, one treatment of

mepiquat-chloride, and were kept weed free as previously described.  Plots in both years were 3.8 by 7.6 m2 and

contained 4 rows spaced 1.0 m. Treatments were arranged in a randomized complete block design with four

replications in both years.  Plants from both studies (10 plants per plot) were plant mapped at the midbloom

stage (2 WAFB) and at reproductive cutout (<5 nodes above white bloom) for fruit retention and placement.

Seed cotton yield was determined by machine harvesting the entire plot (Greene County, NC 2001) or from the

center two rows of the plot (Greene County, NC 2000 and Clayton, NC 2000-01).  A subsample of

approximately 0.5 to 1.0 kg seed cotton was separated from each plot to determine percent lint after ginning,

and for subsequent HVI fiber analysis.  HVI fiber analysis of all lint samples was conducted by Cotton,

Incorporated.

For phytotron studies, cotton plants were grown in a climate-controlled greenhouse at the Southeastern

Plant Environmental Laboratory with a 26/22° C day/night temperature regime.  Delta Pine & Land cultivars

‘DP 50’, ‘DP 90’, ‘DP 5415’, DP5415 RR and ‘DP 458RR/BG’ seeds were planted in 25 cm diameter pots
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containing a gravel-metro mix combination soil.  DP 50 and DP 90 are parental lines for DP 5415.  DP 5415 is

the back cross parent for DP 5415RR and DP 458RR/BG.  DP 5415RR contains a gene encoding for a GR

EPSPS enzyme (Nida et al. 1996) whereas DP 458RR/BG shares the same backcross parent as DP 5415RR (DP

5415) but with an additional gene encoding an insecticidal Bacillus thurengensis var. kurstaki protein CryIA(c)

(Sims et al. 1996).  Plants were thinned to one per pot and were watered with a standard Phytotron nutrient

mixture twice daily (Downs and Thomas 1991).  Applications of 1.12 kg ha-1 glyphosate (Roundup Ultra) to

some GR cotton plants were made at the 4-leaf stage POST and at the 8-leaf stage PD as previously described.

Conventional and other GR plants remained non-treated.  The growth regulator mepiquat-chloride was applied

to upper leaves of all plants at the rate of 0.84 kg ai/ha at the 10-leaf stage to control vegetative growth as 

previously described.  Treatments were arranged in a randomized complete block design with four replications,

and the experiment was repeated in time.  All plants were plant mapped during the 5th week of flowering

as previously described.

Studies investigating the effect of GR or non-GR variety and glyphosate treatment on lignin content were

conducted on the plants used in the aforementioned phytotron studies.  After plants were plant mapped for fruit

retention, during the fifth week of flowering, the 3rd, 5th, and 7th fruiting branches as well as the bottom 9 cm of

the main stem were removed from the plant.  Leaves and fruit were removed from fruiting branches and stems

after mapping.  Samples were force-air dried at 45° C for one week, ground and homogenized in a coffee

grinder, passed through a 20-mesh screen, and then analyzed for acid-insoluble lignin using the methods of

Booker et al. (1996). A 50-mg sample was reacted with 1-mL of 72% H2SO4 at 20° C for 2 hours.  The sample

was then transferred to a centrifuge tube containing 28-mL of water and placed into a boiling water bath for 2

hours.  The supernatant was assayed for acid soluble lignin by measuring absorbance of the sample at 205 nm as

described by Dence (1992), and the remainder of the sample was vacuum-filtered through a pre-weighed

medium glass filter placed in a medium-porosity fritted glass crucible with 125 mL of hot water.  The weight of

the sample on the filter was measured and calculated as a percent of the beginning sample weight to give the

percent acid-insoluble lignin.

Data from all studies were evaluated using analysis of variance (SAS Institute, Inc., Cary, NC).  Data were

combined over trial runs or years when treatment by trial run or year interactions were not significant.  Where

treatment by trial run or year interactions were significant, data from each year or trial run was analyzed and



28

presented separately.  Treatment means were separated using Fisher’s Protected LSD at α<0.05, or by single

degree of freedom orthogonal contrasts where the actual P-value is reported if P<0.05.

Studies investigating a possible physiological cause of cavitation were conducted on separate sets of ‘DP

50’ (abscises bolls normally) and ‘DP 90’ (tendency for ‘cavitation’) cotton plants grown in the phytotron

greenhouse as previously described.  The date of anthesis was recorded for all sympodial bolls on each plant.

During the fourth week of flowering, the region where the pedicel of a first position square or boll attaches to

the fruiting branch was removed as shown in Fig. 1 from 3-5 non-abscising and non-‘cavitating’ DP 50 or DP

90 squares or bolls of different developmental stages.  Squares or bolls were analyzed that were 3 days before

anthesis, at anthesis, and 1, 3, 5, 7, and 21 days after anthesis.  Separate samples were collected from

‘cavitating’ DP 90 bolls on the same plants, for histochemical analysis.  Tissue samples were immediately

placed in vials containing FAA fixative (50% EtOH, 5% acetic acid, 3.7% formaldehyde, v/v).  Tissues were

then dehydrated using an ethanol dehydration series consisting of 50, 70, 95, and 100% ethanol for one hour at

each concentration (Ruzin 1999).  Tissues were then embedded with two changes of catalyzed JB4-embedding

solution A (Polysciences, Inc., Warrington, PA 18976) for one hour each, under vacuum.  Samples were placed

into molds and allowed to polymerize under vacuum.  Sections (50 µm) were cut using an ultramicrotome, and

placed onto pre-cleaned glass slides.  Sections were stained with toluidine blue in citrate buffer for 5 minutes,

covered with a glass cover slip, and observed under a light microscope.  Images were captured using a SPOT

cooled CCD digital camera (Diagnostic Instruments Incorporated, Sterling Heights, MI 48314).

RESULTS AND DISCUSSION

Fruit Retention.  In general, glyphosate effects on fruit retention and placement were greater in 2000 than in

2001 at both Greene County and Clayton locations (Tables 1, 2, 3).  At the Greene County location, the number

of sympodial bolls on nodes 1-10 was not affected by any glyphosate treatment at the midbloom stage in 2000

and 2001, or at the cutout stage in 2001.  At the cutout stage in 2000, a 2.4 to 3.3 boll reduction on nodes 1-10

was achieved by glyphosate treatments including a 7-leaf POST application compared to the nontreated control

(Table 1).  Likewise, the number of total 1st position sympodial bolls was not affected by any glyphosate

treatments at midbloom in 2000, or at cutout in 2001 (Table 2).  The 7-leaf POST and the 7-leaf POST + 12-leaf

PD treatments reduced total 1st position sympodial bolls by 1.3-1.6 bolls per plant compared to the nontreated
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control at midbloom in 2001 (Table 2).  At cutout in 2000, the 7-leaf POST and the 4-leaf POST + 7-leaf POST

treatments of glyphosate reduced total 1st position sympodial bolls by 2.0-3.2 bolls per plant compared to the

nontreated control (Table 2).  Glyphosate treatments had no effect on the number of ‘cavitated’ sympodial bolls

at midbloom in 2000, while in 2001, only the 4-leaf POST + 7-leaf POST glyphosate treatment increased the

number of ‘cavitated’ bolls compared to the nontreated control (Table 2).  In both years, the 4-leaf POST + 7-

leaf POST treatment significantly increased the number of ‘cavitated’ sympodial bolls per plant, by 2 and 0.6

bolls per plant, in 2000 and 2001 respectively (Table 2).  In 2000, the 7-leaf POST glyphosate treatment

increased ‘cavitated’ bolls per plant by 2.6, while in 2000, the 7-leaf PD treatment increased them by 0.6 bolls

per plant at cutout (Table 2).  Overall, with the exception of the 7-leaf PD glyphosate treatment, the only

treatments that caused an increase in fruit loss compared to the nontreated control were those that included an

off-label 7-leaf POST treatment.  This observation is in general agreement with Jones and Snipes (1999);

Kalaher and Coble (1998); Vargas et al. (1998); and Ferreira et al. (1998), all who reported an increase in fruit

loss when glyphosate treatments were made POST beyond the 4-leaf stage.  However, the glyphosate effect on

‘cavitation’ that was observed at cutout in 2000 and 2001 (Table 2), is in contrast with a report by Carey et al.

(2000).  In their studies, the incidence of ‘cavitation’ was similar in glyphosate-treated and nontreated GR

cotton, as well as conventional cotton and concluded that ‘cavitation’ was not due to glyphosate treatment

(Carey et al. 2000).  Our data suggest that ‘cavitation’ can be increased by glyphosate treatments in varieties,

such as DP 5415RR, which have a tendency towards ‘cavitation’ (Lege’ 2001).

At the Clayton location, plants treated with either the 4-leaf POST and the 4-leaf POST + 8-leaf PD

glyphosate treatments had a reduced number of total sympodial bolls, 1st position sympodial bolls, sympodial

bolls on nodes 1-10, and 1st position sympodial bolls on nodes 1-10 in 2000, compared to the nontreated DP

5415RR control (Table 3).  In 2001, however, the same glyphosate treatments had no effect on the fore-

mentioned fruiting characteristics at the cutout stage (Table 3).  In neither 2000 nor 2001, did glyphosate

treatments significantly affect the number of vegetative bolls, aborted positions, ‘cavitated’ positions, or node of

fertility (node of first sympodial branch to retain a 1st position boll) compared to the nontreated DP 5415RR

control at Clayton (Table 3).  Differences in fruiting characteristics between the conventional DP 5415 variety

and the transgenic sister line DP 5415RR, were evident in many cases.  These differences may be attributed to

differences in stand establishment between the two varieties.  DP 5415 averaged about 2 plants less per 30 cm
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than did DP 5415RR (data not shown).  To compensate for gaps in the stand, DP 5415 likely had a different

fruiting architecture than DP 5415RR.  The effect on fruiting characteristics of glyphosate treatments applied

within the label guidelines was much greater in 2000 than in 2001, although no explanation for this is readily

available.  Most previous studies have not shown any significant fruit loss when glyphosate treatments are

applied within label guidelines (Ferreira et al. 1998; Jones and Snipes 1999; Kalaher and Coble 1998; Matthews

et al. 1998; Vargas et al. 1998).  The data from the current study, which shows that glyphosate treatments

applied within label guidelines may still unpredictably impact fruit retention in certain years or conditions,

supports the sporadic occurrence of the problem in the field as reported by growers.

Timely, labeled glyphosate treatments caused decreases in fruit retention in phytotron studies similar to

those seen at the Clayton field location in 2000 (Tables 3, 4).  However, glyphosate effects on fruit retention of

phytotron-grown plants were more severe than seen with timely, labeled glyphosate treatments at the Greene

County location in 2000 and 2001, and at the Clayton location in 2001 (Tables 1, 2, 3, 4).  DP 5415RR plants

treated with 4-leaf POST + 8-leaf PD glyphosate treatments had 4.7-10.0, 2.8-5.0, 4.4-5.0, and 2.6-3.4 fewer

total, first position, total (nodes 1-10) and first position (nodes 1-10) sympodial bolls, respectively, than

nontreated DP 5415RR (Table 4).  DP 458RR/BG plants treated with 4-leaf POST + 8-leaf PD glyphosate

treatments had 1.6-5.3 and 0.8-3.5 fewer first position and nodes 1-10 first postion sympodial bolls than

nontreated DP 458RR/BG during the 5th week of flowering (Table 4).  The number of ‘cavitated’ or aborted

sympodial bolls on plants treated with a 4-leaf POST + 8-leaf PD glyphosate applications was not significantly

different than the number in nontreated GR plants (Table 4).  Overall, glyphosate effects on fruit retention were

more severe in the first run of the phytotron study, which was conducted during the fall-winter, versus the

second run conducted in the spring-summer.  Differences in severity of fruit loss between glyphosate-treated

GR plants grown in the phytotron versus the field may be due to differences in glyphosate absorption.  Duke

(1988) summarizes research stating that foliar absorption of glyphosate is generally increased by any factor

which increases the water potential of the plant.  Plants grown in environments with high soil moisture, lack of

water stress, high relative humidity, and low light intensity generally absorb and translocate a greater amount of

glyphosate than those plants which are grown in a more stressful environment (Duke 1988).  Additionally, Wills

(1978) reported that glyphosate toxicity to cotton was 21 to 40% greater at 25° C than at 35° C.  Because the

phytotron conditions in which the GR cotton plants were grown was likely more conducive to enhanced
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glyphosate absorption and translocation than field conditions, the resulting glyphosate-induced symptoms of

fruit loss may have been magnified in phytotron studies compared to the field (Tables 1, 2, 3, 4).

Yield and Fiber Quality.  Yield and fiber quality characteristics were less affected by glyphosate treatments

than was fruit retention.  In both 2000 and 2001 at the Greene County location, seed cotton yield was

numerically decreased by 160 kg ha-1 when a 7-leaf POST glyphosate treatment was applied, compared to

treatments not receiving a 7-leaf POST treatment, however there was no significant difference in lint yield

(Table 5).  The only fiber quality component that was significantly affected by the 7-leaf POST treatment was

the fiber radiance (HVI color Rd), which was greater in plots receiving a 7-leaf POST treatment than those

which did not receive a 7-leaf POST glyphosate treatment (Table 5).  At the Clayton location, neither seed

cotton, nor lint yield was affected by glyphosate treatments (Table 6).  The only fiber quality component that

varied by glyphosate treatment at the Clayton location was the fiber length (UHM).  Fibers were significantly

longer in 2001 in plots treated with a 4-leaf POST + 8-leaf PD treatment than nontreated DP 5415RR plots

(Table 6).  These data show that although glyphosate may cause a reduction in bolls, particularly 1st position

bolls (Tables 1, 2, 3), this reduction does not necessarily translate into yield reduction.  Jones et al. (1996)

reported that yields are often not affected by early-season fruit losses because cotton compensates by relocating

the boll load higher and to further fruiting positions on the plant.  However, late-season compensation may

delay harvest and cause yield loss if the season is not long enough for compensatory growth (Jones and Snipes

1999).  Previous work studying the effect of fruit removal on fiber quality reported that removal of squares

early in the season decreased fiber micronaire, maturity, and cell wall thickness (Pettigrew et al. 1992),

however, removal of late-season fruit was associated with increased micronaire (Jones et al. 1996).  Data from

the current study show little consistent glyphosate treatments effect on fiber quality, especially on fiber

micronaire (Tables 5, 6).  Although plants generally compensate for early season fruit loss as shown by yield

data (Tables 5, 6), differences in fiber quality components are not necessarily associated with this

compensation.

Lignin Analysis.  Although the lignin content is reportedly 9-30% greater in GR soybeans than conventional

soybeans (Gertz et al. 1999) and 33-97% greater in Bt than non-Bt corn (Saxena and Stotzky 2001) our data
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show no consistent differences between conventional and GR cotton varieties or among different glyphosate

treatments (Table 7).  Acid insoluble lignin content of the 5th fruiting branch is significantly less in DP 90 than

in other conventional and nontreated GR varieties, but is not different in any of the other measured portions of

the plant (Table 7).  Likewise, DP 5415 has less acid soluble lignin in the main stem than DP 90, DP 5415RR-

nontreated, and DP 458RR/BG-nontreated, but is not different than DP 50 (Table 7).  There was also no effect

of any glyphosate treatment on the lignin content of fruiting branches or main stems when compared to the

corresponding nontreated GR variety (Table 7).  These data would suggest that the amount of carbon flux

through the shikimic acid pathway and the phenylpropanoid pathway is highly regulated by the plant.  Although

the quantity of EPSPS may be higher in GR cotton plants than in conventional cotton plants due to high

expression of CP4-EPSPS, the plant still regulates the amount of products derived from these pathways.

To characterize the anatomy of DP 90 bolls which were ‘cavitating’, sections of pedicel-fruiting branch

junctions were taken as diagrammed in Figure 1.  ‘Cavitated’ bolls formed a normal abscission layer from the

distal portion of the pedicel as indicated by a clear separation of the pedicel from the fruiting branch (Figure 2a,

b).  However, the proximal portion of the pedicel (towards the main stem) did not form an abscission zone and

therefore remained attached to the fruiting branch (Figure 2a, b).  Vascular tissue in the proximal portion of the

pedicel remained intact, and the location of an abscission zone through these tissues was not obvious, however,

the vascular tissue on the distal side of the pedicel had clearly been sheared by the abscission zone (Figure 2a).

The majority of bolls which ‘cavitated’ on plants had a ‘v-shaped,’ or ‘tear-shaped’ scar on the fruiting branch

just proximal to the area where it joins the pedicel (Figure 2b).  When viewing the longitudinal section of this

region, the top 8 to 10 cell layers contained necrotic cells that would correspond to the area of the ‘v-shaped’

scar on the fruiting branch and the vascular tissue just below these cells remained intact and connected to the

pedicel (Figure 2a).  Below this region, the cells of the fruiting branch appeared normal (Figure 2a).  Upon

closer examination of the region of pedicel-fruiting branch separation, a large number of darkly-staining cells

were observed just above the abscission layer in the pedicel.  These cells were only found in the region of the

abscission/separation layer (Figure 2a).  Closer examination of these cells showed that they appeared to be

parenchyma cells which were filled with a darkly-staining carbohydrate-like material (Figure 2c).  The middle

lamella region between cells appeared to be degraded (Figure 2c), likely due to hydrolytic enzymes such as

cellulase and pectinase (Addicott 1981).  Dissolution of pectin in the middle lamella by pectinase enzymes has
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been demonstrated as a critical component of proper abscission (Addicott 1981).  Many of these cells appear to

have gone through multiple longitudinal cell divisions, likely in an effort to ‘push’ apart the abscising organ

from the fruiting branch (Figure 2c).  Therefore, the presence of these darkly-staining carbohydrate-containing

cells seems to indicate clearly the location of a properly forming abscission zone.

Further studies were conducted to compare cells in the region of the pedicel-fruiting branch from a

‘cavitation-prone’ cotton variety (DP 90) and a ‘normally-abscising’ cotton variety (DP 50) from non-abscising,

non-cavitating fruits of various ages.  Longitudinal sections taken at 200X focused on the region where a

potential abscission zone would form on the proximal and distal side of the pedicel.  The area most likely to

form an abscission zone could be deduced by viewing the outer cells of the pedicel.  There was commonly a

slight ‘notch’ at the area where the pedicel and the fruiting branch met (Figure 2a).  Just internal to this notch

and slightly below it, a band of cells containing a material similar to that seen in the abscission zone in Figure

2a was obvious in DP 50 at all stages except 21 days after anthesis (Figures 3, 4).  These same cells were either

entirely lacking, or contained much less darkly-staining, dense material in DP 90 than in DP 50 (Figures 3, 4).

Often, a similar band of cells could be located in DP 90 on the proximal side of the pedicel, but located further

down on the fruiting branch, in an area that would correspond to the tip of the v-shaped scar.  These darkly-

staining cells were as abundant in DP 90 as DP 50 on the distal portion of the pedicel-fruiting branch junction.

It could be deduced by the location of these cells in the logical abscission zone region, as well as their

similiarity to cells in the abscission zone of ‘cavitated’ bolls, that they were likely to be involved in abscission

zone formation, in the event that it were to become necessary.  In all instances where these darkly-staining cells

were present in DP 50, the middle lamella layers surrounding them appeared to stain darker than the middle

lamella layers surrounding other cell types (Figures 3, 4).  It seems probable that these cells contained a high

amount of hydrolytic enzymes such as pectinase or cellulase, which was already somewhat active in DP 50

leading to the dissolution of the middle lamella and accumulation of carbohydrates within the cell.  In this

scenario, when square or boll abscission is initiated in DP 50, regardless of the cause, these cells would serve as

the catalyst of abscission zone formation, which typically begins near the exterior surface and moves inward

from both sides, meeting at some point in the center (Lloyd 1920).  Because these cells were absent in DP 90 on

the proximal side of the pedicel in the logical region for abscission zone formation but were instead located

much further down on the fruiting branch towards the next fruiting position or the main stem, the abscission
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zone either would not form from the distal side, or would begin to form from too far away to allow separation of

the fruit before its dessication on the plant.  Additionally, the bolls in these cases would be held on by vascular

connections between the pedicel and boll which would not be sheared.

The amount and level of development of the darkly-staining carbohydrate-containing cells in the

abscission zone varied by boll age in DP 50 (Figures 3, 4).  The cells were clearly evident in DP 50 abscission

zones from 3 days before anthesis until 7 days after anthesis, but had disappeared by 21 days after antheis

corresponding to the time when the probability for boll abscission had decreased (Crozat et al. 1999).

Therefore, these cells likely remain in some arrested development form during early boll development if the

boll is to be retained and then eventually disappear when the potential need for boll abscission has passed.  If

the boll is to be abscised, it seems probable that the hydrolytic enzymes in these cells would become active and

begin to digest the cell walls and middle lamella of surrounding cells.

Lloyd (1920) reported that most bolls from Gossypium barbadense cotton form an abscission zone at the

base of the pedicel, just below a visible notch at the transition point from the pedicel to the fruiting branch, and

that the abscission zone is approximately circular.  However, it was also observed in many instances that a boll

or square, instead of shedding, died on the plant and remained completely attached, or partly separated and

hanging by a thin strand of vascular tissue (Lloyd 1920).  The reason for this is explained by the fact that in

these bolls the abscission zone, instead of passing transversely through the base of the pedicel, runs lengthwise

along the internode below its insertion resulting in a longitudinal shearing of the tissues of the node.  In these

cases the base of the pedicel is distorted and drawn out to the entire distance of the internode.  Therefore, the

resulting abscission zone is likewise distorted and drawn out, potentially the entire distance of the internode

(Lloyd 1920).  The abscission zone in these transverse regions on the fruiting branch internode often does not

penetrate through the vascular tissue as is also seen in Figure 2a.  Because the vascular tissue in this region is

not sheared, the boll remains essentially connected to the fruiting branch and may dehydrate slower than a

similar boll which had abscised completely due to a partially functional xylem connection (Lloyd 1920).

In conclusion, glyphosate treatments, particularly glyphosate treatments which are outside of the label

recommendations, can cause fruit loss, yield loss, and minor effects on fiber quality.  The occurrence and

severity of these glyphosate effects seem to vary by environment and year, with growing conditions which

favor greater glyphosate absorption tending to show more severe effects.  Lignin content, although greater in
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GR soybean and Bt corn than nontransgenic soybean or corn, does not seem to vary between transgenic and

conventional or by glyphosate treatments in the cotton tissues analyzed in this study.  Differences in ‘cavitation’

tendencies between DP 50 and DP 90 are likely due to differences in the structure and location of the abscission

zone.  Cells which likely mark the position of a future abscission zone are located around the pedicel-fruiting

branch junction in DP 50.  However, these same cells are often lacking in this position in DP 90, but are instead

located much further down, along the fruiting branch at a point which would correspond to the position where

the tip of a v-shaped scar is found.  In both DP 50 and DP 90, these cells are found on the distal side of the

pedicel directly at the point of attachment to the fruiting branch, suggesting that abscission zone formation from

this point is the same.  Therefore, ‘cavitation’ of bolls appears to be simply due to differences in abscission zone

formation and location between varieties.  No evidence of collapsed xylem elements indicating true cavitation,

or evidence of disease which had caused the boll to die were evident.  Glyphosate treatments to GR cotton may

increase the number of ‘cavitations’ on a plant prone to abscise bolls in this way by simply causing a greater

number of bolls to die, most likely due to poor pollination (Pline et al. 2002).  There was no evidence that

glyphosate treatments themselves caused bolls to ‘cavitate’ rather than to abscise normally.  ‘Cavitation’ seems

to be a trait associated with some varieties, and is an alternate form of boll abscission.  The number of bolls ‘cavitated’

due to some environmental condition, would likely correspond to a similar amount of bolls completely shed in a

variety not prone to ‘cavitation’.

In summary, although glyphosate effects on fruit retention, yield, and ‘cavitation’ were sporadic and often

unpredictable, in general, glyphosate treatments applied later in reproductive development tended to cause more

injury than treatments applied during early vegetative growth.  ‘Cavitations,’ although sometimes increased

with glyphosate treatments, seem to be due to varietal differences in abscission zone formation.  Bolls which

‘cavitate’ in certain varieties would likely abscise normally in other varieties.  Growers may wish to limit

glyphosate contact with GR cotton when plants begin reproductive development.
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Table 1.  Effect of glyphosate treatment and application timing on the number of sympodial and 1st position

sympodial bolls on nodes 1-10 per plant in Greene County, North Carolina in 2000 and 2001.  Ten plants per

plot were plant mapped for fruit retention and placement at the midbloom (3rd week of flowering) and cutout

(<5 nodes above white flower) growth stages.

Total  Sympodial Bolls

(Nodes 1-10)/Plant

1st Position Sympodial Bolls

(Nodes 1-10)/Plant

Midbloom Cutout Mibloom Cutout

2000-01 2000 2001 2000 2001 2000 2001

Nontreated 5.2 aba 6.7    a 5.5 a 2.7 a 4.0  a 3.2  a 2.8 a

4-lf POST 4.6 ab 5.0 abc 7.9 a 2.6 a 3.5 ab 2.3 ab 3.6 a

4-lf POST+7-lf PD 4.1 ab 6.2  ab 6.2 a 1.9 a 3.1 ab 2.4 ab 3.3 a

7-lf PD 5.4   a 5.6  ab 7.4 a 2.9 a 3.9  a 2.2  b 3.1 a

7-lf POST 3.9 ab 3.4    c 6.9 a 1.9 a 2.7 b 0.4  c 3.0 a

7-lf POST + 12-lf PD 3.6  b NA 5.8 a NA 2.5 b NA 2.7 a

4-lf POST + 7-lf POST 4.4 ab 4.3  bc 7.7 a 2.2 a 2.7 b 1.1  c 3.1 a

aMeans followed by the same letter within a column are not significantly different at alpha=0.05, according to

Fisher’s Protected LSD test.
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Table 2.  Effect of glyphosate treatment and application timing on the number of 1st position sympodial bolls

and ‘cavitated’ sympodial bolls per plant, in Greene County, North Carolina in 2000 and 2001.  Ten plants per

plot were plant mapped for fruit retention and placement at the midbloom (3rd week of flowering) and cutout

(<5 nodes above white flower) growth stages.

1st Position Sympodial Bolls/Plant ‘Cavitated’ Sympodial Bolls/Plant

Midbloom Cutout Mibloom Cutout

2000 2001 2000 2001 2000 2001 2000 2001

Nontreated 3.9 aa 4.6    a 6.7  a 8.1 a 1.8 a 0.2  b 2.0  c 0.5 bc

4-lf POST 3.4 a 4.0 abc 5.7 ab 7.9 a 1.4 a 0.0  b 2.9 bc 0.5 bc

4-lf POST+7-lf PD 3.2 a 3.4  bc 5.8 ab 7.8 a 2.5 a 0.4 ab 1.9  c 0.4  c

7-lf PD 4.3 a 4.2  ab 5.6 ab 7.5 a 1.3 a 0.1  b 2.8 bc 1.1   a

7-lf POST 3.1 a 3.3  bc 3.5  c 7.6 a 1.9 a 0.2  b 4.6  a 1.0 ab

7-lf POST + 12-lf PD NA 3.0    c NA 7.2 a NA 0.5 ab NA 1.0 ab

4-lf POST + 7-lf POST 3.3 a 3.5 abc 4.7  b 8.8 a 1.9 a 0.9  a 4.0 ab 1.1   a

aMeans followed by the same letter within a column are not significantly different at alpha=0.05, according to

Fisher’s Protected LSD test.
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Table 3.  Effect of glyphosate treatment and application timing on the number of sympodial bolls, 1st position sympodial bolls, sympodial and first

position bolls on nodes 1-10, vegetative bolls, aborted positions, ‘cavitated’ positions, and node of fertility (first node retaining a first position boll) per

plant, in Clayton, North Carolina in 2000 and 2001.  Ten plants per plot were plant mapped for fruit retention and placement at cutout (<5 nodes above

white flower) growth stages.

Bolls

Total

Sympodial

First Position

Sympodial

Nodes 1-10

Sympodial

First Position

(Nodes 1-10)

Sympodial

Vege-

tative

Aborted

Positions

Cavitated

Positions

Node of

fertility

2000 2001 2000 2001 2000 2001 2000 2001 2000-01 2000-01 2000-01 2000-01

DP 5415

   Conventional

11.4 a 9.6 a 6.7 b 6.3 a 5.5 a 6.1 a 2.7 b 3.8 a 2.3 a 9.7 a 0.4 a 7.1 a

DP 5415RR

   Nontreated

10.8 a 7.7 b 7.6 a 5.4 a 5.2 a 5.7 a 3.2 a 3.8 a 0.9 b 7.6 b 0.5 a 6.7 a

DP 5415RR

   4-lf POST

7.5 b 8.1 b 5.3 c 5.9 a 3.2 b 5.8 a 2.1 c 4.1 a 1.1 b 8.3 b 0.3 a 7.1 a

DP 5415RR

   4-lf POST &

   8-lf PD

8.6 b 7.8 b 5.9 c 5.7 a 3.8 b 5.5 a 2.4 bc 3.8 a 0.9 b 8.2 b 0.6 a 7.0 a

   aMeans followed by the same letter within a column are not significantly different at alpha=0.05, according to Fisher’s Protected LSD test.
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Table 4.  Fruit retention and placement on conventional, nontreated GR, or glyphosate-treated GR cotton measured at the 5th week of flowering from plants

grown in the Southeastern Plant Environmental Laboratory Phytotron.

Sympodial bolls/plant Sympodial bolls (nodes 1-10)

Bolls 1st position ‘Cavitated’ Aborted 1st position Bolls

____________________________________________________________________________Run___________________________________________________________________

1 2 1 2 1-2 1 2 1 2 1 2

DP 50 22.0 a 13.9 b 10.8 a 8.4 ab 0.6 a 14.7 ab 13.4 ab 4.7 a 3.0 a 9.7 ab 5.3 b

DP 90 15.7 abc 21.1 a 8.2 abc 9.3 ab 1.7 a 15.8 ab 9.0 c 2.0 abc 3.2 a 4.0 cd 7.6 ab

DP 5415 11.8 bc 21.4a 7.8 abc 9.9 a 1.5 a 18.0 a 10.7 abc 2.8 a 3.7 a 4.5 bcd 8.9 a

DP 5415RR   (Nontreated) 17.3 abc 21.8 a 9.7 a 10.2 a 1.6 a 13.0 abc 11.1 abc 3.7 a 4.1 a 6.3 bcd 9.4 a

DP 5415RR  (4 POST) 10.7 cd 22.0 a 9.0 ab 9.9 a 1.0 a 7.0 c 11.9 abc 4.5 a 3.2 a 12.5 a 7.9 ab

DP 5415RR   (4 POST & 8 PD) 7.3 d 17.1 ab 4.7 cd 7.4 b 0.5 a 16.3 ab 14.0 ab 0.3 bc 1.5 b 1.3 d 5.0 b

DP 458RR/BG    (Nontreated) 17.3 abc 20.1 ab 9.0 ab 10.0 a 0.8 a 13.5 abc 10.1 abc 3.5 a 3.9 a 7.8 abc 8.1 ab

DP 458RR/BG (4 POST) 10.7 cd 18.9 ab 6.0 bcd 9.0 ab 0.8 a 7.0 c 9.9 bc 2.3 abc 3.1 a 5.3 bcd 7.3 ab

DP 458RR/BG (4 POST & 8 PD) 6.7 d 19.0 ab 3.7 d 8.4 ab 1.2 a 13.3 abc 14.4 a 0.0 c 3.1 a 1.3 d 8.4 ab

aMeans followed by the same letter within a column are not significantly different at alpha=0.05, according to Fisher’s Protected LSD test
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Table 5.  Effect of 7-leaf POST glyphosate treatment on cotton yield and quality components from Greene

County, North Carolina in 2000 and 2001.

No 7-lf POST

treatmenta

7-lf POST

treatmentb

p-value of

contrastc

Seed Cotton (kg/ha) 2546.3 2391.6 0.05

Lint (kg/ha) 962.3 915.7 NS

Percent Lint (%) 37.7 38.1 NS

Micronaire 3.46 3.36 NS

UHM 1.09 1.09 NS

UI 80.7 80.4 NS

Strength 27.4 27.0 NS

Elongation 6.8 6.0 NS

Rd 75.2 76.3 0.03

+b 7.4 7.5 NS

Area % 2.2 2.0 NS

SFC % 9.8 10.1 NS

   aTreatments in the ‘No 7-leaf POST’ variable included: 4-leaf POST, 4-leaf POST + 7-leaf PD, and 7-leaf PD.

   aTreatments in the ‘7-leaf POST’ variable included: 7-leaf POST , 4-leaf POST + 7-leaf POST and 7-leaf

POST + 12-leaf PD.

   cSingle degree of freedom orthogonal contrasts were conducted comparing ‘No 7-leaf POST’ to ‘7-leaf POST’

glyphosate treatments.  Where p-values were less than 0.05, actual values are reported.  Where p-values were

greater than 0.05,  means are not significantly different and are designated ‘NS’.
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Table 6.  Glyphosate treatment or variety on cotton yield and quality components from Clayton, North

Carolina in 2000 and 2001.

DP 5415 DP 5415RR

(Nontreated)

DP 5415RR

(4-lf POST)

DP 5415RR

(4-lf POST &

8-lf PD)

LSD

(alpha=0.05)

Seed Cotton (kg/ha) 1922.6 1816.1 1935.2 1930.1 NS

Lint (kg/ha) 739.6 701.9 759.9 757.4 NS

Percent Lint (%) 38.1 38.5 39.0 38.7 NS

Micronaire 3.9 4.1 4.1 3.9 NS

UHM (2000) 1.07 1.09 1.07 1.08 0.02

UHM (2001) 1.12 1.10 1.09 1.13 0.03

UI 81.8 82.6 82.3 82.7 NS

Strength 26.4 26.9 25.9 26.5 NS

Elongation 5.3 4.9 5.1 5.2 NS

Rd 75.4 76.6 77.1 77.3 1.25

+b 7.3 7.2 7.4 7.3 NS

Area % 2.1 1.6 1.4 1.3 0.50

SFC % 9.5 8.4 9.1 8.2 NS
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Table 7.  Lignin content of 3rd, 5th, and 7th fruiting branches and main stem of conventional, nontreated GR,

or glyphosate-treated GR cotton from plants grown in the Southeastern Plant Environmental Laboratory

Phytotron.

3rd Fruiting branch 5th Fruiting branch 7th fruiting branch Main stem

Acid

insoluble

Acid

soluble

Acid

insoluble

Acid

soluble

Acid

insoluble

Acid

soluble

Acid

insoluble

Acid

soluble

____________________________________% lignin (w/w)__________________________________________

DP 50 15.8 aa 1.15 a 16.1  ab 1.17 a 15.4 a 1.23 a 17.6 a 1.0 cd

DP 90 14.8 a 1.23 a 14.0   c 1.34 a 14.8 a 1.27 a 16.0 a 1.09 abc

DP 5415 15.0 a 1.22 a 16.6   a 1.16 a 15.3 a 1.27 a 18.1 a 0.93 d

DP 5415RR

   (Nontreated)

15.6 a 1.26 a 15.0 abc 1.24 a 14.5 a 1.37 a 15.7 a 1.20 a

DP 5415RR

   (4 POST)

15.5 a 1.21 a 15.6 abc 1.27 a 15.2 a 1.29 a 16.9 a 1.12 abc

DP 5415RR

   (4 POST & 8 PD)

15.7 a 1.36 a 14.7  bc 1.35 a 15.0 a 1.38 a 15.9 a 1.19 a

DP 458RR/BG

   (Nontreated)

16.0 a 1.16 a 15.8  ab 1.22 a 15.2 a 1.22 a 15.8 a 1.06 bc

DP 458RR/BG

   (4 POST)

15.8 a 1.11 a 15.3 abc 1.33 a 15.1 a 1.38 a 16.4 a 1.10 abc

DP 458RR/BG

   (4POST & 8 PD)

16.1 a 1.20 a 16.5 a 1.20 a 15.0 a 1.20 a 16.6 a 1.14 ab

   aMeans followed by the same letter within a column are not significantly different according to Fisher’s

Protected LSD test at alpha = 0.05.
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Figure 1.  Diagram of tissues sampled for abscission zone and ‘cavitation’ microscopy studies.  a.)  A first

position boll of 3 d before anthesis, anthesis, 3, 5, 7, or 21 d after anthesis was harvested.  b.)  A 2.5 cm sub-

section of the fruiting branch and pedicel of the boll was cut and fixed in FAA fixative.  c.)  Plastic sections of

the abscission zone region corresponding to the box in (b.) were cut, stained, and viewed under a light
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Figure 2.  The ‘cavitation’ phenomenon in varieties such as DP 90.  a.)  Longitudinal section (40X) of the

abscission zone area of a boll from DP 90 undergoing ‘cavitation.’ *, points of separation where the pedicel has

separated from the fruiting branch; AC, abscission cells; NC, Necrotic cells; VT, vascular tissue.  b.)  Boll from DP

90 which is undergoing ‘cavitation’ and development of a v-shaped scar.  c.)  Darkly-staining muscilagenous cells in

the abscission zone.  AC, abscission cells; ML, deteriorating middle lamella.
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Figure 3.  Micrographs of the abscission zones from the proximal side of the pedicel from DP 50 (a,

c, e) and DP 90 (b, d, f) fruit 3 days before anthesis (a, b), at anthesis (c, d), and 3 days after anthesis

(e, f).  All micrographs were taken at 200X.
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Figure 4.  Micrographs of the abscission zones from the proximal side of the pedicel from DP 50 (a,

c, e) and DP 90 (b, d, f) fruit 5 days before anthesis (a, b), 7 days after anthesis (c, d), and 21 days

after anthesis (e, f).  All micrographs were taken at 200X.
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CHAPTER 3.

Glyphosate and Water Stress Effects on Fruiting and Carbohydrates in Glyphosate Resistant Cotton

Both water stress and glyphosate treatments to glyphosate-resistant (GR) cotton cause abscission of

young bolls, although the interaction of these factors is not known.  Therefore, studies were conducted to

quantify the effects of water stress and glyphosate treatments on fruit retention, fruit placement, and

carbohydrate partitioning in GR and conventional cotton varieties grown in a controlled environment.  GR

plants treated with glyphosate at the 4-leaf stage, postemergence (POST) and at the 8-leaf stage, POST-directed

(PD), had fewer first position bolls at 0 and 1 d of water stress than non-treated GR and conventional plants, but

did not differ at 2 and 3 d of water stress.  Glyphosate-treated GR plants reached first bloom 3-4 d later than

non-treated plants.  All plants subjected to 2 and 3 d of water stress had fewer bolls and squares than plants with

0 and 1 d of water stress.  Five-day old bolls from GR plants treated with glyphosate had lower fructose content

than bolls from non-treated plants.  Subtending leaf carbohydrates and boll sucrose, glucose, and starch content,

however, did not differ with glyphosate treatments.  Increasing water stress caused reductions in subtending leaf

glucose, sucrose, and starch content, as well as reductions in boll starch and sucrose content.  Reductions in boll

starch and sucrose content in response to water stress may indicate the potential for abscission.  Glyphosate

treatments to GR cotton did not seem to alter carbohydrate profiles in boll or leaf tissues in the same manner as

did water stress.  Differences in carbohydrate profiles of young bolls and leaves from glyphosate-treated and

water stressed cotton plants suggest that water stress and glyphosate treatments may promote fruit abscission in

different manners.

INTRODUCTION

The number of cotton fruiting structures (bolls) is positively correlated with the amount of lint

produced (Wells and Meredith 1984; Heitholt 1993).  Therefore, factors which reduce boll retention often

directly reduce lint yield.  Environmental, as well as chemical factors may induce boll abscission (Guinn 1982).

Guinn (1998) proposes that the plant hormones ethylene and indole-3-acetic acid (IAA), promote and inhibit,

respectively, the development of the abscission zone where the boll peduncle attaches to the fruiting branch,

resulting in either boll abscission or retention.  Factors which result in increased ethylene production or
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decreased IAA production promote abscission.  Deficits of carbohydrates caused by shade, nutrient deficiency,

temperature stress, or high boll load often result in boll abscission (Guinn 1998).  One of the most potent

promoters of boll abscission is water stress (Guinn and Mauney 1984).  Boll retention decreases when water

potential decreases below –1.9 MPa, and when the plant has a high boll load (Guinn and Mauney 1984).

Young bolls seem to be more susceptible to water stress-induced abscission than mature bolls (Guinn

and Mauney 1984).  There are at least two potential reasons for water stress-induced shedding of young bolls.

The first potential explanation is that the xylem vascular tissue does not function in young bolls which instead

depend on phloem transport to obtain water (van Iersel et al. 1994; van Iersel and Oosterhuis 1995).  Secondly,

young bolls may not yet be a strong enough sink to attract the limited amount of photosynthate produced during

water stress, and therefore produce ethylene and abscisic acid in response to the deficit, and abscise (Guinn

1982).  Gersani et al. (1980), describes a strong sink as one that is able to produce IAA, gibberellins, and

cytokinins which promote fruit retention.  Levels of abscisic acid and ethylene increase in weak sink tissues,

promoting abscission by activating enzymes in the abscission zone.  Heitholt and Schmidt (1994) attempted to

associate retention differences between first, second, and third position sympodial bolls with carbohydrate

levels in excised receptacles and ovaries taken 5 d pre-anthesis to 2 d post-anthesis.  They concluded that

assimilate levels alone did not appear to sufficiently explain variation in boll retention between different fruiting

positions.  Because water stress causes severe reductions in photosynthate production (Ackerson and Hebert

1981), differences in carbohydrate content and sink strength of young non-stressed and water stressed bolls may

be more evident and correspond with water stress induced decreases in fruit retention.

Because boll abscission is in its simplest form, caused by any factor that promotes the development of

an abscission zone, several forms of plant stress, whether caused by environmental factors, plant pests, nutrient

stress, or other abiotic factors could all interact to promote abscission (Guinn 1982).  It remains unclear

however, whether all forms of plant stress induce abscission in a similar manner.  Herbicide treatments may be

considered a stress to cotton plants that are not sufficiently tolerant to a particular herbicide.  Glyphosate

resistance has been conferred to cotton by the incorporation of a glyphosate-resistant CP4-EPSPS gene cloned

from Agrobacterium sp. strain CP4, into their genomes (Barry et al. 1992; Pagette et al. 1995; Nida et al. 1996).

Cotton varieties resistant to glyphosate have been commercially available since 1997.  Since that time, there has

been evidence for decreased boll retention in glyphosate-treated GR cotton reported by both researchers and
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growers (Ferreira et al. 1998; Jones and Snipes 1999; Yasuor et al. 2000).  Previous research has demonstrated

translocation and accumulation of 14C-glyphosate in reproductive structures, as well as reductions in pollen

viability and abnormal floral anatomy in glyphosate-treated GR cotton (Pline et al. 2001a; Pline et al. 2001b;

Yasuor et al. 2000).  The reductions in pollen viability and shorter stamens caused by glyphosate applications

result in less pollen deposition on the stigma tissue (Pline et al. 2001c), and correspondingly less seeds per boll

(Pline et al. 2001b).  Increases in young boll abscission due to glyphosate treatments may be due to poor

pollination, resulting in reduced production of the retention-promoting hormones IAA, cytokinin, and

gibberellins by the non-fertilized ovules (Bhardwaj et al. 1975).  A second potential explanation for glyphosate

induced boll shed, is that glyphosate inhibits aromatic amino acid biosynthesis in reproductive tissues to the

point where the tissues themselves are killed, resulting in boll shed.  Pline et al. (2001c) showed that the level of

CP4-EPSPS in male reproductive organs is significantly less than in vegetative leaf tissue.  In either case, poor

pollination or starvation for aromatic amino acids resulting in tissue death, the levels of carbohydrates in leaf or

young boll tissue may be altered in response to glyphosate treatments.

Therefore, the objectives of this research were to quantify the effects of water stress and glyphosate

treatments and their potential interactions, on fruit placement and retention in conventional and GR cotton

varieties, as well as to potentially associate differences in fruit retention with differences in carbohydrate

content in young bolls and subtending leaves.

MATERIALS AND METHODS

Plant Culture & Water Stress Treatments.  Plants were grown in a climate-controlled greenhouse at the

North Carolina State University Phytotron with a 26/22° C day/night temperature regime.  Delta Pine & Land

cultivars ‘DP 50’, ‘DP 90’, ‘DP5415 RR’ and SureGrow cultivar ‘SG 125RR’ seeds were planted in 25 cm pots

containing a gravel-metro mix combination soil.  DP 50 and DP 90 are parental lines for DP 5415RR.  Plants

were thinned to one per pot and were watered with a standard Phytotron nutrient mixture two times daily.

Applications of 1.12 kg ai/ha glyphosate (Roundup Ultra) to some GR cotton plants were made at the 4-leaf

stage (foliar application) and at the 8-leaf stage (post-directed application to stem) according to the Roundup

Ultra supplemental label for GR cotton (Anonymous 1999).  Conventional and other GR plants remained non-
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treated.  The growth regulator mepiquat-chloride was applied to upper leaves at the rate of 0.84 kg ai/ha at the

10-leaf stage to control vegetative growth according to North Carolina Cooperative Extension Service

guidelines (Edmisten 2001).

The first day of flowering for each plant, and the date of anthesis for each flower was recorded.  One

week after first bloom, water stress treatments were initiated by withholding water for either 3, 2, 1, or 0 d.  All

plants were sampled by replication on the same day following respective water stress treatments, between 9:00

and 12:00 h.  Water potential of the main-stem leaf on the node with a 4-6 d old boll were taken using a

pressure bomb.  Water potential readings less than –2500 kPa were not read due to safety concerns with the

pressure chamber.  Plants undergoing 1 d of water stress showed few visible sign of stress.  Two days of water

stress caused leaves to wilt, but not to desiccate.  Plants undergoing 3 d of water stress were severely water

stressed, with many leaves beginning to desiccate by the day of sampling.  After water stress sampling, plants

were re-hydrated and allowed to recover for one week at which time each plant was mapped and the number

and location of bolls, squares, incompletely abscised fruit, and aborted positions were recorded.

Carbohydrate Analysis.  For carbohydrate analysis, at the time of water stress sampling, a 4-6 d post-anthesis,

1st position boll and its subtending leaf were removed from each plant.  Ten 0.42 cm2 diameter disks weighing

approximately 100-mg were taken from mesophyll tissue at the base of each leaf and transferred immediately to

microfuge tubes containing 1-mL of ice-cold ethanol.  Leaf samples were kept at –20° C until analysis.  The 4-6

d post-anthesis bolls were collected, frozen, and then freeze-dried.  Freeze-dried bolls were then ground in a

coffee grinder, and a 100-mg subsample from each boll was analyzed.  Nonstructural carbohydrates (glucose,

fructose, sucrose, and starch) were extracted and analyzed according to the methods of Hendrix (1993).  In

brief, tissue was boiled in ethanol to extract ethanol-soluble carbohydrates.  Starch was converted to glucose by

α-amylase and amyloglucosidase and was assayed using a glucose kit.  All enzymes and the glucose kit were

purchased from Sigma Chemical Company, St. Louis, MO.  Ethanol-soluble glucose, fructose, and sucrose were

assayed by measuring the release of glucose after treatment with phosphoglucose isomerase or invertase also

using glucose kits.
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Experimental Design and Statistical Analysis.  Experiments were conducted in a randomized complete block

design in a two-factor factorial arrangement with 4 replications of treatments.  The main effects of

variety/herbicide treatments and water stress were included.  Cotton varieties included two conventional

varieties, two GR varieties, and two glyphosate-treated GR varieties.  The level of water stress factor included

3, 2, 1, or 0 d of water stress.  The entire experiment was conducted two times and data from both runs were

combined.  Data from plant mapping, water potential, and carbohydrate content were subjected to ANOVA

using the SAS version 8, general linear model procedure, to test for significance of main effects and

interactions.  Fisher’s protected LSD test at alpha = 0.05 was used to separate means from main effects.

RESULTS AND DISCUSSION

Glyphosate and water stress effects on fruiting patterns.  Because both glyphosate treatments to GR cotton

and water stress may cause cotton plants to shed fruit, the potential for interactions between these two factors

was investigated.  SG 125RR cotton plants treated with glyphosate at the 4-leaf (POST) and 8-leaf (PD) stages

reached first bloom 3.9 d later than non-treated SG 125RR plants (Table 2).  Treated plants did not exhibit any

visible phytotoxic symptoms as a result of herbicide treatment, as has been previously reported (Jones and

Snipes 1999).  This delay in flowering suggests that glyphosate applications to some GR cotton varieties may

slow some aspects of development.  In glyphosate-sensitive species, growth is suspended and chloroplast

swelling is observed within 16-20 h after treatment (Mollenhauer et al. 1987).

Phytotron-grown GR and conventional cotton plants which underwent water stress for 1, 2, and 3 d

reached leaf water potentials of –1800, -2400, and <-2500 kPa, respectively (Table 1).  Water stress

significantly affected fruit retention in all plants.  Cotton plants undergoing moderate and severe water stress (2

& 3 d) had 2.8 less bolls per plant on nodes 1 through 7, and 10.4 to 12.6 less total fruit (bolls + squares) than

non-stressed plants (Table 1).

The interactions between the main effects of cotton variety-glyphosate treatment and level of water

stress were significant for first position bolls, total bolls, total squares, aborted positions, and attached dead

bolls/squares (Tables 2 & 3).  Minor (1 d) water stress did not reduce first position or total bolls in any cotton

variety compared with non-water stressed plants (Table 2).  Guinn and Mauney (1984) reported that boll
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retention was high when leaf water potentials were from –1400 to –1900 kPa, which agrees with the high fruit

retention at leaf water potentials of –1300 to –1800 kPa in the current study.  Plants undergoing severe (3 d)

water stress however, had 2.2 to 5.6 less first position bolls than non-water stressed plants (Table 2), which is

also in agreement with Guinn and Mauney (1984), who reported decreases in boll retention in plants with leaf

water potentials below –1900 kPa.  DP 5415RR plants treated with glyphosate and undergoing 0 and 1 d water

stress had fewer 1st position bolls than non-glyphosate treated DP 5415RR plants, but did not differ at 2 and 3 d

of water stress (Table 2).  Glyphosate-treated DP 5415RR plants with 0 d water stress also had fewer total bolls

than non-treated DP 5415RR with 0 d water stress, but did not differ at 1, 2, or 3 d water stress (Table 2).

However, glyphosate-treated SG 125RR did have fewer bolls at 3 d water stress than non-treated SG 125RR

(Table 2).  The lack of a consistent glyphosate effect on first position and total bolls in severely water stressed

plants, suggests that water stress exerts a stronger influence on boll retention than glyphosate treatments.  The

combination of glyphosate and moderate to severe water stress did not act additively to decrease boll retention.

The effects of glyphosate on boll retention are more pronounced on 1st position bolls than total bolls on the

plant.  This observation is in agreement with previous research reporting that loss of first position fruit due to

glyphosate applications is greater than second or third position fruit (Jones and Snipes 1999).

Reproductive squares compose the future fruit of the cotton plant, therefore substantial loss of squares

due to environmental, insect, or chemical treatments can reduce numbers of fruit on the plant later in the season.

When bolls have been lost due stress, squares are necessary for yield compensation.  Moderate and severe (2 &

3 d) water stress caused significant losses in squares compared with non-water stressed plants across all

varieties (Table 3).  Glyphosate treatments to GR cotton did not influence retention of squares, however at

moderate water stress (2 d) glyphosate-treated SG 125RR cotton retained significantly more squares than non-

treated SG 125RR.  The increased square retention by glyphosate-treated plants may be the result of delayed

maturity (Table 2), as these plants were generally smaller in stature, and may not have reached the same level of

water stress or boll load as larger non-glyphosate treated plants.  Guinn and Mauney (1984) describe a

sophisticated balance between water stress and boll load in determining fruit retention.  Plants with a higher boll

load are generally more susceptible to water stress, and therefore shed a greater amount of young fruit than

plants with a lower boll load.  Therefore, glyphosate treatments to SG 125RR may have delayed maturity and

caused a reduction in fruit load so that under similar levels of water stress, the amount of squares shed was less
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than that of non-treated SG 125RR.  Generally, mild water stress (1 d) did not reduce the number of squares on

plants with the exception of DP 50, where one day of water stress caused a loss of 8.8 squares per plant

compared with non-water stressed DP 50.  Again, this was likely occurred because DP 50 was the most mature

variety (least days to flowering) at the time that water stress treatments were initiated (Table 2), and along with

DP 90 had the highest boll load (Table 2).

Glyphosate treatment to GR cotton did not increase the number of total positions aborted except in

severely (3 d) water-stressed SG 125RR (Table 3).  Aborted positions increased with increasing level of water

stress.  Severe water stress (3 d) caused more aborted positions in all varieties except DP 90 than in non-water

stressed plants.  In DP 90, with moderate and severe water stress (2 & 3 d), fruit was typically killed, but failed

to abscise completely from the plant leaving the dead bolls or squares remaining attached to the plant (Table 3).

Incomplete abscission of fruit in DP 90 has been observed in field situations, and seems to be a variety-related

trait (K. Lege, personal communication, 2002).  Moderate and severe (2 & 3 d) water stress increased the

number of incompletely-abscised fruit in all varieties except for glyphosate-treated SG 125RR.  In order for

proper abscission to occur, the middle lamella in the abscission zone swells considerably, pushing the leaf or

organ away from branch to which it is attached (Addicott, 1981).  If water is severely limited, as is the case

under severe water stress, sufficient water to drive the swelling of the middle lamella may not be available, thus

preventing the abscission process to proceed.  In Citrus, leaves injured by water stress have been reported to not

abscise promptly, but remain attached to the plant until water relations improve and then they are abscised

(Addicott 1981).  It seems plausible that water stress inhibits the proper maturation of the abscission zone,

preventing abscission of effected fruit.  Glyphosate treatments did not effect the occurrence of incompletely

abscised fruit, regardless of the level of water stress (Table 3).

Glyphosate and water stress effects on leaf and boll carbohydrates.  Because both glyphosate treatments

and water stress can promote abscission of young bolls, studies were conducted to determine whether changes

in carbohydrate profiles in leaves and bolls were altered in response to glyphosate or water stress.  Shifts in

carbohydrate partitioning may signal that the fruiting structure will be shed or retained.  Glyphosate treatments

to GR cotton did not significantly effect the concentrations of glucose, fructose, or starch in subtending leaves,

or glucose and sucrose in 5-d old bolls (Table 4).  The fructose content in bolls from glyphosate-treated SG
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125RR was less than that of SG 125RR, but no other carbohydrate was significantly effected by glyphosate

treatment (Table 4).  The lack of effect on carbohydrate content in leaves and bolls of glyphosate treated GR

cotton would suggest that glyphosate-induced boll shed is not caused by changes in carbohydrate profiles.

Increasing levels of water stress significantly reduced the glucose and starch content in leaf tissue, and

the fructose content in bolls (Table 6).  Water stress did not effect the levels of fructose in leaf tissue, or glucose

and sucrose in bolls.  The interactions between variety-glyphosate treatments and water stress were significant

for the sucrose content in leaves and starch content in bolls.  Glyphosate-treated SG 125RR had reduced sucrose

with 0 d of water stress, but increased sucrose content with 1 d of water stress versus non-treated SG 125RR

(Table 5).  Severe water stress (2 & 3 d of water stress) reduced the sucrose concentration in DP 90, SG 125RR,

and glyphosate-treated SG 125RR (Table 5).  Glyphosate treatments to GR cotton did not effect the starch

content in bolls.  Water stress (2 & 3 d of water stress) reduced the starch content in DP 50, DP 90, DP 5415RR,

and SG 125RR bolls.  However, starch levels were not effected in glyphosate-treated DP 5415RR and SG

125RR bolls, again potentially because of reduced maturity and boll load, which alleviated the effects of water

stress (Table 2).  Overall, increasing water stress seemed to cause greater reductions in leaf carbohydrate

profiles than those of reproductive bolls.

Studies on osmoregulation in cotton following water stress have indicated that the levels of several

carbohydrates, in particular sucrose and starch, rise significantly in stress-adapted plants (Ackerson 1981;

Timpa et al. 1986).  Ackerson (1981) implicated starch as the key component in osmotic adjustment following

several cycles of water stress and subsequent rehydration.  Increases in sucrose accumulation in leaves of cotton

plants undergoing repeated mid-day water stress were observed by both Ackerson (1981) and Timpa et al.

(1986).  In contrast, our data suggest a general decrease in leaf carbohydrate contents with increasing levels of

water stress.  These apparent differences are likely due to differences in water stress treatments in water stress

and osmoregulation studies (one time severe water stress versus repeated cycles of water stress).  In light of the

current study it would seem that previously reported increases in sucrose and starch for osmoregulation in leaf

tissue likely occur only upon rehydration.  The plants used in the current study were never previously water

stressed, and were not re-hydrated following water stress until after samples for carbohydrate analysis were

collected.  Therefore, carbohydrate contents of leaves sampled as they are undergoing water stress are

significantly reduced compared to non-stressed plants.  Ackerson and Hebert (1981) reported declines in
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photosynthesis in water stess adapted plants compared with control plants, and Ackerson et al. (1977) reported

that water stress substantially reduced photosynthesis in both vegetative and reproductive tissue in cotton.

Reductions in photosynthesis due to water stress would seem to explain reductions in carbohydrate content of

leaves occurring in the current study.

In conclusion, both water stress and glyphosate applications caused significant fruit loss in cotton, but

water stress exerted a larger influence on fruiting.  Glyphosate applications to GR cotton delayed maturity as

well as boll load, which tended to make glyphosate-treated plants less susceptible to water stress than more

mature, non-treated plants.  Levels of soluble carbohydrates in leaves and young bolls were generally not

effected by glyphosate treatments, suggesting that carbohydrate balance may not be the major cause of

glyphosate-induced boll abscission.  Certain carbohydrates were effected by water stress treatments.  Leaves

from water stressed plants had reduced levels of glucose and starch in their leaves, and reduced levels of

fructose and starch in their bolls.  Increases in starch content have previously been implicated in osmoregulation

of cotton plants to water stress (Ackerson and Hebert 1981).  Increases in starch content for osmoregulation

therefore must occur after rehydration and recovery of plants, because water stress causes sharp decreases in

starch content of both bolls and leaf tissues in the current study.  It seems likely that other factors, such as

hormonal regulation of the abscission zone, may play a larger role in determining whether fruiting structures

from glyphosate-treated and water stressed plants are retained or abscised, than simply the levels of non-

structural carbohydrates in leaf and fruit tissues.  Future studies measuring hormone levels in bolls of

glyphosate-treated and water stressed plants would aid in determining if both of these factors induce abscission

in similar manners, or if because of their mechanistic differences, abscission is induced differently.
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Table 1.  Number of bolls on lower portion of plant (node 1-7), total fruit at 2 weeks after first bloom, and

water potential as effected by 0, 1, 2, or 3 days of water stress.

Days of water

stress

Bolls (Node

1-7)

Total fruit

(Bolls &

Squares)

Water potential

(kPa)

3 1.4 b† 18.9 c <-2500 c

2 1.4 b 21.1 c -2400 c

1 4.6 a 29.0 b -1800 b

0 4.2 a 31.5 a -1300 a

† Means within a column followed by the same letter are not significantly different at the 0.05 probability level.
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Table 2.  Days to first bloom, first position bolls, and total bolls for conventional (DP 50 & DP 90) and GR (DP 5415RR & SG 125RR) cotton as effected

by glyphosate treatment at two weeks after first bloom.

First position bolls Total Bolls

First bloom Water stress (d) Water stress (d)

Variety-treatment (DAP) 3 2 1 0 3 2 1 0

DP 50 68.0 d† 2.7 a(b) ‡ 2.5 a(b) 6.5 a(a) 6.7 ab(a) 4.0 ab(b) 4.2 a(b) 11.7 a(a) 11.8 a(a)

DP 90 68.5 cd 1.2 a(b) 1.5 a(b) 6.0 a(a) 6.8 a(a) 1.5 c(b) 2.8 a(b) 11.8 a(a) 14.2 a(a)

DP 5415RR 71.1 b 2.2 a(b) 1.7 a(b) 5.8 a(a) 5.3 c(a) 3.3 bc(b) 2.3 a(b) 11.3 a(a) 9.5 b(a)

DP 5415 RR-Treated 74.1 ab 2.0 a(b) 2.5 a(b) 4.2 b(a) 4.2 d(a) 2.0 bc(b) 3.0 a(b) 8.3 ab(a) 6.3 c(a)

SG 125 RR 70.6 bc 3.2 a(b) 2.0 a(c) 6.0 a(a) 5.7 bc(a) 6.2 a(b) 3.2 a(c) 10.3 ab(a) 9.5 b(a)

SG 125 RR-Treated 74.5 a 2.5 a(b) 3.0 a(b) 3.7 b(ab) 5.5 c(a) 3.3 bc(b) 3.8 a(b) 7.0 b(ab) 8.3 bc(a)

† Means within a column followed by the same letter are not significantly different at the 0.05 probability level.

‡Means within a row followed by the same letter in parentheses are not significantly different at the 0.05 probability level.
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Table 3.  Effect of water stress and glyphosate treatments on retained squares, aborted positions, and attached dead bolls or squares per plant in conventional

(DP 50 & DP 90) or GR (DP 5415RR & SG 125RR) cotton varieties at two weeks after first bloom.  Plants were subjected to 0, 1, 2, or 3 days of water

stress.

Squares Aborted positions Attached dead bolls/squares

Water stress (d) Water stress (d) Water stress (d)

Variety-treatment 3 2 1 0 3 2 1 0 3 2 1 0

DP 50 5.5 a†(c) ‡ 3.3 b(c) 10.2 b(b) 19.0 a(a) 7.5 a(a) 4.5 a(ab) 3.7 a(ab) 1.7 ab(b) 3.7 b(ab) 7.0 a(a) 0.0 a(b) 0.0 a(b)

DP 90 1.5 a(b) 1.5 b(b) 19.2 a(a) 17.8 a(a) 1.7 b(a) 3.3 a(a) 1.2 a(a) 1.0 b(a) 16.2 a(a) 17.2 a(a) 0.0 a(b) 0.2 a(b)

DP 5415RR 1.5 a(b) 4.8 b(b) 20.2 a(a) 22.7 a(a) 4.7 ab(a) 2.5 a(ab) 0.8 a(b) 0.8 b(b) 7.0 b(b) 14.7 a(a) 0.0 a(c) 0.0 a(c)

DP 5415RR-Treated 2.2 a(b) 7.2 ab(b) 17.7 a(a) 18.3 a(a) 6.7 a(a) 3.8 a(ab) 1.5 a(b) 3.2 a(b) 6.5 b(a) 3.0 a(ab) 0.0 a(b) 0.0 a(b)

SG 125RR 4.8 a(b) 3.0 b(b) 20.2 a(a) 23.3 a(a) 1.0 b(a) 6.7 a(a) 0.2 a(b) 0.2 b(b) 7.2 b(a) 8.8 a(a) 0.0 a(b) 0.0 a(b)

SG 125RR-Treated 3.3 a(c) 12.0 a(b) 16.3 a(ab) 20.2 a(a) 7.7 a(a) 0.3 a(b) 1.2 a(b) 0.8 b(b) 3.7 b(a) 3.5 a(a) 0.0 a(a) 0.0 a(a)

† Means within a column followed by the same letter are not significantly different at the 0.05 probability level.

‡Means within a row within a category followed by the same letter in parentheses are not significantly different at the 0.05 probability level.
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Table 4.  Non-structural carbohydrate content in 1st position boll and subtending leaf tissue from conventional (DP 50 & DP 90) and glyphosate-treated and

non-treated GR (DP 5415RR & SG 125RR) cotton.

Leaf tissue Boll tissue

Glucose Fructose Starch Glucose Fructose Sucrose

Variety-treatment ____________________�g cm -2___________________ ______________ mg/g dry weight________________

DP 50 35.7 a† 35.7 a 552.4 a 28.9 a 22.5 b 2.8 a

DP 90 66.7 a 38.1 a 588.1 a 31.5 a 20.9 bc 4.8 a

DP 5415RR 73.8 a 35.7 a 840.5 a 32.2 a 21.8 bc 5.5 a

DP 5415RR-Treated 59.5 a 42.9 a 557.2 a 26.3 a 16.6 c 4.0 a

SG 125RR 54.8 a 33.3 a 1090.5 a 37.0 a 30.2 a 7.4 a

SG 125RR-Treated 69.0 a 59.5 a 916.7 a 32.3 a 22.9 b 5.4 a

† Means within a column followed by the same letter are not significantly different at the 0.05 probability level.
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Table 5.  Sucrose content of subtending leaf and starch content of 1st position boll as effected by days of water stress (0, 1, 2, or 3 d) in conventional (DP 50

& DP 90) and glyphosate-treated or non-treated GR (DP 5415RR & SG 125RR) cotton.

Leaf Sucrose Boll Starch

Days of water stress

3 2 1 0 3 2 1 0

Variety-treatment __________________________�g cm -2________________________ __________________mg g-1 dry weight________________

DP 50 191 a†(a) ‡ 212 a(a) 269 b(a) 245 d(a) 4.6 c(b) 22.7 a(ab) 33.5 ab(a) 37.8 ab(a)

DP 90 136 a(b) 331 a(b) 305 b(b) 895 ab(a) 6.3 c(c) 20.0 a(b) 39.0 a(a) 41.1 a(a)

DP 5415RR 202 a(a) 314 a(a) 476 ab(a) 636 c(a) 15.0 bc(c) 21.6 a(bc) 36.9 a(a) 29.0 b(ab)

DP 5415RR-Treated 179 a(a) 236 a(a) 529 ab(a) 505 c(a) 20.4 bc(a) 16.1 a(a) 35.8 a(a) 33.1 ab(a)

SG 125RR 181 a(b) 231 a(b) 305 b(b) 960 a(a) 42.5 a(a) 21.8 a(c) 28.9 b(bc) 39.1 ab(ab)

SG 125RR-Treated 121 a(b) 519 a(ab) 776 a(a) 590 c(a) 27.1 ab(a) 22.6 a(a) 35.0 ab(a) 37.1 b(a)

† Means within a column followed by the same letter are not significantly different at the 0.05 probability level.

‡Means within a row followed by the same letter in parentheses are not significantly different at the 0.05 probability level.
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Table 6.  Glucose, fructose, and starch content of subtending leaf and glucose, fructose, and sucrose content of 1st position boll as effected by days of water

stress (0, 1, 2, or 3 d).

Leaf tissue Boll tissue

Days of water stress glucose fructose starch glucose fructose sucrose

________________�g cm -2________________ _____________mg g-1 dry weight_____________

3 23.8 c† 28.5 b 33.3 c 28.3 a 17.0 b 6.6 a

2 35.7 bc 33.3 b 47.6 c 34.2 a 22.1 a 6.4 a

1 104.8 a 59.5 a 897.6 b 31.1 a 24.5 a 3.3 a

0 73.8 ab 38.1 b 2052.3 a 32.2 a 26.5 a 3.8 a

† Means within a column followed by the same letter are not significantly different at the 0.05 probability level.
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CHAPTER 4.

Absorption and Translocation of Glyphosate in Glyphosate-Resistant Gossypium hirsutum as Influenced

by Application Method and Growth Stage

The influence of herbicide placement and plant growth stage on the absorption and translocation patterns

of 14C-glyphosate in glyphosate-resistant cotton was investigated.  Plants at four growth stages were treated

with 14C-glyphosate on a 5-cm2 section of the stem [which simulated a postemergence-directed application

(PD)] or on the newest mature leaf [which simulated an over-the-top postemergence application (POST)].

Plants were harvested 3 and 7 d after treatment and divided into the treated leaf or treated stem, mature leaves,

immature leaves and buds, stems, roots, fruiting branches (including the foliage on the fruiting branch), squares,

and bolls.  The PD versus POST application main effect on absorption was significant.  Absorption of 14C-

glyphosate applied to stem tissue was higher in PD applications than POST applications.  Plants receiving PD

applications absorbed 35% of applied 14C-glyphosate, while those receiving POST applications absorbed 26%

averaged over growth stages at application.  Absorption increased from the four-leaf growth stage to the eight-

leaf stage in POST applications, but reached a plateau at the eight-leaf stage.  Plants with PD applications

showed an increase in absorption from the four- to eight- to twelve-leaf stages, and reached a plateau at the

twelve-leaf stage. Translocation of 14C-glyphosate to roots was greater at all growth stages with PD treatments

than with POST treatments.  Herbicide placement did not affect translocation of 14C-glyphosate to squares and

bolls.  Squares and bolls retained 0.2 to 3.7% of applied 14C-glyphosate, depending on growth stage.  Separate

studies were conducted to investigate the fate of foliar-applied 14C-glyphosate at the four- or eight-leaf growth

stages, when harvested at eight- or ten-leaf, twelve-leaf, midbloom (8 to 10 nodes above white bloom), and

cutout (5 nodes above white bloom, physiological maturity) stages.  Thirty to 37% of applied 14C-glyphosate

remained in the plant at cutout in four- and eight-leaf treatment stages, respectively.  The concentration of 14C-

glyphosate in tissue on a Bq g-1 dry weight basis was greatest in mature leaves, immature leaves and buds in

plants treated at the four-leaf stage.  Plants treated at the eight-leaf stage and harvested at all growth stages

except cutout showed a higher concentration of 14C-glyphosate in squares than in other plant tissue.

Accumulation of 14C-glyphosate in squares reached a maximum of 43 Bq g-1 dry weight at the twelve-leaf stage

harvest.  This concentration corresponds to 5.7 times greater accumulation of 14C-glyphosate in squares, than in
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roots which may also be metabolic sinks.  These data suggest that reproductive tissues such as bolls and squares

can accumulate 14C-glyphosate at higher concentrations than other tissues, especially when the herbicide

treatment is applied either POST or PD during reproductive stages (eight-leaf stage and beyond).

INTRODUCTION

The herbicide glyphosate was registered for use in glyphosate-resistant Gossypium hirsutum in the United

States in 1997.  A naturally occurring 5-enolpyruvylshikimate 3-phosphatesynthase (EPSPS) gene [E.C.

2.5.1.19], identified from Agrobacterium sp. strain CP4, whose protein product is glyphosate resistant (Barry et

al. 1992; Padgette et al. 1995) was cloned from and expressed in several crop plants, including cotton (Nida et

al. 1996).

Certain restrictions are specified in the glyphosate use registration for glyphosate-resistant cotton

(Anonymous 1999).  Producers may make foliar postemergence (POST) applications to cotton through the four-

leaf stage of crop development.  Beyond this stage of crop growth, producers are restricted to postemergence-

directed spray (PD) applications to minimize glyphosate contact with leaf tissue.  Producers may apply a

maximum of two POST and two PD applications of 1.12 kg ha-1 each growing season.  Sequential glyphosate

applications must be at least 10 days apart and cotton must have at least two nodes of incremental growth

between applications (Anonymous 1999).  These restrictions on glyphosate application are not required for

other CP4-EPSPS containing glyphosate-resistant crops such as Glycine max (L.) Merr. (soybean).  A lower

tolerance for glyphosate in glyphosate-resistant cotton compared to other glyphosate-resistant crops could be a

reason for the differences in use restrictions.

Since its commercial availability, there have been performance and yield loss complaints on glyphosate-

resistant cotton in several southeastern states due to a wide-spread but not rigorously documented increase in

lower fruiting branch boll abortion and misshapen bolls (Ferreira et al. 1998; Vargas et al. 1998).  These

symptoms typically occur on the first and second fruiting positions of the lower fruiting branches of glyphosate

treated cotton.  Yields are often not affected by these early-season losses because cotton compensates by

relocating the boll load higher and to further fruiting positions on the plant, than non-treated plants (Kalaher and
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Coble 1998).  However, this late-season compensation can delay harvest and cause yield loss if the season is not

long enough for compensatory growth (Jones and Snipes 1999).

Nida et al. (1998) confirmed CP4-EPSPS expression in leaf and seed samples of two early transformed

lines of cotton by ELISA analysis.  However, there are no reports available to document whether the CP4-

EPSPS enzyme is being expressed sufficiently to prevent glyphosate injury in the floral structures of

glyphosate-resistant cotton.  Foliar applications of glyphosate beyond the four-leaf cotton growth stage can

result in injury to cotton reproductive structures.  Kalaher and Coble (1998) found a significant seed-cotton

yield reduction when glyphosate was applied POST to cotton at the eight-leaf growth stage and the first-white-

bloom stage indicating a greater glyphosate sensitivity during reproductive development than during vegetative

stages.  If the CP4-EPSPS enzyme is not being expressed in key reproductive tissues, and the glyphosate that

remains in the plant accumulates in these tissues, pollen production or pollination may be affected.  A

significant reduction of pollen viability in glyphosate-resistant cotton treated with glyphosate at the four-leaf

stage (POST) and eight-leaf stage (PD) was reported at 1-2 WAFB in greenhouse studies and 1-3 WAFB in

field studies by Pline et al. (2001).

The position or placement of a glyphosate spray application has been reported to significantly affect

glyphosate absorption.  Wills (1978) found 5- to 7-fold greater glyphosate toxicity to non-glyphosate-resistant

cotton when glyphosate was applied to the lower stem portion of the plant than when applied to the first true

leaf.  Translocation data confirmed that movement of 14C-glyphosate was significantly greater following

treatment to the mature lower stem than to the mature lower leaves or to immature upper stem or leaves of

cotton.  These data suggest that PD treatments, as mandated by the glyphosate label after the four-leaf stage,

may still pose a risk to cotton due to the greater potential for glyphosate absorption and translocation via lower

stem entry.  Since sufficient CP4-EPSPS expression occurs in leaves (Nida et al. 1998), this increase in

absorption or translocation would only be detrimental if glyphosate accumulation in certain tissues surpasses a

threshold level, overwhelming the resistance mechanism and causing toxicity.  In addition, the glyphosate

threshold for specific plant functions such as pollination or floral development may be lower than the threshold

level for more general aspects of development.

Several studies have reported that glyphosate distribution parallels that of photoassimilates in a variety of

plants (Gougler and Geiger 1981; McAllister and Haderlie 1985), thus generally following a source-to-sink
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relationship (Sandberg et al. 1980; Wyrill and Burnside 1976).  Therefore, the potential exists for glyphosate to

accumulate in developing flowers and bolls because they serve as metabolic sinks during cotton development.

Growth stage has been shown to affect absorption and translocation of 14C-glyphosate in both weeds and

crops (Davis et al. 1979; Tardiff 1991).  There appears to be no direct relationship of growth stage and

glyphosate behavior, instead, the effect of plant growth stage on glyphosate movement seems to be species

dependent.  Mature soybean leaves absorb more glyphosate than immature leaves (McWhorter et al. 1980),

while younger johnsongrass (Sorghum halepense (L.) Pers.) plants absorb more glyphosate than mature plants

(Camacho and Moshier 1991).  Likewise, the growth stage of glyphosate-resistant cotton at the time of

application may influence glyphosate absorption and translocation, and possibly crop tolerance.

The first objective of this research was to determine whether foliar or stem application position influences

absorption or translocation of glyphosate in four-, eight-, twelve-leaf and 2 WAFB cotton.  A second objective

was to evaluate the fate of glyphosate foliar-applied to four- and eight-leaf cotton as assessed at four intervals of

cotton growth and reproduction.

MATERIALS AND METHODS

Plant material and growth conditions.  Glyphosate-resistant cotton (DeltaPine 5415RR) was planted in 30-cm

pots containing Metro-Mix 3601and grown in a plastic greenhouse maintained at 25 ± 2 C constant temperature

where natural sunlight was supplemented 4 h daily with mercury halide lights providing a total of a 16-h day

length.  Treatment placement studies were conducted from September 1999 to January 2000 and distribution of

14C-glyphosate through the cotton lifecycle studies were conducted from October 1999 to March 2000 with all

plants in each run for each study being planted at the same date.  Applications of 14C-glyphosate were made as

plants reached their respective treatment growth stage (treatments were not all made on the same date).

14C-glyphosate treatments and sampling.  For treatment position studies, plants were treated with 14C-

glyphosate2 at the four-leaf (vegetative stage), eight-leaf (early square formation, reproductive stage) twelve-

leaf (squares visible, reproductive stage), and 2 weeks after first bloom (WAFB) (squares, blooms, and bolls

present, reproductive stage) growth stages.  At each growth stage, the upper-most fully expanded mainstem leaf
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or the stem was treated.  14C-Glyphosate was applied to plants on either a 5 x 1 cm strip of the leaf (directly

over, and aligned with the midvein, POST treatments) or the stem (starting at 2 cm above the soil line and

continuing to 7 cm above the soil line, PD treatments).  For glyphosate fate studies, 14C-glyphosate was applied

only to leaf tissue (newest mainstem mature leaf) at the four- and eight-leaf stages in the same manner as

described above.  In both studies, a micro-syringe equipped to deliver 1-µL droplets was used to evenly apply

ten, 1-µL droplets of 14C-glyphosate plus 0.25% (v/v) nonionic surfactant3 in water containing a total of 5,000

Bq [specific activity 14C-glyphosate was 88.8 kBq/µmol].  The droplets were evenly spread over the marked 5-

cm2 surface area on either the leaf or stem in order to compare absorption over an equal area.  This rate of 14C-

glyphosate is equal to 190 g ai ha-1, about 17% of the recommended field use rate of 1.12 kg ai ha-1 glyphosate.

Plants were harvested either at 3 or 7 DAT for treatment position studies, or at the eight-leaf, twelve-

leaf, midbloom, or cutout growth stages for glyphosate fate studies.  At harvest, the treated leaf or stem was

removed and rinsed with 10 mL of 1:1 water: methanol + 0.25% (v/v) non-ionic surfactant3.  A 1 mL subsample

from each leaf/stem rinse was counted using liquid scintillation spectrometry to determine the amount of non-

absorbed herbicide.  Treated plants were divided into the following parts: treated leaf or stem, mature leaves,

immature leaves and buds, untreated stem, roots, fruiting branches and its foliage, squares, and bolls.  Plant

parts were forced-air dried at 50° C and dry weights recorded.  Plant samples were ground to a homogeneous

mixture in a coffee grinder4 and 100-mg sub-samples were combusted using a Harvey biological oxidizer5 to

recover absorbed 14C-glyphosate as 14CO2.  Accuracy of sub-sampling was ≥ 93 %.  Recovered radioactivity

was quantified by liquid scintillation spectrometry, and the background reading was subtracted from all data

points.  Foliar or stem absorption was calculated as a percent of the total applied, and total absorption was

calculated as the sum of all 14C recovered from oxidized plant parts.  Distribution of 14C in plant tissues was

expressed as a percentage of applied radioactivity or as Bq g-1 of tissue dry weight.  Recovery of 14C in

treatment placement studies averaged 89%, while recovery for glyphosate distribution throughout the cotton

lifecycle studies ranged from 36.1 to 99.5%, primarily as a function of the days between treatment and harvest.

Metabolism of 14C-glyphosate was not investigated due to reports of negligible metabolism by plants

(Duke 1988).  Therefore, 14C present in plant tissue is assumed to be 14C-glyphosate and will thus be referred to

as 14C-glyphosate in this work.
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Experimental design and data analysis.  The glyphosate application position study was arranged as a three-

factor (treatment placement x plant growth stage x harvest interval) factorial in a completely randomized design

with four replications and was repeated.  The glyphosate fate study was arranged as a two-factor (growth stage

at treatment x growth stage at harvest) factorial in a completely randomized design with four replications and

was repeated.  ANOVA, conducted using SAS6, revealed no run by treatment interactions, so data were

combined over runs.  Absorption and translocation data were analyzed for main effects and interactions.

Residuals were plotted, and logarithmic transformations conducted on data where variance increased with

increasing means.  Following ANOVA, treatment or log transformed treatment means were compared using

Fisher’s Protected LSD test at the 5% probability level.

RESULTS AND DISCUSSION

Treatment placement and growth stage effects on absorption of 14C-glyphosate.  Absorption of 14C-

glyphosate by cotton was not influenced by harvest interval, with harvests at 3 and 7 days after treatment (DAT)

having similar absorption means (data not shown).  Absorption data from both harvest intervals were thus

combined.  These data suggest that absorption of 14C-glyphosate at 3 DAT had reached a plateau.  Absorption

of foliar-applied glyphosate has previously been described as bi-phasic, with initial rapid glyphosate absorption

in the first 24 hours followed by a longer phase of slow uptake (Gaskin and Holloway 1992; Masiunas and

Weller 1988).

The main effects of treatment placement and growth stage at application were both significant at

α=0.05, but their interaction was not significant.  14C-glyphosate absorption in plants receiving PD treatments

was significantly greater than in those receiving POST treatments (Figure 1). Plants receiving PD applications

absorbed 35% of applied 14C-glyphosate, while those receiving POST applications absorbed 26% averaged over

growth stages at application.  Wills (1978) also reported greater glyphosate absorption through stem tissue than

leaf tissue in non-transgenic cotton.  Therefore on an equal area basis, 14C-glyphosate absorption through stem

tissue appears greater than through leaf tissue.  However, on a whole plant basis, the actual amount of

glyphosate absorbed through the lower stem may be less in field applications than absorption through leaf tissue

because the stem comprises less total surface area than leaves (Reynolds 2000).  These differences in total

surface area may outweigh differences in application position in commercial field applications.
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The amount of 14C-glyphosate absorption was highly dependent on the growth stage of the plant at the

time of treatment (p<0.0001).  Absorption of 14C-glyphosate averaged over treatment placements was 19% of

applied at the four-leaf stage, and increased to 29%, 45%, and 41% of applied at the eight-leaf stage, twelve-leaf

stage and midbloom stages, respectively (Figure 1). Harris and Vencill (1999) found that 14C-glyphosate

absorption in cotton at the match-head square growth stage (after the four-leaf stage but before the eight-leaf

stage) was approximately twice that of glyphosate applied at the first white-flower stage (after the twelve-leaf

stage but before the 2WAFB stage).  Our data showed the opposite effect, with more 14C-glyphosate absorption

at twelve-leaf stage than the eight-leaf stage in PD applications, but similar levels of absorption when averaged

over POST and PD treatments.  Differences in results from these two studies may be attributed to treatment at

slightly different growth stages, the use of different glyphosate concentrations in herbicide applications, and the

growing conditions for each study.

The influence of cotton growth stage on 14C-glyphosate absorption may be a result of different

developmental processes occurring at the different growth stages.  For example, at the four-leaf growth stage,

the cotton plant is undergoing primarily vegetative growth, while as the plant progresses to the eight-leaf stage,

twelve-leaf stage, and midbloom, it enters the initial reproductive phase by developing squares, blooms, and

bolls (Mauney 1986).  Environmental factors may have also affected 14C-glyphosate absorption at each growth

stage because applications to different stage plants were not made on the same days.

These absorption data suggest a greater potential for glyphosate, applied to either leaves or the stem to

enter the plant when it is applied at reproductive stages as opposed to a vegetative stage.  Absorption during the

different reproductive stages (eight-leaf, twelve-leaf, and 2WAFB) did not differ, suggesting that 14C-

glyphosate absorption reaches a plateau when cotton transfers from vegetative to reproductive stages.

Treatment placement and growth stage effects on translocation of 14C-glyphosate.  Translocation of 14C-

glyphosate was dependent on growth stage at treatment and the placement of the herbicide.  Differences in 14C-

glyphosate translocation and accumulation between PD and POST applications were evident.  On a percent of

applied basis, the treatment placement main effect was significant for roots and fruiting branches with greater

14C-glyphosate translocation to roots of plants with PD applications and to fruiting branches of plants receiving

POST applications.  On a Bq g-1 basis, the treatment placement main effect was significant for roots and stems
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with greater translocation to both tissues in plants receiving PD treatments than those receiving POST

treatments (Table 1).  At all treatment timings, the concentration of 14C-glyphosate in the roots was between 3.5

- 20 times greater in plants receiving PD than POST treatments.  This difference may be due to the proximity of

the PD herbicide treatment area to the roots, which may also serve as a strong metabolic sink (De Souza and

Vieira da Silva 1987).  There were no differences in the 14C-glyphosate concentration in bolls with POST and

PD treatments, although there was translocation (between 0.9 and 1.9% of applied 14C-glyphosate) to these

tissues at the 2 WAFB stage (Table 2).

The general translocation patterns of 14C-glyphosate applied to cotton plants POST or PD differed.

Plants receiving POST treatments at the four- and eight-leaf stages translocated 14C-glyphosate primarily to the

foliar plant portions, whereas plants that received PD treatments at these stages translocated a considerable

amount of 14C-glyphosate to root and stem tissue as well as foliage (Table 1 and 2).  Plants receiving POST

applications at the twelve-leaf growth stage translocated 14C-glyphosate primarily to the stem, fruiting branches

and leaves, while PD plants translocated 14C-glyphosate primarily to stems and roots.

The concentration (Bq g-1) of 14C-glyphosate in all vegetative tissues (mature leaves, immature leaves

and buds, roots, stems, and treated leaf or stem) decreased as the plant growth stage at treatment increased from

the four-leaf stage to 2 WAFB (Table 1).  This suggests that as plants grew, the concentration of 14C-glyphosate

was diluted in vitro because of the greater mass of tissue at each application timing.  The growth stage at

treatment main effect was significant on a percent of applied basis for mature leaves, roots, stems, treated leaf

or stems, and squares.  Squares, as soon as evident on the plant at the twelve-leaf stage, began to accumlate14C-

glyphosate.  The amount of 14C-glyphosate translocated to squares in PD applications increased from 0.3 to

3.7% of applied 14C-glyphosate from the twelve-leaf to 2 WAFB stage (Table 2).  Because of their

physiologically active growing/maturing state, they likely served as stronger metabolic sinks at the 2 WAFB

than at twelve-leaf stage accounting for greater translocation of 14C-glyphosate.  Significant interactions

between the main effects of treatment placement and growth stage at treatment occurred on a concentration (Bq

g-1) and percent of applied basis for treated leaf or stems and immature leaves and buds.

At 2WAFB applications, 14C-glyphosate distribution as percent of applied becomes more

homogeneous within all tissues of both POST and PD treated plants than it was in earlier growth stages (Table

2).  Wullschleger and Oosterhuis (1990) reported that reproductive-stage cotton plants cannot produce sufficient
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photosynthate to feed developing bolls by subtending leaves (leaves directly opposite of bolls) alone.

Substantial translocation of photosynthate from adjacent leaves and leaves outside the mainstem node is

necessary, suggesting that the source-to-sink patterns of vegetative-state cotton differ vastly from those of

reproductive cotton.  Because glyphosate generally follows the pattern of photoassimilate in plants (Sandberg et

al. 1980; Wyrill & Burnside 1976), translocation of 14C-glyphosate would therefore likely be affected in a

developmental stage-dependant manner.  Photosynthate, and thus glyphosate during reproductive growth, may

fail to accumulate in tissues that were sinks during vegetative stages, and instead begin accumulation in

different tissues during reproductive growth.  Other studies monitoring the patterns of photosynthate transport

in cotton using 14C-sucrose found that sucrose accumulated in roots during vegetative stages, but upon initiation

of bolls, the roots did not continue as a major sink  (Sabbe and Cathey 1969).  At 2WAFB, source-sink relations

are likely very different than at earlier growth stages, possibly accounting for the more homogeneous 14C-

glyphosate translocation patterns.

Distribution of 14C-glyphosate in cotton throughout its lifecycle.  The objective of this study was to measure

the amount of 14C-glyphosate applied POST at the four- and eight-leaf stages remaining in plant tissues at

various growth stages up to cutout (<5 nodes above highest first position white bloom).  The amount of 14C-

glyphosate recovered in plants treated at the four-leaf stage was less than those treated at the eight-leaf stage

plants at each growth stage harvest (Table 3).  This observation would suggest that degradation of non-absorbed

14C-glyphosate occurs on the leaf surface, or that absorbed 14C-glyphosate is being exuded from roots or lost to

the atmosphere to some extent.  These processes are enhanced the longer the 14C-glyphosate label is left on the

plant.  McAllister and Haderlie 1985 reported recovery averaging 42% of applied 14C-glyphosate in an outdoor

study where the 14C-glyphosate label was left on treated Cirsium arvense plants for eight days.  They

hypothesize that 14C loss over time could be from translocation of 14C beyond the region from which roots were

collected, possible metabolism of the herbicide (by the plant or by leaf surface microbiota) with a consequent

loss of 14CO2, or by rainfall washoff, regardless of protective measures.  The time dependent loss of glyphosate

from cotton plants mirrors the fate of glyphosate applied to crops under field conditions during a growing

season (Rodrigues et al. 1982). Therefore, at the cutout stage in the current study, up to 30% of glyphosate
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applied at the four-leaf stage and 39% of glyphosate applied at the eight-leaf stage remained within the cotton

plant (Table 3).

Throughout the lifecycle of cotton labeled with 14C-glyphosate, distribution patterns change.

Translocation of 14C-glyphosate to root tissue was growth-stage dependent.  In plants treated at the four-leaf

stage, accumulation of 14C-glyphosate in root tissue starts out at 96 Bq g-1, or 1.1% of applied 14C-glyphosate

(Tables 3 and 4).  As the plants entered reproductive stages, (twelve-leaf and midbloom), accumulation in the

roots dropped significantly.  Root growth in cotton increases as the plant develops until the onset of fruiting

(McMichael 1980).  Once fruiting commences, growth of above-ground tissues continue, but root growth is

suppressed  (Crowther 1934; McMichael 1980).  It follows therefore, that as fruiting is initiated more

photosynthate and thus 14C-glyphosate is diverted to developing fruits and less to roots.  Our data show a re-

accumulation of 14C-glyphosate in the roots at the cutout stage in plants treated at the four-leaf stage (Table 3,

4).  This re-accumulation could again be a demonstration of source-sink patterns in the plant.  As the plant is

exiting the reproductive phase, developed bolls may cease to be a major sink.  Because cotton is a perennial

plant, it is possible that late in the season, the plant begins transporting resources to the below-ground portion of

the plant in preparation for perennial regrowth the following season.

At all cotton growth stages with four- and eight-leaf applied 14C-glyphosate, accumulation based on

percent of applied 14C-glyphosate was highest in mature leaf tissue (Table 3).  Mature leaves constituted over

50% of the entire dry weight biomass of the plant, considerably more than any other organ (data not shown).

Because 14C-glyphosate accumulation in mature leaves on a Bq 14C-glyphosate g-1 basis is similar to other

tissues (Table 4), it does not appear to be an area of high 14C-glyphosate accumulation.  Mature stem and

subtending leaves are the major sources of assimilates for developing bolls (Benedict and Kohel 1975) and

would thus not be expected to accumulate 14C-glyphosate as sink tissues do.

As cotton progresses through its growth stages, the percent of applied 14C-glyphosate increases in

reproductive tissues.  In plants treated at the four-leaf stage, the percent of applied 14C-glyphosate accumulating

in the reproductive areas (sum of % in fruiting branches, squares, and bolls) increases from 2% at twelve-leaf

stage to 6.8% at cutout.  In eight-leaf treated plants accumulation increases from 3.0% at the twelve-leaf stage

to 3.7% at cutout, with 2.5% of the applied 14C-glyphosate accumulating in the bolls (Table 3).
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The concentration of 14C-glyphosate also increased in the reproductive tissues on a Bq g-1 basis.  At all

growth stages following 14C-glyphosate treatment at the eight-leaf stage, the concentration of 14C-glyphosate in

the squares is equivalent to or higher than the concentration in any other tissue (Table 4).  The concentration

reaches a maximum at the twelve-leaf stage with 43 Bq 14C-glyphosate g-1 square tissue and at the cutout stage

for bolls with 12 Bq 14C-glyphosate g-1 boll tissue.  The rate of 14C-glyphosate treated on the 5 cm2 area was

equal to 17% of the recommended field application rate of 1.12 kg ai ha-1.  Thus in a field application,

glyphosate accumulation theoretically would be 5.9 times greater for every 5 cm2 area treated than in this study.

Accumulation of 14C-glyphosate in squares from cotton at the twelve-leaf stage could reach 253.7 Bq or 0.48 µg

glyphosate per gram of tissue dry weight per 5 cm2 area treated.  Bolls from cotton at cutout could reach 0.14

µg glyphosate per gram of tissue dry weight per 5 cm2 area treated.  The biological significance of this level of

accumulation in reproductive tissue needs to be determined.

These data not only indicate that 14C-glyphosate remains in the plant tissue throughout the growing

season, but that 14C-glyphosate accumulates in reproductive tissues.  Because glyphosate metabolism by plants

is negligible (Duke 1988), the 14C-glyphosate remaining in the plant is assumed to be non-degraded glyphosate.

If these reproductive tissues are not as resistant to glyphosate as other tissue types due to differential expression

of the CP4-EPSPS gene, the accumulation of glyphosate could potentially lead to tolerance problems in the

reproductive tissues.

Overall, our results show that absorption and translocation differs with PD and POST applications of

14C-glyphosate.  14C-glyphosate absorption on an equal surface area with stem applications was greater than

with foliar treatments.  However, the practical implications of this observation is unknown.  Because leaf tissue

constitutes a greater total surface area than stem surface area on cotton plants, total foliar absorption is likely

still greater than stem absorption in field applications.

Translocation of 14C-glyphosate in plants with foliar applications was primarily to foliar plant tissue,

while with stem applications, translocation to roots and stem tissue was greatest. Thirty to thirty-seven percent

of the 14C-glyphosate applied to plants at the four- and eight-leaf stages remains within plants at cutout.  14C-

glyphosate accumulates in reproductive tissues such as squares and bolls beginning at the 10-leaf stage and

increases in later growth stages, especially in plants treated at the eight-leaf stage.  In general, these data may

offer some explanation for the observations of greater reproductive structure loss in glyphosate-resistant cotton
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fields in the southeastern United States. However, further research investigating the expression of the CP4-

EPSPS gene in reproductive tissues, the biological significance of glyphosate accumulation in tissues, and

environmental effects on glyphosate-resistant cotton growth and tolerance are needed.

SOURCES OF MATERIALS

   1 Metro-Mix 360, Scotts-Sierra Horticultural Products Co., 14111 Scottslawn Rd., Marysville, OH 43041

   2 Sigma Co., 11542 Fort Mims Dr., St. Louis, MO 63146-3510

   3 Induce nonionic low foam wetter/spreader adjuvant contains 90% nonionic surfactant

(alkylarylpolyoxyalkane ether and isopropanol), free fatty acids, and 10% water.  Helena Chemical Co., Suite

500, 6075 Poplar Avenue, Memphis, TN 38137.

   4 Coffee Mill.  Mr. Coffee, 24700 Miles Road, Bedford Heights, OH 44146-1399.

   5Harvey biological oxidizer.  J. Harvey Instrument Corporation, 123 Patterson Street, Hillsdale, NJ 07642.

6Statistical Analysis Systems (SAS) software, Ver. 8, SAS Institute, Inc., Box 8000, SAS Circle, Cary, NC.

ACKNOWLEDGEMENTS

   The authors would like to express thanks to North Carolina cotton growers for funding of this research, Jamie

Hinton and Ian Burke for technical assistance, Dr. Cavell Brownie for statistical consultation, and Drs. James

Burton, Alan York, Stephen Duke and Shawn Askew for reviewing this manuscript.



81

LITERATURE CITED

Anonymous. 1999.  Roundup Ultra supplemental label 21137X3-20 In Crop Protection Chemicals Reference. C

& P Press, New York.

Barry, G., G. Kishore, S. Padgette, M. Taylor, K. Kolacz, M. Weldon, D. Re, D. Eichholtz, K. Fincher, and L.

Hallas. 1992.  Inhibitors of amino acid biosynthesis:  Strategies for imparting glyphosate tolerance to

crop plants.  Pages 139-145 In B.K. Singh, et al. (Eds). Biosynthesis and Molecular Regulation of

Amino Acids in Plants.  Am. Soc. Plant Physiologists, Rockville, MD.

Benedict, C. R. and R. J. Kohel.  1975.  Export of 14C-assimilates in cotton leaves.  Crop Sci. 15: 367-372.

Camacho, R. F. and L. J. Moshier. 1991.  Absorption, translocation and activity of CGA-136872, DPX-V9360,

and glyphosate in rhizome johnsongrass (Sorghum halepense). Weed Sci. 39:354-357.

Crowther, F.  1934.  Studies in growth analysis of the cotton plant under irrigation in the Sudan. I. The effects

of different combinations of nitrogen applications and water supply.  Ann. Bot. 48:877-913.

Davis, H. E., R. S. Fawcett, and R. G. Harvey. 1979.  Effects of frost and maturity on glyphosate phytotoxicity,

uptake and translocation.  Weed Sci. 27:110-114.

De Souza, J. G. and J. Vieira da Silva.  1987.  Partitioning of carbohydrates in annual and perennial cotton

(Gossypium hirstum L.).  J. Exp. Bot.  38 (192):1211-1218.

Duke, S. O. 1988. Glyphosate. Pages 1-70 In Kearney, P.C. and D.D. Kaufman. (Eds). Herbicides; Chemistry,

Degradation and Mode of Action. Marcel Dekker, Inc., New York.

Ferreira, K. L., D. J. Jost, G. A. Dixon, and D. W. Albers.  1998.  Roundup Ready cotton fruiting pattern

response to over the top applications of Roundup Ultra after the 4-leaf stage.  Proc. Beltwide Cotton

Conf. 1998:848.

Gaskin, R. E. and P. J. Holloway.  1992.  Some physicochemical factors influencing foliar uptake enhancement

of glyphosate-mono(isopropylammonium) by polyoxyethylene surfactants. Pestic. Sci. 34:195-206.

Gougler, J. A. and D. R. Geiger. 1981.  Uptake and distribution of N-phosphonomethylglycine in sugarbeet

plants.  Plant Physiol. 68:668-672.

Harris, H. M. and W. K. Vencill. 1999.  Uptake and translocation of 14C-glyphosate in glyphosate-resistant

cotton.  Weed Sci. Soc. Am. Abstr. 40: 157A.



82

Jones, M. A. and C. E. Snipes. 1999.  Tolerance of transgenic cotton to topical applications of glyphosate. J.

Cotton Sci. 3:19-26.

Kalaher, C. J. and H. D. Coble. 1998.  Fruit abscission and yield response of roundup-ready cotton to topical

applications of glyphosate.  Proc. Beltwide Cotton Conf. 1998:849.

Masiunas, J. B. and S. C. Weller. 1988. Glyphosate activity in potato (Solanum tuberosum) under different

temperature regimes and light levels. Weed Sci. 36:137-140.

Mauney, J. R. 1986.  Development of the plant,  pages 11-28 In J. R. Mauney and J. McD. Stewart (Eds.).

Cotton Physiology. The Cotton Foundation, Memphis, TN. 2: 11-28.

McAllister, R. S. and L. C. Haderlie. 1985.  Translocation of 14C-glyphosate and 14CO2-labeled photoassimilates

in Canada thistle (Cirsium arvense).  Weed Sci. 33:153-159.

McMichael, B. L. 1980.  Water stress adaptation. Pages 183-204 In J.D. Hesketh and J.D. Jones (Eds.).

Predicting Photosynthesis for Ecosystem Models. CRC Press.

McWhorter, C. G., T. N. Jordan, and G. D. Wills. 1980. Translocation of 14C-glyphosate in soybeans (Glycine

max) and johnsongrass (Sorghum halepense). Weed Sci. 28:113-118.

Nida, D. L., K. H. Kolacz, R. E. Buehler, W. R. Deaton, W. R. Shuler, T. A. Armstrong, M. L. Taylor, C. C.

Ebert, G. J. Rogan, S. R. Padgette, and R. L. Fuchs. 1996.  Glyphosate-tolerant cotton: Genetic

characterization and protein expression. J. Agric. Food Chem. 44:1960-1966.

Padgette, S. R., K. H. Kolacz, X. Delannay, D. B. Re, B. J. LaVallee, C. N. Tinius, W. K., Rhodes, Y. I. Otero,

G. F. Barry, D. A. Eichholtz, V. M. Peschke, D.L. Nida, N.B. Taylor, and G. M. Kishore. 1995.

Development, identification, and characterization of a glyphosate-tolerant soybean line.  Crop Sci.

35:1451-1461.

Pline, W., K. Edmisten, J. Wilcut, R. Wells. 2001.  Effect of glyphosate (Roundup Ultra) on pollen viability and

pollination in Roundup Ready cotton.  Proc. Beltwide Cotton Conf. 2001 (in press).

Reynolds, T. L.  2000.  Comparison of post-direct and "over-the-top" Roundup Ultra (Glyphosate) applications

in Roundup Ready Cotton using a spray application method with radiolabeled glyphosate.  Proc.

Beltwide Cotton Conf. 2000:662.



83

Rodrigues, J. J. V., A. D. Worsham, and F. T. Corbin.  1982.  Exudation of glyphosate from wheat (Triticum

aestivum) plants and its effects on interplanted corn (Zea mays) and soybeans (Glycine max).  Weed

Sci.  30:316-320.

Sabbe, W. E. and G. W. Cathey.  1969.  Translocation of labeled sucrose from selected cotton leaves.  Agron. J.

61:436-438.

Sandberg, C. L., W. F. Meggitt, and D. Penner. 1980.  Absorption, translocation and metabolism of 14C-

glyphosate in several weed species.  Weed Res. 20:195-200.

Tardiff, F. J. and G. D. Leroux.  1991.  Translocation of glyphosate and quizalofop and metabolism of

quizalofop in quackgrass biotypes (Elytrigia repens).  Weed Technol. 5:525-531.

Vargas, R. N., S. Wright, and T. M. Martin-Duvall.  1998.  Tolerance of Roundup Ready cotton to Roundup

Ultra applied at various growth stages in the San Joaquin Valley of California.  Proc. Beltwide Cotton

Conf. 1998:847.

Wills, G. D.  1978.  Factors affecting toxicity and translocation of glyphosate in cotton (Gossypium hirsutum).

Weed Sci. 26:509-513.

Wullschleger, S. D. and D. M. Oosterhuis.  1990.  Photosynthetic carbon production and use by developing

cotton leaves and bolls.  Crop Sci. 30:1259-1264.

Wyrill, J. B. and O. C. Burnside.  1976.  Absorption, translocation, and metabolism of 2,4-D and glyphosate in

common milkweed and hemp dogbane.  Weed Sci. 24:557-566..



84

Table 1. Distribution of 14C-glyphosate in GR cotton (DP 5415RR) treated at 4, 8, 12 leaf stage, or 2 WAFB with either POST or PD treatments.

Growth Stage at Treatment

4-leaf 8-leaf 12-leaf 2 WAFB

Treatment placement

Tissues POST PD POST PD POST PD POST PD Inter-
actiond

_____________________________________________________________Bq g-1 dry weighta_____________________________________________________________

Treated leaf/stem 2,802 (bc)b 4,413 (a) 3,100 (ab) 1,385 (d) 1,960 (cd) 1,337 (c) 1,145 (d) 502 (e) *

Mature leaves 57 c c (a) 153 b (a) 13 b (b) 30 c (b) 24 b (b) 15 b (b) 11 b (c) 8 cd (c) NS

Immature
leaves/buds

256 a (a) 261 ab (a) 28 ab (c) 113 b (b) 19 b (cd) 15 b (cd) 66 a (cd) 19 bc (d) *

Stems 127  b (ab) 336 a (a) 21 b (d) 66 bc (c) 77 a (cd) 89 a (bc) 21 ab (e) 12 cd (e) NS

Roots 53 c (b) 1,029 a (a) 57 a (b) 837 a (a ) 6 c (c) 126 a (b) 23 ab (c) 83 a (b) NS

Fruiting branches N/A N/A N/A N/A 56 bc (a) 13 b (a) 18 ab (ab) 6 d (b) NS

Squares N/A N/A N/A N/A 13 bc (a) 10 b (a) 48 ab (a) 46 b (a) NS

Bolls N/A N/A N/A N/A N/A N/A 23 ab (a) 11 bcd (a) N/A

   aReported means are actual means, however all statistical analyses were performed on the logarithmically transformed means.

    bMeans in each row (tissue) were separated using Fisher’s Protected LSD (α = 0.05) .  Means that are followed by the same letter in parentheses are not

significantly different (α = 0.05).

   cMeans in each column excluding the treated leaf/stem were separated using Fisher’s Protected LSD (α = 0.05).  Means that are followed by the same letter

without parentheses are not significantly different (α = 0.05).

   d Indication of whether the treatment placement x growth stage at treatment interaction was significant (α = 0.05) for each tissue type.  Significant interactions

are indicated by ‘*’, and non-significant interactions by ‘NS’.
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Table 2. Distribution of 14C-glyphosate in GR cotton (DP 5415RR) treated at 4-, 8-, 12-leaf stage, or 2 WAFB with either POST or PD treatments.

Growth Stage at Treatment

4-leaf 8-leaf 12-leaf 2 WAFB

Treatment Placement

Tissues POST PD POST PD POST PD POST PD LSD a Inter-
actionc

_______________________________________________% of 14C-glyphosate applied_______________________________________________

Leaf wash 72.0 64.0 72.0 22.0 67.0 33.0 70.0 34.0 18.9 NS

Treated leaf/stem 10.0 12.2 26.8 11.7 26.7 31.2 13.2 19.0 11.3 *

Mature leaves 0.6 b a 2.4 a 1.0 a 2.4 b 4.4 ab 3.3 bc 2.5 a 2.0 b 2.8 NS

Immature leaves/buds 0.9 a 0.7 a 0.6 a 3.2 b 0.5 b 0.5 c 2.3 a 0.6 b 2.1 *

Stems 0.6 b 0.7 a 0.7 a 1.6 b 11.2 ab 11.6 a 7.0 a 7.7 b 7.1 NS

Roots 0.1 c 3.2 a 1.0 a 13.9 a 0.4 b 8.2 ab 2.1 a 10.0 a 5.3 NS

Fruiting branches N/A N/A N/A N/A 6.4 ab 1.9 c 5.9 a 1.5 b 7.5 NS

Squares N/A N/A N/A N/A 0.2 b 0.3 c 0.8 a 3.7 b 0.9 NS

Bolls N/A N/A N/A N/A N/A N/A 1.9 a 0.9 b 1.6 N/A

   a Means in each row (tissue) were separated using Fisher’s Protected LSD (α = 0.05).

   b Means in each column excluding the treated leaf or stem were separated using Fisher’s Protected LSD (α = 0.05).  Means that are followed by the same letter

are not significantly different (α = 0.05).

c Indication of whether the treatment placement x growth stage at treatment interaction was significant (α = 0.05) for each tissue type.  Significant interactions are

indicated by ‘*’, and non-significant interactions by ‘NS’..
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Table 3.  Distribution of foliar-applied 14C-glyphosate in GR cotton (DP 5415RR) treated at 4 and 8 leaf stages and harvested at various growth stages.

Treated at 4 leaf stage Treated at 8 leaf stage

Growth Stage at Harvest Inter-

8 leaf 12 leaf midbloom cutout 10 leaf 12 leaf midbloom cutout action

______________________________________________________________________% of applied____________________________________________________________________

Leaf wash 38.0 (ab)b 12.8 (d) 16.7 (cd) 10.3 (d) 44.1 (a) 27.9 (bc) 24.4 (c) 27.2 (c) NS

Treated leaf 41.4 (bcd) 31.8 (cd) 10.9 (d) 12 (d) 48.9 (ab) 42.4 (abc) 49.8 (a) 28.7 (abc) *

Mature leaves 2.9 a c (abcd) 7.8 a (a) 3.3 ab (ab) 5.7 a (ab) 2.1 a (bcd) 1.8 abc (d) 3.4 a (abcd) 2.0 a (cd) NS

Immature leaves/buds 1.3 ab (a) 0.6 c (a) 1.1 bc (a) 0.4 d (a) 0.5 b (a) 0.9 bc (a) 0.5 cd (a) 0.7 ab (a) NS

Roots 1.1 b (ab) 0.6 c (ab) 0.5 c (b) 2.2 b (a) 1.2 ab (ab) 0.4 c (b) 1.7 bc (a) 0.5 b (b) *

Stems 1.5 ab (b) 4.3 ab (a) 1.6 ab (ab) 2.7 ab (ab) 1.7 a (ab) 1.9 ab (ab) 0.9 bcd (b) 1.8 a (ab) NS

Fruiting branches N/A 1.9 b (a) 1.4 bc (a) 4.7 ab (a) 0.9 ab (ab) 2.2 a (a) 1.8 ab (a) 1.1 ab (a) NS

Squares N/A 0.1 d (b) 0.2 d (b) 0.4 c (bc) 0.1 c (bc) 0.8 abc (a) 0.5 d (a) 0.1 c (c) *

Bolls N/A  N/A 0.5 cd (b) 1.7 b (a)  N/A  N/A 0.5 cd (ab) 2.5 a (a) NS

Ttl. recovery 86.2  60.0 36.2 40.1  99.5  78.3 83.5 64.6

   aReported means are actual means, however all statistical analyses were performed on the logarithmically transformed means.

   b Means in each row (tissue) were separated using Fisher’s Protected LSD (α = 0.05).  Means that are followed by the same letter in parentheses are not

significantly different (α = 0.05).

   c Means in each column excluding the treated leaf were separated using Fisher’s Protected LSD (α = 0.05) Means that are followed by the same letter

without parentheses are not significantly different (α = 0.05).
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d Indication of whether the treatment stage x harvest stage interaction was significant (α = 0.05) for each tissue type.  Significant interactions are indicated by

‘*’, and non-significant interactions by ‘NS’.
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Table 4.  Distribution of foliar-applied 14C-glyphosate in GR cotton (DP 5415RR) treated at 4 and 8 leaf stages and harvested at various growth stages.

Treated at 4 leaf stage Treated at 8 leaf stage

Growth Stage at Harvest Inter-

Tissues 8-leaf 12-leaf Midbloom Cutout 10-leaf 12-leaf Midbloom Cutout action

_________________________________________________________________________Bq g-1 dry weighta______________________________________________________________

Treated Leaf 2,884 (a) b 1,560 (abc) 612 (cd) 579 (d) 2,376 (ab) 1,886 (ab) 2,269 (ab) 1,757 (abc) *

Mature leaves 31 a c (a) 30 a (a) 12 ab (abc) 20 a (ab) 18 bc (abc) 12 b (c) 17 ab (abc) 9 ab (bc) NS

Immature
leaves/buds

64 a (a) 21 ab (b) 19 a (b) 8 a (b) 30 abc (ab) 23 ab (b) 8 bc (b) 21 a (b) NS

Roots 96 a (a) 8 bc (c) 5 c (c) 17 a (bc) 35 ab (ab) 8 b (c) 21 ab (bc) 16 ab (c) NS

Stems 39 a (a) 19 ab (bc) 6 bc (d) 8 a  (cd) 23 abc (ab) 11 b (cd) 4 c (d) 7 ab (d) NS

Fruiting branches N/A 11 abc (a) 7 c (a) 13 a (a) 10 c (a) 14 b (a) 6 bc (a) 4 b (a) NS

Squares N/A 7 bc (bc) 9 bc (c) 13 a (c) 32 a (a) 43 a (a) 37 a (ab) 10 ab (c) *

Bolls N/A  N/A 6 c (a) 8 a (a)  N/A  N/A 9 b (a) 12 ab (a) NS

   aAll means underwent logarithmic transformations.  Reported means are actual means, however all statistical analyses were performed on the

logarithmically transformed means.

   b Means in each row (tissue) were separated using Fisher’s Protected LSD (α = 0.05).  Means that are followed by the same letter in parentheses are not

significantly different (α = 0.05).

   c Means in each column excluding the treated leaf were separated using Fisher’s Protected LSD (α = 0.05).  Means that are followed by the same letter

without parentheses are not significantly different (α = 0.05).

d Indication of whether the treatment stage x harvest stage interaction was significant (α = 0.05) for each tissue type.  Significant interactions are indicated by

‘*’, and non-significant interactions by ‘NS’.
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Figure 1.  Absorption of 14C-glyphosate averaged over 3 and 7 DAT in GR cotton (DP5415RR) applied to a 5 cm2

area of either the stem (PD) or the newest mature leaf (POST) at four-, eight-, twelve-leaf, or 2 weeks after first

bloom growth stages.  Absorption values are expressed as a percent of applied 14C-glyphosate.  Means were

separated with Fisher’s Protected LSD at alpha=0.05.  Means with the same letter are not significantly different

from each other.
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CHAPTER 5.

Tolerance and Accumulation of Shikimic Acid in Response to Glyphosate Applications in Glyphosate-

Resistant and Non-Glyphosate Resistant Cotton (Gossypium hirsutum L.)

Measurement of shikimic acid accumulation in response to glyphosate inhibition of EPSPS is a rapid and

accurate assay to quantify glyphosate-induced damage in sensitive plants.  Two methods of assaying shikimic

acid, a spectrophotometric and an HPLC method, were compared for their accuracy of recovering known

amounts of shikimic acid spiked into plant samples.  The HPLC method recovered essentially 100% of shikimic

acid compared with only 73% using the spectrophotometric method.  Relative sensitivity to glyphosate was

measured in glyphosate-resistant (GR) and non-GR cotton leaves, fruiting branches, and squares (floral buds)

by assaying shikimic acid.  Accumulation of shikimic acid was not observed in any tissue, either GR or non-

GR, at rates of 5 mM glyphosate or less applied to leaves.  All tissues of non-GR plants accumulated shikimic

acid in response to glyphosate treatment, however, only fruiting branches and squares of GR plants accumulated

a slight amount of shikimic acid.  In non-GR cotton, fruiting branches and squares accumulated 18 and 11

times, respectively, more shikimic acid per µM of translocated glyphosate than leaf tissue, suggesting increased

sensitivity to glyphosate of reproductive tissue over vegetative tissue.  Glyphosate-resistant cotton leaves treated

with 80 mM of glyphosate accumulated 57 times less shikimic acid per µM of translocated glyphosate than non-

GR cotton, but only 12.4- and 4-fold less in fruiting branches and squares, respectively.  The increased

sensitivity of reproductive structures to glyphosate inhibition may be due to a higher demand for shikimate

pathway products, and may provide an explanation for reports of fruit abortion from glyphosate treated GR

cotton.

INTRODUCTION

The herbicide glyphosate inhibits the biosynthesis of the aromatic amino acids tryptophan, tyrosine,

and phenylalanine, in sensitive plant species (Siehl 1997).  Glyphosate competes with the substrate

phosphoenolpyruvate (PEP) for a binding site on the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS)

enzyme [EC 2.5.1.19].  EPSPS is encoded in the nucleus and imported to plastids where it converts shikimate-

3-phosphate and PEP into 5-enolpyruvylshikimate-3-phosphate (Siehl 1997).  Besides inhibiting aromatic
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amino acid biosynthesis in sensitive plants, the interaction between glyphosate and EPSPS interferes with the

production of secondary compounds derived from aromatic amino acids. The biosynthesis of proteins, auxins,

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

hundreds of other phenolic and alkaloid compounds may all be effected by EPSPS inhibition due to inhibition

of aromatic amino acid biosynthesis (Bentley 1990).

Upon EPSPS inhibition by glyphosate, shikimic acid, the metabolic precursor of shikimate 3-

phosphate, has been reported to increase rapidly in sensitive plants (Holländer-Czytko and Amrhein 1983;

Lydon and Duke 1988; Mollenhauer et al. 1987).  Accumulation of shikimic acid to high levels may be the

result of a loss of feedback control of the shikimic acid pathway by a downstream product which regulates the

activity of 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) synthase.  A lack of DAHP synthase

regulation may cause an unregulated flow of carbon to be diverted into intermediates upstream of the blocked

EPSPS enzyme in the shikimic acid pathway, mainly shikimic acid (Jensen 1985).  The immediate precursor to

EPSP at the EPSPS blockage point is shikimic acid 3-phosphate, but Holländer-Czytko and Amrhein (1983)

reported that this compound is likely cleaved in the tonoplast or vacuole by a phosphatase enzyme, yielding

shikimic acid.

Recently, methods of shikimic acid detection in glyphosate treated plant tissues have been refined and

may be used to rapidly determine glyphosate injury to sensitive plants as well as to evaluate the efficacy of

different glyphosate formulations (Harring et al. 1998; Singh and Shaner 1998).  A spectrophotometric method

for determination of shikimic acid was adapted from Gaitonde and Gordon (1958) by Singh and Shaner (1998).

The spectrophotometric method uses periodic acid to oxidize shikimic acid, producing trans-aconitic acid,

which can then be identified at 380 nm.  The HPLC method quantifies the actual shikimic acid molecule at 219

nm using an UV-visible spectrum detector (Lydon and Duke 1988).

Glyphosate resistance has been conferred to several crop plants, including cotton, by the incorporation

of a glyphosate-resistant CP4-EPSPS gene cloned from Agrobacterium sp. strain CP4, into their genomes

(Barry et al. 1992).  Singh and Shaner (1998) found accumulation of shikimic acid in non-glyphosate resistant

soybean (Glycine max Merr.L.) treated with glyphosate, but not in glyphosate-resistant (GR) G. max containing

the CP4-EPSPS gene.  This observation suggests that when sufficiently expressed, the CP4-EPSPS enzyme is
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capable of producing 5-enolpyruvylshikimate-3-phosphate in the presence of glyphosate with no observed

accumulation of shikimic acid.

Cotton varieties resistant to glyphosate have been commercially available since 1997.  Since that time,

growers and agronomists have expressed concern over instances of decreased boll retention and pollination

problems in glyphosate-treated GR cotton.  Previous research has demonstrated translocation and accumulation

of 14C-glyphosate in reproductive structures, reductions in pollen viability and abnormal floral anatomy and boll

loss in glyphosate-treated GR cotton (Jones and Snipes 1999; Pline et al. 2001a, b; Yasuor et al. 2000).

The current study investigates whether the reports of fruit abscission and pollination problems due to

glyphosate treatments to GR cotton can be explained by innate differences in glyphosate sensitivity between

reproductive and vegetative organs.  Shikimic acid accumulation was used as a measure of glyphosate

sensitivity.  If the CP4-EPSPS gene were poorly expressed in reproductive tissues, the magnitude of difference

in shikimic acid accumulation between glyphosate sensitive and resistant tissues may be lower upon treatment

with glyphosate than in tissues where it is sufficiently expressed.  Shikimic acid may also accumulate in

glyphosate-resistant tissues if there were insufficient GR CP4-EPSPS present.  In this scenario, the native

EPSPS present would be inhibited by glyphosate allowing shikimic acid to accumulate because little non-

inhibited EPSPS (either native or CP4-EPSPS) enzyme would be available to convert the shikimic acid to 5-

enolpyruvylshikimate-3-phosphate.  Differences in glyphosate sensitivity among tissues may provide an

explanation for the observed increased fruit abscission and developmental abnormalities upon glyphosate

treatment in GR cotton.

MATERIALS AND METHODS

Measurement of Shikimic Acid Accumulation in Glyphosate Treated Tissues.

Plant Material.  Two isogenic Delta Pine & Land cotton varieties were used for all studies.  ‘DP 5415RR’

(glyphosate resistant) and ‘DP 5415’ (non-glyphosate resistant) cotton were planted in 30-cm pots containing

Metro-Mix 3601.  Pots were thinned to one plant per pot at emergence, and were grown in a plastic greenhouse

maintained at 25° ± 2 C constant temperature where natural sunlight was supplemented 4 h daily with mercury

halide lights providing a total of a 16-h day length.  The leaf subtending the first position square on the first
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fruiting branch (dedicated reproductive branch bearing fruit) was treated with glyphosate 5 days before anthesis.

A 9-cm2 area of the leaf surface was covered with 43 µL of herbicide solution containing an 80, 40, 10, 5, 1, or

0 mM solution of glyphosate (Roundup Ultra)2.  These rates, per 9-cm2 area, corresponded to field rates of 8.96,

4.48, 1.12, 0.560, 0.112, or 0 kg ae/ha glyphosate.  To quantify the percent of total applied glyphosate

accumulating in treated leaves, squares, and fruiting branches, each treatment included 3.3 kBq 14C-glyphosate3.

Plants were harvested 72 h after treatment.  The treated leaf was washed with 10-mL of 1:1 water: methanol +

0.25% (v/v) non-ionic surfactant4.  A 1-mL subsample from each leaf rinse was counted using liquid

scintillation spectrometry to determine the amount of non-absorbed herbicide.  Plants were divided into the

following parts: treated leaf, square subtending to treated leaf, and fruiting branch to which leaf and square were

attached before separation.  Plant parts were put on ice immediately and transported to the laboratory where

they were stored at –30° C until analysis.

Shikimic Acid Analyses.  For shikimic acid measurements in reproductive stage plants, both the HPLC

procedure of Harring et al. (1998) and the spectrophotometric procedure of Singh and Shaner (1998) were used

and compared.  Samples were ground in liquid nitrogen and extracted with 4 mL of 0.01 M H2SO4 g
-1 tissue for

60 minutes on a shaker.  One mL of 0.4 M NaHCO3 was added and samples were centrifuged at 10,000 g for 10

minutes at 4° C.  The supernatant was stored at -30° C until analysis.  For HPLC analysis, the sample was

diluted 5 fold and was analyzed according to the methods of Lydon and Duke (1988) with a 65 µL injection

volume separated on an Allsphere ODS-1 column5 using a Water’s6 Lambda Max model 481 UV-visible

spectrum detector.  For the spectophotometric analysis, 20-50 µL of the non-diluted sample was analyzed

according to the methods of Singh and Shaner (1998) using a Perkin Elmer7 UV/VIS Lambda 10 Spectrometer.

Comparison of HPLC and Spectrophotometric Shikimic Acid Assays.  HPLC and spectrophotometric methods

were directly compared by adding either 435.5, 54.4, 6.8, 0.9, or 0.1 µg shikimic acid8 standard mL-1 plant

supernatant from multiple non-glyphosate treated plants.  Identical samples containing known shikimic acid

concentrations were analyzed either by the HPLC or spectophotometric methods.  A standard curve was

developed using pure shikimic acid standards with known concentrations for each method.  The µg shikimic
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acid mL-1 plant supernatant from all plants was determined by comparison with the standard curves for each

respective method.

Measurement of 14C-Glyphosate Translocation in Reproductive Stage Plants.  The remaining plant residue,

after extraction was force-air dried at 50° C and combusted using a Harvey9 Biological Oxidizer to recover any

non-extracted 14C-glyphosate.  A 100-µL sample of the supernatant was analyzed for 14C-glyphosate content

using liquid scintillation spectrometry.  The sum of 14C-glyphosate from the extracted and non-extracted

fractions was divided by the total amount of 14C-glyphosate applied to determine translocation.  The percent

translocation was then multiplied by the concentration of glyphosate applied to determine the amount of

glyphosate translocated to each organ.

Experimental Design and Statistical Analysis.  Studies were arranged in a randomized complete block design

with 4 replications (blocks).  Each study was repeated 3 times.  Data were subjected to analysis of variance

using SAS10 version 8.0.  Data from the three repeated experiments were combined due to non-significant run

interactions.  Glyphosate translocation means were separated using Fisher’s Protected LSD test at alpha = 0.05.

Data for shikimic acid accumulation over glyphosate accumulation, and comparsion of shikimic acid assays,

were subjected to regression analysis.  For shikimic acid accumulation at various glyphosate rates, standard

errors for each mean are reported.

RESULTS AND DISCUSSION

Comparison of HPLC and Spectrophotometric Analyses of Shikimic Acid.  Because shikimic acid is

commonly detected either by a spectrophotometric or HPLC assay, the two methods were compared for

detection efficiency.  Shikimic acid accumulation as detected by the HPLC and spectrophotometric assays

differed in samples of plant extract spiked with known amounts of shikimic acid (Figure 1).  The slope of the

supplemented versus observed µg shikimic acid mL-1 line from HPLC samples was 1.04, indicating high

correlation between expected and observed shikimic acid at all concentrations (Figure 1).  In contrast, the slope

of the line from spectrophotometric samples was 0.73, suggesting that shikimic acid concentration was
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underestimated.  The percent deviation from the expected amount of shikimic acid did not depend upon

shikimic acid concentrations, although the actual numerical difference increased with increasing shikimic acid

concentrations.  These data suggest that the spectrophotometric method may be less precise in its estimation of

shikimic acid concentration than the HPLC method.  Singh and Shaner (1998) reported greater than 80%

recovery of spiked shikimic acid in crude extracts; however, recovery in the spectrophotometric method in this

study reached a maximum at 73%.  In plant samples with high amounts of shikimic acid (as determined by the

HPLC method), 20 µL of sample was used for spectrophotmetric analysis instead of 50 µL.  Even by measuring

smaller sample volumes (thus diluting samples), maximum values of shikimic acid accumulation only reached

65 to 80% of those from the HPLC method (Figures 3a-c). The concentration of shikimic acid where detection

was saturated for both the HPLC and the spectrophotometer was similar.  The HPLC method reached a

detection plateau at 14.1 µg shikimic acid per sample, while the spectrophotometric method plateaued at 13.6

µg shikimic acid. The proximity of the detection saturation points of the two methods cannot account for the

lower recovery observed with the spectrophotometric method.  The two methods actually quantify different

compounds, at different wavelengths.  The spectrophotometric method measures trans-aconitic acid at 380 nm,

while the HPLC method measures actual shikimic acid at 219 nm (Lydon and Duke 1988).  The detection of

two different compounds at two different wavelengths may explain some of the differences between the two

methods.  Although both methods may show relative differences in shikimic acid accumulation, these data

suggest that the spectrophotometric method may underestimate the true amount of shikimic acid in each sample,

especially in samples with high amounts of shikimic acid.

Effect of Rate and Variety on Glyphosate Translocation.  Translocation of glyphosate from the point of

application to a non-treated tissue determines the glyphosate dose present in a tissue, and thus the amount of

glyphosate injury.  14C-glyphosate applied to the treated leaf of reproductive stage cotton plants was

subsequently translocated to fruiting branches and squares.  The percent of applied glyphosate remaining in the

treated leaf did not vary significantly by glyphosate rate or by variety (DP 5415 or DP 5415RR) (Table 1).

Approximately 60% of the applied glyphosate remained in the treated leaf. Translocation to fruiting branches

was dependent upon both variety and rate.  The greatest percent of glyphosate translocation occurred at the 1

mM glyphosate rate in DP 5415RR, with 8.1% of the applied glyphosate accumulating in the fruiting branch.
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At the 1 and 5 mM glyphosate rates, translocation to fruiting branches was significantly greater in DP 5415RR

than in DP 5415 (Table 1).  These data may suggest that a greater amount of glyphosate is able to translocate

out of the treated leaf in DP 5415RR because glyphosate induced cellular damage to leaf tissue does not occur

to the same extent as in DP 5415.  In leaves treated with 10, 40, or 80 mM of glyphosate, visual injury at the

area of application was observed in DP 5415 leaves, but not in DP 5415RR leaves 72 hours after treatment.

Field studies of GR cotton have reported no observable foliar injury due to glyphosate treatment (Jones and

Snipes 1999).

Translocation of glyphosate to squares was dependent upon glyphosate rate, but not on variety.  At 1

mM glyphosate, 12.4% of applied glyphosate was translocated to square tissue in both DP 5415 and DP

5415RR (Table 1).  At higher rates, however, translocation ranged from 1.4 to 6.2% of applied glyphosate.

Pline et al. (2001a) showed that 0.2% of applied glyphosate translocated to squares when applications were

made to the upper-most fully expanded main stem leaf at the 12-leaf growth stage.  The higher rate of

translocation to squares in the current study is a result of the fact that glyphosate was applied to the subtending

leaf of the square, which is in closer proximity to the squares than the upper-most fully expanded main stem

leaf.  Benedict and Kohel (1975) reported that subtending leaves are a major source of photoassimilate for

developing bolls.  Glyphosate translocation generally follows the path of photoassimilates in plants (Gougler

and Geiger 1981; Sandberg et al. 1980; Wyrill and Burnside 1976).  Therefore, it is not unexpected that

developing squares, would accumulate more glyphosate than fruiting branches, which may not be as strong of a

sink as reproductive squares, even though fruiting branches are in closer proximity to the glyphosate-treated

subtending leaf.

The amount of applied glyphosate per gram of tissue generally followed the pattern of percent of

applied glyphosate translocation (Table 1 and Figures 2a-c).  Treated leaves retained 1.86 mM g-1 of glyphosate

at the 1 mM rate, and reach 91 mM g-1 at the 80 mM rate (Figure 2a).  Fruiting branches from DP 5415RR

accumulated more glyphosate than those from DP 5415 at the 1, 5, and 10 mM rates of glyphosate, but do not

differ at the 40 and 80 mM rates (Figure 2b).  Accumulation in fruiting branches reaches a maximum at the 80

mM rate with 2,510 µM glyphosate g-1.  In squares, accumulation reaches a maximum at the 80 mM rate of

3,220 µM glyphosate g-1 (Figure 2c).  Thus, translocation of glyphosate from the point of application to other
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tissues resulted in different doses of glyphosate, which can subsequently be correlated with shikimic acid

accumulation.

Shikimic Acid Accumulation in Reproductive Stage Plants.  Estimations of shikimic acid in samples differed

between the HPLC and spectrophotometer methods (Figures 3a-c).  In samples with low amounts of shikimic

acid, estimations from both methods are comparable; however, in samples with higher amounts of shikimic

acid, the spectrophotometric method estimates of shikimic acid were 15 to 35% less than the HPLC method.

Because of these differences, and the greater accuracy of the HPLC method (Figure 1), only HPLC data will be

described when comparing shikimic acid accumulation.

Shikimic acid accumulation was dependent on the tissue measured, rate of glyphosate applied, and the

cotton variety.  Shikimic acid accumulation in DP 5415RR was generally independent of rate, with very little

accumulation in any tissue, even up to the 40 and 80 mM glyphosate rates (Figure 3a-c).  Singh and Shaner

(1998) reported that GR soybean treated with 0.75 kg ai/ha glyphosate contained only 0.2 µM shikimic acid g-1

fresh weight.  Because shikimic acid is a metabolic intermediate in the shikimate pathway, there is likely some

low background level present at all times in the plant.  This concentration may differ in different tissues.  Our

data show a background level of 0.2 µM shikimic acid g-1 fresh weight in the leaves and fruiting branches of

non-treated cotton, but 0.8 µM shikimic acid g-1 fresh weight in squares from non-treated cotton (Figures3a-c).

Background levels of shikimic acid did not differ among the two varieties.  Different levels of endogenous

shikimic acid may reflect differences in tissue function, or may suggest a generally slower incorporation of

shikimic acid into downstream products, thus resulting in slightly elevated levels in comparison to other tissues.

To our knowledge, there are no reports to date comparing endogenous levels of shikimic acid in vegetative and

reproductive tissues.

In contrast to DP 5415RR, shikimic acid accumulation in DP 5415 cotton increased with increasing

rates of glyphosate.  At the 1 and 5 mM glyphosate rates, elevated shikimic acid was not evident in any tissues,

however, at the 10, 40, and 80 mM glyphosate rates, shikimic acid increased.  Shikimic acid reached 10.1 µM g-

1 fresh weight at the 80 mM glyphosate rate in treated leaves (Figure 3a).  In the fruiting branch, accumulation

peaked at 4.04 µM shikimic acid g-1 fresh weight, and in the square at 4.33 µM shikimic acid g-1 fresh weight

(Figure 3b,c).  These upper levels of shikimic acid accumulation are in general agreement with those reported in
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other sensitive plants.  Harring et al. (1998) reported 18 to 21 µM of shikimic acid g-1 fresh weight after a whole

plant treatment of 1 kg ai/ha glyphosate in Brassica napus L.  Corn plants treated with a whole plant application

of 0.75 kg ai/ha glyphosate reached a maximum of 12 µM of shikimic acid g-1 fresh weight 10 days after

treatment (Singh and Shaner 1998).  However, the amount of glyphosate reaching the analyzed tissue is not

known in either of these studies.

To compare relative differences in shikimic acid accumulation in response to increasing doses of

glyphosate, the relationship between glyphosate accumulation and accumulated shikimic acid concentration was

described using linear regression analysis.  In DP 5415RR treated leaves, shikimic acid did not accumulate in

response to glyphosate (slope = -2 x 10-6; Figure 4a).  In DP 5415RR fruiting branches and squares; however, a

slight accumulation of shikimic acid was observed in response to glyphosate (slopes: 8 x 10-5 and 6 x 10-5,

respectively; Figures 4b, c).  Although small, the difference in glyphosate accumulation among fruiting

branches, squares, and leaves may explain why glyphosate is more injurious to squares and fruiting branches

than to leaves of GR cotton.  Harring et al. (1998) showed a high correlation between accumulation of shikimic

acid 48 h after treatment and percent plant death 14 d after treatment.  Even low levels of shikimic acid

accumulation corresponded to pronounced tissue injury.  The accumulation of shikimic acid is not in itself toxic

to plants, however accumulation signals that EPSPS is inhibited, leading to perturbation of plant metabolic

control (Siehl 1997).

Glyphosate-induced shikimic acid accumulation was much higher in DP 5415 than in DP 5415RR

plants.  In DP 5415-treated leaves, 0.1 nM shikimic acid per µM of glyphosate g-1 fresh weight accumulated

(Figure 4a).  However, in fruiting branches and squares, 1.8 and 1.1 nM shikimic acid accumulated per µM of

glyphosate g-1 fresh weight (Figure 4b, c).  This increase suggested that following glyphosate treatments,

fruiting branches and squares accumulate 18- and 11-fold more shikimic acid per µM of glyphosate than treated

leaves.  The increase in shikimic acid accumulation in fruiting branches and squares compared to the leaves was

similar in DP 5415 and DP 5415RR.  Becerril et al. (1989) reported higher accumulation of shikimic acid in the

flowers than in the leaf tissue of velvetleaf (Abutilon theophrasti L.), following glyphosate treatments.  It was

hypothesized that the ability of a flower to act as a terminal sink would allow it to continuously accumulate

glyphosate, therefore increasing the amount of shikimic acid and glyphosate toxicity over time.  The short

duration of the current study (72 hours) may thus underestimate the amount of glyphosate and shikimic acid that
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may accumulate in developing squares over a longer time period.  Additionally, there has been little evidence of

glyphosate metabolic degradation in higher plants, so as glyphosate continues to translocate in the phytotoxic

parental form, shikimic acid accumulation may reach even higher levels in squares after 72 hours (Duke 1988).

The ratio of DP 5415 to DP 5415RR accumulation of shikimic acid per µM glyphosate also reflects an

innate difference in glyphosate sensitivity among tissues.  At low rates of glyphosate (<10 mM), elevated

shikimic acid is not evident in any tissue from either DP 5415 or DP 5415RR (Figure 5).  However, at 40 and

80 mM of glyphosate, treated leaves of DP 5415RR accumulated 30- and 60-fold less shikimic acid per µM

glyphosate than treated leaves of DP 5415, respectively.  However, fruiting branches of DP 5415RR

accumulated only 6.6 and 12.4 fold less shikimic acid per µM glyphosate than fruiting branches of DP 5415, at

40 and 80 mM glyphosate respectively.  The magnitude of difference between accumulation in DP 5415 and DP

5415RR squares was the least of all tissues.  At 40 and 80 mM glyphosate, DP 5415RR squares accumulated

only 2 and 4 fold less shikimic acid, respectively, than did squares from DP 5415.  These differences would

suggest that at 80 mM of glyphosate, treated leaves of DP 5415RR are 60-fold more resistant to glyphosate

(accumulated 60 fold less shikimic acid) than those of DP 5415, while DP 5415RR fruiting branches and

squares are only 13- and 4-fold more resistant, respectively.

Because an increase above background level of shikimic acid is often associated with glyphosate

induced injury (Mollenhauer et al. 1987), differences in accumulation among tissues may suggest relative

differences in glyphosate tolerance between these tissues.  Reduced reproductive tolerance to glyphosate has

been reported in transgenic glyphosate resistant tobacco (Nicotinia tabacum L.) plants containing different

constructs of the CP4-EPSPS gene encoded in either the chloroplast or nuclear genomes (Ye et al. 2001).  In all

constructs, the amount of glyphosate needed to reach 50% injury (50% reduction in seed set) of reproductive

tissues was less than that for vegetative tissues.  Western blot analysis of tobacco plants containing these

constructs indicated that CP4 protein levels were 10-fold lower in flower petals and 50-fold lower in immature

anthers and ovaries than in mature leaf tissue (Ye et al. 2001).  The reduced reproductive organ EPSPS

expression was explained to be due to lower plastid numbers in these cells.

Differing levels of native EPSPS expression has been reported to occur in different organs of wheat

(Triticum aestivum L.), petunia, and tomato (Lycopersicon esculentum L.).  In wheat plants, developed leaves

contained 43% of the total EPSPS plant enzyme, while roots contained 5 to 40% (Arnaud et al. 1994).  In
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mature petunia plants, EPSPS expression is very high in petals, but barely detectable in mature leaves (Gasser et

al. 1988).  Expression of EPSPS in tomato was shown to be highest in roots and flowers, lower in stems, and

lowest in leaves and cotyledons (Gorlach et al. 1994).  Differences in native EPSPS expression between

vegetative and reproductive organs of cotton are likely to exist as well.  Demand is high for shikimate pathway

intermediates in reproductive organs where gametogenesis, sporopollenin production during pollen biogenesis,

and organ growth would require high rates of protein synthesis and high concentrations of phenylpropanoids

(Weaver and Herrmann 1997).  The greater glyphosate sensitivity of square tissue over leaf tissue in cotton may

be due to higher metabolic activity and demand for proteins and phenylpropanoids in developing squares than in

leaves.  Thus upon glyphosate inhibition of EPSPS, shikimic acid in squares may accumulate to a higher level

than in leaves at an equal amount of glyphosate, because the shikimic acid pathway is more active in

reproductive tissues.  Greater amounts of carbon would therefore be invested in the pathway due to the lack of

feedback inhibition of DAHP synthase, thus causing increased production of shikimic acid (Jensen 1985).

Because demand for shikimate pathway products may be greater in reproductive tissues than in

vegetative tissues, crops that express a glyphosate-resistant EPSPS gene may need greater expression in

reproductive tissues than vegetative tissue in order to meet the plants demand for shikimate products in the

presence of glyphosate.  In the presence of glyphosate, the native glyphosate-sensitive EPSPS would be

inhibited, leaving only the glyphosate-resistant EPSPS to convert shikimate 3-phosphate into 5-

enolpyruvylshikimate 3-phosphate and produce downstream products.  If there were insufficient glyphosate-

resistant EPSPS present, the developing reproductive organ may be starved for necessary aromatic amino acids

or other shikimate pathway products.  This starvation may then lead to reported developmental abnormalities or

abortion in pollen, ovaries, or other floral organs, which lead to reduced seed count in bolls from treated plants

(Pline et al. 2001b; Yasuor et al. 2000) or increased fruit abscission (Jones and Snipes 1999; Kalaher and Coble

1998).  Fruit retention and pollen viability in non-treated glyphosate resistant cotton is similar to that of non-GR

cotton isolines (Pline et al. 2001b), suggesting that insufficient shikimate pathway products only occur in the

presence of glyphosate.  Shikimic acid may not necessarily accumulate in these reproductive organs if there

were some glyphosate-resistant CP4-EPSPS present to metabolize shikimate 3-phosphate, therefore not

allowing the unregulated flow of carbon into the shikimate pathway by DAHP deregulation and a subsequent
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buildup of shikimic acid.  The level of CP4-EPSPS needed to prevent shikimic acid accumulation may be much

less than the level needed to fulfill an organ’s need for shikimate pathway products.

In summary, this work has demonstrated that of the two methods tested for shikimic acid

determination, the HPLC method provided a more accurate estimate of shikimic acid.  The rates of glyphosate

accumulation in the treated leaves and squares of GR and non-GR cotton were similar; however, the fruiting

branches of GR cotton accumulated more glyphosate at low application rates than its non-GR counterpart.

Shikimic acid did not accumulate in response to glyphosate treatment in the treated leaves of glyphosate-

resistant cotton plants, but increased slightly in squares and fruiting branches.  All tissues of non-glyphosate

resistant cotton accumulated shikimic acid in response to glyphosate rates of 10 mM or greater.  Compared to

the treated leaves, non-GR cotton accumulated 18- and 11-times more shikimic acid in the fruiting branches and

squares, respectively.  Leaves from glyphosate resistant cotton plants treated with 80 mM of glyphosate

accumulated 57 times less shikimic acid than those from non-GR cotton, but only 12.4 and 4 fold less for

fruiting branches and squares, respectively, suggesting increased sensitivity of reproductive tissues to

glyphosate.  The increased glyphosate sensitivity in reproductive organs may be due to higher demand for

shikimate pathway products.  Research comparing the level of native and glyphosate resistant CP4-EPSPS

expression in various tissues of cotton plants is needed.  If expression of the CP4-EPSPS were not sufficient in

reproductive tissues, the reported increases in fruit abortion in glyphosate treated GR cotton may be explained.
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SOURCES OF MATERIALS

   1 Metro-Mix 360, Scotts-Sierra Horticultural Products Co., 14111 Scottslawn Rd., Marysville, OH 43041.

   2 Roundup Ultra, Monsanto Company, 700 Chesterfield Parkway North, St. Louis, MO 63198.

   3 14C-glyphosate. Sigma Co., 11542 Fort Mims Dr., St. Louis, MO 63146-3510.
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   4 Induce nonionic low foam wetter/spreader adjuvant contains 90% nonionic surfactant

(alkylarylpolyoxyalkane ether and isopropanol), free fatty acids, and 10% water.  Helena Chemical Co., Suite

500, 6075 Poplar Avenue, Memphis, TN 38137.

   5 Allsphere ODS-1 column.  Alltech Associates, 2051 Waukegan Road, Deerfield, IL 60015.

   6LC-spectrophotometer, Lamda Max Model 481.  Waters Corporation.  34 Maple Street, Milford, MA 01757.

   7Perkin Elmer UV/VIS Spectrometer Lambda 10.  Perkin-Elmer, 45 William Street, Wellesley, MA 02481-

4078.

   8Harvey biological oxidizer.  Model OX500.  J. Harvey Instrument Corporation, 123 Patterson Street,

Hillsdale, NJ 07642.

   9Shikimic acid standard. Sigma Co., 11542 Fort Mims Dr., St. Louis, MO 63146-3510.

   10Statistical Analysis Systems (SAS) software, Ver. 8, SAS Institute, Inc., SAS Campus Drive, Cary, NC

27513-2414.
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Table 1.  Translocation of glyphosate from treated leaf to fruiting branch and squares of DP 5415 and DP

5415RR reproductive stage cotton plants as affected by glyphosate application rate.

Fruiting Branch Squares Treated Leaf

mM

glyphosate

DP

5415

DP

5415RR

DP 5415 &

DP5415RR

DP 5415 &

DP5415RR

-----------------% of applied glyphosate------------------------

1 1.9 aa 8.1 a *b 12.4 a 60.0 a

5 0.3 a 2.5 b * 1.9 b 65.0 a

10 1.1 a 2.0 b NS 1.4 b 44.0 a

40 1.9 a 2.9 b NS 6.2 b 64.0 a

80 1.4 a 2.2 b NS 4.7 b 76.0 a

   a Means followed by the same letter in a column are not significantly different at alpha=0.05 according to

Fisher’s protected LSD.

   bMeans of fruiting branch from DP 5415 and DP 5415RR are significantly different (*), or are not significantly

different (NS) at a particular rate of glyphosate according to student’s T-test at alpha=0.05.
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Figure 1.  Comparison of spectrophotometric and HPLC methods for determining shikimic acid.  Plant

extracts were spiked with known amounts of shikimic acid and analyzed by both methods.  Expected

versus observed recovery of shikimic acid (µg shikimic acid mL-1) was plotted for both methods.

Linear equations for each method are as follows: spectrophotmetric method, y = 0.73x-2.15 (R2 =

0.997); HPLC method, y=1.04x + 3.80 (R2 = 0.999); Predicted, y=1x.
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Figure 2.  Accumulation of glyphosate (µM g-1 fresh weight) per mM of applied glyphosate in DP 5415

and DP 5415RR cotton tissues.  Treated leaves (a.), fruiting branches (b.), and squares (c.).  Bars

represent the standard error of each mean.  Where bars are absent they are obscured by the data symbol.
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Figure 3.  Accumulation of shikimic acid (µM g-1 fresh weight) per mM of applied glyphosate in DP 5415

and DP 5415RR cotton tissues using the HPLC method or the spectrophotometric method. A. Treated leaves,

B. fruiting branches, and C. squares. Bars represent the standard error of each mean.  Where bars are absent

they are obscured by the data symbol.
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Figure 4.  Accumulation of shikimic acid (µM g-1 fresh weight) per µM of accumulated glyphosate g-1

fresh weight in DP 5415 and DP 5415RR cotton tissues.  Linear equations were fit to all data (R2 values

range from 0.87 to 0.99).  Treated leaf (a.): DP 5415RR, y = -0.000002x + 0.3; DP 5415, y = 0.0001x +

0.9.  Fruiting branch (b.): DP 5415RR, y = 0.0018x + 0.2; DP 5415 y = 0.00008x + 0.3.  Square (c.): DP

5415RR, y = 0.00006x + 0.9; DP 5415, y = 0.0011x +0.8.
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CHAPTER 6.

Use of Digital Image Analysis, Viability Stains, and Germination Assays to Estimate Conventional and

Glyphosate-Resistant Cotton Pollen Viability

Because pollen viability and pollination play such a critical role in ultimate crop yield, as well as the success of

labor intensive hand crosses by breeders, quick, simple, and inexpensive methods for assessing pollen viability

are of interest to breeders and growers alike.  Four cotton pollen viability assays, which fit the criteria of rapid,

simple, and inexpensive, were compared to determine differences in pollen viability estimation and relative

accuracy as determined by the correlation to seed set.  The methods compared were Brewbaker & Kwack (B &

K) media, B & K media plus aniline blue, a fluorochromatic reaction method (FCR), and Alexander’s stain.

Additionally, digital images of viable pollen grains germinated in B & K media containing different sucrose

concentrations were analyzed using morphometry software to quantify pollen grains and pollen tube area, as a

proposed alternative method of assessing pollen viability when samples cannot be read immediately.  Pollen

from conventional, nontreated glyphosate-resistant (GR), and glyphosate-treated GR cotton plants grown in a

phytotron was used to compare the four methods using pollen samples with known high and low viability.

Glyphosate treatments to GR cotton reduced pollen viability in all methods tested.  Correspondingly, the

number of seeds per boll was also reduced.  Pollen germination as measured by the B & K method was most

closely related to seed set per boll as measured by the decline in pollen viability and seed set in glyphosate-

treated versus nontreated GR varieties.  Alexander’s stain gave the highest viability estimates of all methods.

The FCR method indicated that many pollen grains from glyphosate-treated GR cotton were irregularly shaped

and only partially flourescein diacetate (FD) stained. Ten to 20% of these irregularly shaped grains, although

not morphologically normal, were viable according to the B & K method.  All methods tested showed similar,

high correlation (0.7-0.8) of pollen viability to seed set.  Morphometric analysis of digital images of pollen

germinated in B & K media with differing sucrose concentrations found the greatest pollen tube area per pollen

grain ratio with B & K media + 30 mM sucrose, although pollen tubes were formed at all sucrose

concentrations.  Morphometrical analysis of pollen tubes and pollen grains may provide an alternative method

for pollen viability analysis.  Although each of the four assays tested gave different estimates of pollen viability,

all were highly correlated to seed set.  Because the B & K method most closely predicted the linear magnitude
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of seed set reduction to reduced pollen viability, allowed the use of morphometry software analysis, and was

one of the simplest and least equipment-demanding methods, it would provide broad utility for those assessing

cotton pollen viability.

INTRODUCTION

Breeders, as well as growers, are often interested in the pollen viability status of their crops.  Hand

crosses made by breeders are expensive and time consuming to conduct.  Often pollen viability of plants to be

used in hand crosses, especially plants resulting from interspecific crosses, or genetically transformed plants,

may be reduced.  Growers are often interested in how and to what extent environmental factors, such as heat or

rain, affect pollen viability and ultimate pollination of their crops.  Therefore simple, inexpensive techniques to

establish the viability of pollen before crosses are undertaken, or while field pollination is occurring, are of

interest to breeders and growers alike.

Numerous methods are used to estimate the viability of cotton (Gossypium hirsutum) pollen and each

have biases based on the component of the pollen grain assayed.  Assuming no incompatibilities or embryo

abortion, the most important indicator of pollen viability and pollination is seed set.  Seed set is the true

measure of whether pollination is successful.  However, fertilization not only depends upon pollen viability, but

also on the receptivity of the pistil, and pollen deposition.  Poor seed set may be the result of the immature

ovules, poor pollen, adverse environments, genotype, lack of pollen vectors, abnormal anatomical development,

or any combination of these (Knox, 1986).

Cotton breeders as well as other scientists need a rapid and reliable method to estimate pollen viability. One

simple method of measuring pollen viability, is to measure the ability of pollen grains to germinate in-vitro. In

this method, pollen grains are immersed in a germination solution on a slide containing a drop of liquid media

or on a solid agarose media and viewed under a light microscope to view pollen tubes formed from pollen

grains (Brewbaker and Kwack, 1963).  Percent pollen viability is estimated by counting the pollen grains which

have germinated versus those which have not.  One drawback to this method is that germination of pollen in a

culture media may differ from germination of pollen on the stigma, where interactions with flavonols and other

compounds on the stigma may either stimulate or inhibit germination (Baker, 1977; Bewley et al., 2000;
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Richards, 1986; Stanley, 1970).  Also, the dense tissue of a stigma could present more resistance to the growth

of a pollen tube than in culture media. Pollen tubes germinating on a slide in a liquid germination media are

very susceptible to breakage.  Pollen tubes grow almost explosively when they germinate (Barrow, 1981).  The

force exerted by pollen grains germinating is sufficient to break off the pollen tube of an adjacent pollen grain

that has already germinated, thus making the latter appear nonviable when determining percent pollen viability.

Also, it is often difficult to distinguish between pollen grains which have formed pollen tubes and pollen grains

which have exploded due to the osmotic potential gradient between the germination media and the pollen.  One

potential solution to the problem is to include an aniline blue stain in the germination media (Stone et al., 1984).

Aniline blue stains callose plugs formed during the elongation of a pollen tube; thus, the true pollen tube would

appear blue, while those grains which have exploded and leaked their contents do not stain. Some researchers

have also used an agarose medium to provide greater resistance to growing pollen tubes, which may simulate

growth in stigma tissue and prevent the explosive growth in culture media (Stanley and Linskens, 1974).

Another estimate of pollen viability uses a fluorochromatic procedure where fluorescein diacetate is

dissolved in a high sucrose media to prevent pollen germination (Heslop-Harrison and Heslop-Harrison, 1970;

Gwyn and Stelly, 1989).  The fluorescein diacetate is taken up by pollen grains and then becomes trapped if

membranes are intact.  Non-specific esterases then cleave the diacetate portion of the molecule, rendering the

fluorescein photoactive under UV light.  The advantages of this method are that under ultraviolet (UV) light, the

pollen grains can be easily scored as fluorescing (viable), or faintly or not fluorescing (non-viable).  The

fluorochromatic reaction (FCR) assay measures two features of the pollen grain—the presence of an intact

membrane, and the presence of hydrolytic enzymes capable of cleaving the diacetate portion of fluorescein-

diacetate (Heslop-Harrison and Heslop-Harrison, 1970).  Whether these two features define “a viable pollen

grain” is debatable because immature pollen is often considered viable by this method (Kearns and Inouye,

1993).  The FCR procedure can also show differences in pollen morphology by varying fluorescence patterns

within a pollen grain. Grains with variable or splotchy fluorescence may or may not be viable, and are likely the

result of differential compartmentalization of hydrolytic enzymes within membranous organelles.

Alexander’s Stain (Alexander, 1969, 1980) has been used to distinguish between viable and nonviable

pollen in many species, including cotton (Barrow, 1983).  The stain contains malachite green, which stains

cellulose in pollen walls and acid fuchsin, which stains the pollen protoplasm.  Barrow (1983) reported that
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Alexander’s stain can distinguish pollen grains that aborted early in development (did not develop a

protoplasm) from mature pollen grains; however, pollen aborted near maturity may also reduce germination

capability and would not be detected.

Glyphosate resistant cotton contains a 5-enolpyruvylshikimiate 3-phosphate synthase (EPSPS) gene [E.C.

2.5.1.19], identified from Agrobacterium sp. strain CP4, whose protein product is glyphosate resistant (Barry et

al., 1992; Nida et al., 1996; Padgette et al., 1995).  Since its commercial availability, there have been indications

of decreased performance and yield loss when glyphosate-resistant cotton was grown in several Southeastern

states.  Performance and yield loss may be due to a wide-spread but not rigorously documented increase in

lower fruiting branch boll abortion and misshapen bolls following glyphosate treatment (Ferreira et al., 1998;

Vargas et al., 1998).  14C-glyphosate has been shown to accumulate in reproductive structures of cotton during

development, which may cause increased abscission and reduced fertility (Pline et al., 2001a).  Because

pollination plays a critical roll in boll retention, the effect of glyphosate on pollen viability has been

investigated.  Glyphosate treatments to glyphosate resistant (GR) cotton plants caused a reduction in pollen

viability as measured by germination in B & K media (Pline et al., 2001b).  The current study investigates

whether other assays to estimate pollen viability concur with the viability reductions observed using the B & K

method, as well as whether seed set per boll can be associated with pollen viability.

The objectives of the current study are to compare four different pollen viability assays to determine their

relative accuracy and biases when used on pollen samples that are viable as well as those with reduced viability

due to glyphosate treatments.  Secondly, to compare correlation to seed set, ease of use, and equipment

requirements for each assay.  Finally, to assess the use of digital image analysis of static images of germinated

pollen grains as a quantitative method for rapidly assessing pollen germination characteristics such as pollen

tube area.

MATERIALS AND METHODS

Plant Culture and Pollen Collection.  Pollen samples were obtained from cotton plants grown in the North

Carolina State University Phytotron with a 26/18° C day/night temperature regime.  Seeds from two

conventional Delta Pine & Land cultivars ‘DP 50’, ‘DP 90’, and two glyphosate-resistant cultivars ‘DP
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5415RR’ and SureGrow cultivar ‘SG 125RR’ seeds were planted in 25.4 cm pots containing a gravel-metro mix

combination soil.  Plants were thinned to one per pot and were watered with a nutrient mixture two times daily

(Downs and Thomas, 1991).  Treatments of 1.12 kg ai/ha glyphosate (Roundup Ultra) were applied to some

GR cotton plants at the 4-leaf stage (foliar application) and at the 8-leaf stage (post-directed application to stem)

according to the Roundup Ultra supplemental label for GR cotton (Anonymous, 2001).  The growth regulator

mepiquat-chloride (Pix) was applied to upper leaves at the rate of 0.84 kg ai/ha at the 10-leaf stage to control

vegetative growth according to North Carolina Cooperative Extension Service guidelines (Edmisten, 2001).

Pollen samples were collected three times weekly, for 4 wk to assay pollen viability.  All pollen samples were

collected between 9:00 and 11:00 am.  Five to six anthers were removed from each flower using forceps.

Pollen from the anthers was then transferred onto microscope slides containing one of the four tested

germination media and were immediately covered with a coverslip as described by Barrow (1983).  Slides

containing pollen were then analyzed for germination or viability 30 min after collection.

Pollen Viability Assays.  Four different germination/viability assays were used to compare pollen viability.

Components of each medium are described in Table 1.  Brewbaker and Kwack (B & K), B & K + aniline blue,

and FCR media were made fresh daily before use.  Alexander’s stain was stored in an air-tight dark bottle at

room temperature.  After pollen samples were placed on slides in each medium, samples were examined with

brightfield microscopy (Alexander’s stain), phase contrast microscopy to enhance visibility of pollen tubes (B

& K and B & K + aniline blue), or fluorescence microscopy using a 470 nm excitation filter and a 535 nm

emission filter (FCR Method).  Each slide containing 150-400 pollen grains was visually counted, scoring

pollen grains as germinated (pollen tube longer than pollen grain diameter) or non-germinated, for B & K and B

& K + aniline blue methods (Figure 1a).  For FCR, pollen grains were classified as either viable (bright and

uniform fluorescence, Figure 1c), potentially viable but abnormal (non-uniform, splotchy fluorescence, Figure

1d), or non-viable (very dim to no fluorescence).  Alexander’s stain differentially colors viable and non-viable

pollen grains, with viable pollen staining a dark purple, and non-viable pollen staining either a pale green or a

splotchy dark purple and pale green (Figure 1b).  Bolls (fruit) formed from all flowers where pollen samples

were taken were date tagged and harvested at maturity.  Bolls were dried at 50° C in a drying oven and the
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number of seeds per boll were counted.  Bolls which had abscised from plants, were not included in the

analysis.

Morphometric Analysis of Pollen and Pollen Tubes.  Pollen was collected from flowers of DP 50 and DP 90

as described above and placed on slides containing B & K media containing 0, 30, 146, 290, or 585 mM

sucrose.  Digital images of germinated pollen were made at 40X magnification with a Cohu digital camera

(Cohu Incorporated, San Diego, CA).  Two fields per slide were imaged, each containing 30-70 pollen grains.

Images were saved as black and white tagged image file format (tiff) files.  Morphometric analysis was

conducted on images using the Intergrated Morphometry Analysis option in Metamorph 4.5 (Universal Imaging

Corporation, Downington, PA).  A software journal (macro) was assembled in order to threshold and quantify

all images according to the same criteria.  The sequence of events in the journal were as follows: Threshold

image so only pollen grains (darkest objects) are included, create a binary image of the thresholded image

(binary1), count objects with a size greater than 4,100 µm2, re-threshold the original image so that all pollen

tubes and pollen grains are included, create a binary image of this new thresholded image (binary2), subtract

binary1 image (pollen grains only) from binary2 image (pollen grains + pollen tubes), and calculate total

projected area of pollen tubes in the subtracted image.  The sum of all pollen tube areas in the subtracted image

was divided by the number of pollen grains from the original thresholded image to obtain the average pollen

tube area per pollen grain.  The pollen tube area/pollen grain ratio for a slide was calculated by averaging data

from the two images captured from each slide.

Statistical Analysis.  Means from all experiments were subjected to analysis of variance using SAS 8.0 (SAS

Institute, Cary, NC).  In the pollen viability and germination assay studies, the main effects of cotton

variety/herbicide treatment and viability assay were both significant at P ≤ 0.05, as well as their interaction.

Means were then separated by cotton variety/herbicide treatment and viability assay using the Fisher’s protected

LSD test.  Correlations of pollen viability from each method to seed set were computed for all bolls retained on

the plant used for pollen viability measures, using Excel 97 (Microsoft Corporation, Redmond, WA).  Nonlinear

regression of pollen viability to seed set was conducted for each pollen assay method.  Data were fit to 3-

parameter logistic curves using Sigma Plot for Windows 2000, version 6 (SPSS Science, Chicago, IL).  For the
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morphometric image analysis study, the percent sucrose main effect was significant at P ≤ 0.05 according to

ANOVA, however, the variety main effect was not significant, so data were combined over the two varieties.

Means of the percent sucrose main effect were then separated using the Fisher’s protected LSD test.

RESULTS AND DISCUSSION

Comparison of Pollen Germination and Viability Assays.  Each assay predicted different pollen viability

from common pollen samples (Table 2).  Overall, the Alexander’s Stain assay gave the highest estimate of

viability (82-99%) whereas viability determined by other methods ranged from 34-98% (FCR), 57-95% (B &

K), and 51-88% (B & K + aniline blue), primarily depending on the variety and glyphosate treatment.  Within

conventional and nontreated GR varieties, Alexander’s stain gave the highest estimate of viability whereas B &

K + aniline blue provided the lowest estimate (Table 2).  Within glyphosate-treated GR varieties, Alexander’s

stain again gave the highest estimate of viability while FCR gave the lowest estimate.  Alexander’s stain,

because it assumes that the presence of a protoplasm indicates that a pollen grain is viable, may in fact

overestimate pollen viability (Kearns and Inouye, 1993).  This assay seemed reliable in distinguishing between

mature and immature pollen grains, the later which had not yet formed a protoplasm.  However, the large

percentage of glyphosate-treated GR pollen grains that were counted as viable from the Alexander’s stain assay,

but not by the other assays, suggests that the presence of cytoplasm alone is not sufficient to indicate pollen

viability. It may also suggest that the effect of glyphosate on pollen viability occurs later in pollen development,

after the protoplasm has formed, or that glyphosate does not affect protoplasm formation in cotton pollen.

The low estimate of pollen viability using the FCR method on glyphosate-treated GR pollen is a result

of the high number of pollen grains with either abnormal morphology or splotchy FD staining (Figure 1d, Table

2).  The percentage of these pollen grains ranged from 46 to 55% in glyphosate-treated GR varieties, and only 2

to 4% in conventional and nontreated GR cotton varieties.  Gwyn and Stelly (1989) counted such pollen grains

as nonviable; however when viewing the percent of these pollen grains forming pollen tubes in the B & K

method from the current study, it appears that 10 to 20% of these abnormal pollen grains are capable of

germinating (Table 2).  The FCR method was the only method where these abnormalities were observed.

Conventional brightfield microscopy only assays the surface features of these pollen grains whereas the FCR
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method gives some description of the internal structure of the pollen grain.  The presence and localization of

esterase enzymes capable of hydrolyzing the FD ion into a photoactive compound allows some visualization of

internal features.  Because the hydrolyzed FD ion is restricted by membranes (Heslop-Harrison and Heslop-

Harrison, 1970; Heslop-Harrison and Heslop-Harrison et al., 1984; Shivanna and Heslop-Harrison, 1981),

differences in fluorescence patterns may suggest differing levels or locations of esterase enzymes within

internal membranous organelles in the pollen grain.  Further studies on this pollen using electron microscopy,

have reported that pollen from glyphosate-treated GR cotton plants was aborted at the vacuolate microspore and

vacuolate microgamete stages of microgametogenesis, resulting in immature pollen at anthesis (Pline et al.

2002a).  In both of these stages, a large or several smaller vacuoles are present in the pollen grain.  These

vacuoles would normally shrink, eventually filling with storage material by anthesis if development had

proceeded normally (Wetzel and Jensen 1992, Frankel and Galun 1977).  The vacuoles in pollen grains from

glyphosate-treated plants correspond to the non-fluorescing regions of pollen grains from glyphosate-treated GR

plants assayed by the FCR method (Figure 1d).

The B & K assay of pollen germination tests the potential of a pollen grain to germinate.  In this

method, pollen grains rapidly and almost explosively germinate within minutes of immersion in the medium

(Barrow, 1983).  This method, as well as all other methods tested, clearly distinguished pollen from

conventional or nontreated GR varieties (92-95% germination) from that of glyphosate-treated GR varieties

(57-64% germination).  Inclusion of aniline blue in the medium was useful for distinguishing between true

pollen tubes (containing callose) and pollen grains which simply burst.  However, the addition of aniline blue to

the B & K media appeared to cause lower pollen germination than in B & K media alone (Table 2), and the

pollen tubes that formed were observed to be shorter than those forming in B & K media alone.  This lower

pollen germination may suggest that the addition of aniline blue to B & K germination media was inhibitory to

pollen germination.

Removal of anthers from flowers where seed set is to be assessed could potentially confound seed set

results in species where pollen or anther production is limited.  However, Gore (1935) reported that cotton

flowers contain between 50 to 125 anthers, or more.  In the current study only 5 anthers, (therefore 4-10%, or

less, of total anthers) were removed from each flower.  Further, the anthers selected were from the lowest

portion of the staminal column, and were the least likely to contribute to natural, non-insect aided pollen
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deposition on the stigma, due to their geographical distance from the receptive stigma.  Tsyganov (1945)

reported that cotton produces over 45,000 pollen grains per flower.  Therefore, each anther in a cotton flower

would theoretically produce between 360-900 pollen grains.  By removing 5 anthers, 1800-4500 pollen grains

would have been removed.  Ter Avanesyan (1959) showed that 600 to 1,000 pollen grains on the stigma was the

minimal “norm” quantity of pollen required to obtain complete pollination.  Therefore, in this study, 40,500-

43,200 pollen grains would have remained in the flower, 40.5 to 72 times the number of pollen grains that the

plant requires for adequate pollination.  Thus, in cotton, removal of the pollen from the same flower where seed

set was subsequently assessed likely does not affect seed set, because more than adequate pollen remains in the

flower to insure pollination.

Seed set in bolls developing from flowers whose pollen had been analyzed was highly dependent on

the variety-herbicide treatment main effect (Table 2).  Conventional and nontreated GR varieties had a similar

number of seeds per boll with the exception of SG 125RR.  Seeds per boll ranged from 30 to 37 in conventional

and nontreated GR varieties and 22 to 26 in glyphosate-treated GR varieties.  Glyphosate-treated DP 5415RR

plants averaged 15 seeds (42%) less per boll than nontreated DP 5415RR plants.  The magnitude of this decline

was not as striking in glyphosate-treated SG 125RR versus nontreated SG 125RR, with only a four seeds per

boll (13%) decline.  These data suggest that the decline in pollen viability observed with glyphosate-treated GR

plants corresponds to a decline in seeds per boll, perhaps because there was not enough viable pollen, capable of

pollen tube formation, on the stigma.  Further research with GR cotton has shown that even with hand

pollinations, which insure adequate pollen coverage on the stigma, the seed number per boll was reduced if the

pollen donor parent in a cross was treated with glyphosate (Pline et al. 2002b).  This work also demonstrated

that no reduction in seed set occurred if only the female parent in a cross was glyphosate treated, suggesting that

ovary and pistil development were not affected by glyphosate treatments in the same manner as anther and

pollen development (Pline et al. 2002b).

Seeds set per boll, under non-stressful growing conditions, is a direct measure of reproductive

efficiency.  The efficiency of fertilization depends on many factors including the condition and receptivity of

the stigma, maturity of ovules, movement of pollen to the stigmal surface, pollen viability, pollen tube growth,

as well as environmental factors (Knox, 1986).  The portion of the variability in seed set that pollen viability

may comprise, likely varies as a function of all other factors.  Because glyphosate has been shown not to affect
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female reproductive organs in GR cotton (Pline et al. 2002b; Mery, 2002), and the current studies were

conducted in a controlled phytotron environment where the impact of environmental stress is minimized, a

majority of the variability in seed set likely lies in the state of the pollen.  The current study, conducted in a

phytotron greenhouse, was free of insect-aided pollination.  Pollen deposition on the stigma was achieved only

by anther-stigma contact, or by gravity.  When comparing the decline in pollen viability seen in glyphosate-

treated GR cotton plants to the decline in seed set from these same flowers, certain pollen viability assays

predicted the magnitude of the decline better than others.  The Alexander’s stain assay found a 13% and 16%

reduction in pollen viability of glyphosate-treated DP 5415RR and SG 125RR plants, respectively, compared to

their nontreated controls (Table 2).  Because the actual reduction in seed set was 42% and 13% for DP 5415RR

and SG 125RR, respectively, this method may overestimate pollen viability, especially in the case of DP

5415RR.  The FCR assays found a 64% and 48% reduction in pollen viability of glyphosate-treated DP 5415RR

and SG 125RR plants, respectively, compared to their nontreated controls, suggesting that it may underestimate

pollen viability (Table 2).  The B & K and B & K + aniline blue methods gave 40% and 34%, and 36% and

40% declines in pollen viability, respectively for DP 5415RR and SG 125RR.  Pollen viability as measured by

the B & K method, was a good predictor of seeds per boll for DP 5415RR (42% decrease in pollen viability

versus 40% decrease in seed set), but was not as good for SG 125RR (34% decrease in pollen viability versus

13% decrease in seed set).

Correlation of pollen viability to seeds per boll was high (r = 0.74 to 0.82) for all methods and

differences between methods were negligible (Table 3).  However, differences in correlation between

glyphosate-treated and non-treated plants were evident.  For pollen with reduced viability due to glyphosate

treatments, correlation ranged from 0.72 to 0.8, suggesting that as viability decreased, seed set decreased in a

similar manner (Table 3).  In contrast, pollen viability from non-glyphosate treated GR or conventional plants

had low correlation to seed set (0.04 to 0.26), suggesting that seed set was not affected by changes in pollen

viability, when viability exceeded 85% (Tables 2, 3).  The differences in correlation from pollen samples with

high viability and reduced viability suggest that seed set is not dependent on pollen viability if viability exceeds

some threshold level (Fig. 2).  In order for a boll to have yielded 30 or more seeds (the lowest mean seed set of

bolls from non-glyphosate treated plants), pollen viability must have exceeded 82, 95, 76, and 84% as measured

by the B & K, Alexander’s stain, B & K + aniline blue, and FCR methods, respectively (Figure 2).  Additional
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increases in viability above these levels, poorly correlated with increases in seed set, likely because of the

limited number of ovaries in each boll.  However, if pollen viability was below these levels, then reductions in

seed set more closely paralleled reductions in pollen viability for all methods (Figure 2, Table 3).  Because these

studies were conducted without insect-aided pollen deposition, the estimates of pollen viability needed to yield

30 or more seeds in the presence of pollinators may actually be less, because of increased pollen deposition.

Barrow (1983) found that the best criterion for pollen fertility was tube penetration into the lower style

and ovules.  Mery et al. (2002) reported that the growth of pollen tubes and ovule penetration when viable

pollen from nontreated plants was placed on stigmas of glyphosate treated plants, was not different from that of

pollen placed on stigmas of nontreated plants.  Research analyzing the effect of pollen tube growth and ovule

penetration of pollen from glyphosate-treated plants placed onto nontreated stigmas is ongoing (R. Mery,

personal communication, 2002).  It would seem probable that pollen from glyphosate-treated plants has reduced

pollen tube growth and ovule penetration, causing the reduction in seed set observed in the current study.

Morphometric Analysis of Pollen and Pollen Tubes.  The area of pollen tube per germinated pollen grains

was affected by the concentration of sucrose in B & K germination media (Table 4).  The greatest area of pollen

tube per germinated pollen grain was achieved with 30 mM sucrose in B & K media.  Pollen tube area per

germinated pollen grain was significantly lower in B & K media with 146 or 290 mM sucrose than 30 mM.

This reduction in pollen tube area might be due to differences in osmotic potentials caused by different sucrose

concentrations in the media.  Although differences in pollen tube area per germinated pollen grain were evident,

the percentage of pollen grains that germinated (formed a pollen tube longer than the diameter of the pollen

grain) did not differ among any of the sucrose concentrations (data not shown).  This lack of influence on pollen

grain germination would suggest that the sucrose concentrations might affect pollen tube growth beyond simply

stimulating the pollen grain to germinate.  In agreement with our data, Barrow (1981) reported that pollen

germination was similar at all sucrose concentration less than 1.7 to 2.0 M sucrose, but that the length of pollen

tubes formed decreased with increasing sucrose concentrations.  Therefore, sucrose concentrations of 0 to 585

mM are all conducive to pollen germination, with greatest pollen tube area per pollen grain occurring at 30 mM.

The number of pollen grains as counted by the morphometry software were within 5% of the total

number of pollen grains on every image examined visually.  Because pollen tubes rarely grow in straight lines
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and are much more commonly serpentine like tubes, conventional measurements of length may not be as

accurate as those provided by morphometrical image analysis.  The effect of different treatments on germination

and pollen tube growth could also be assessed using this technique.  By thresholding differences in intensity

using morphometry software, one can easily distinguish pollen tubes from pollen grains and can obtain an

accurate estimate of pollen tube area.  The ability to create a “journal” of thresholding levels and counting

events, which can be applied to all similar images in a study, greatly speeds the number of samples that can be

analyzed.  This technique also gives a more quantitative assessment of pollen viability than germination counts

alone, because pollen tubes, in addition to pollen germination are measured.  It is crucial, however, that all

images analyzed by the same “journal” be similar in nature, i.e. taken under the same microscope with the same

light intensity.  Another benefit of the morphometric analysis is that the images can be saved permanently, and

re-analyzed using new thresholding and counting criteria.  The archiving of these images may allow the

researcher who lacks time to immediately measure viability, to gather data from these slides by capturing

images, and analyze them at leisure.  Because of the simplicity and rapidity of data collection using

morphometrical analyses, the ability of the software to quantify subtle differences between samples, and the

time saving benefits provided, these techniques could be of value to those studying numerous pollen samples.

In summary, our data have shown that pollen viability assays differ in their estimates of pollen

viability and pollen germination of pollen samples taken from the same anthers.  These differences are likely

due to the specific characteristics of the pollen grain assayed by each method.  The FCR method appeared to

underestimate, while Alexander’s stain seemed to overestimate pollen viability.  The addition of aniline blue to

B & K media appeared to inhibit pollen germination and tube growth.  Glyphosate treatments to GR cotton

significantly reduce pollen viability in all methods tested.  The magnitude of reductions in pollen viability due

to glyphosate treatment were most closely reflected in the magnitude of seed per boll decline by the B & K

method in DP 5415RR.  There were essentially no differences between correlation of pollen viability to seed set

between the four methods, however, differences in correlation of viability to seed set between glyphosate-

treated and nontreated plants were evident.  To achieve normal seed set (mimimum of 30 seeds per boll), pollen

viability typically must have ranged between 76-95% as measured by the four assays.  Sucrose concentrations

in B & K media significantly affected pollen tube area, but did not affect pollen germination.  Morphometric

analysis of digital images of pollen grains germinated in B & K media allowed measurement of germination
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factors, such as the pollen tube area per pollen grain, which cannot be accurately computed using traditional

methodology.  Additionally, this method creates an archive of image data which can be analyzed later, if pollen

viability cannot be assessed immediately after pollen harvest.  Because the components used in the B & K assay

are relatively non-toxic compared to those used in the Alexander’s stain assay, and because there is no need for

a microscope equipped with a UV lamp, the B & K method may be the safest and least equipment demanding

method of those compared.  The B & K assay also allows for the use of morphometry software analysis.  As a

whole, the B & K method provides broad utility for those assessing cotton pollen viability, and can easily be

adapted for use in the field by breeders who question the viability of pollen to be used in crosses, or growers

who are interested in pollination potential.
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Table 1.  Components of germination/viability media used to estimate pollen viability in cotton.

Brewbaker and Kwack Mediuma Fluorochromatic Reactionb Alexander’s Stainc

146.1 mM Sucrose 1.75 M Sucrose 20 mL Reagent grade ethanol

1.6 mM Boric acid 3.23 mM Boric acid 2 mL of 10.8 mM  Malachite green in ethanol

1.2 mM Calcium nitrate 3.05 mM Calcium nitrate 50 mL Distilled water

0.8 mM Magnesium sulfate heptahydrate 3.33 mM Magnesium sulfate heptahydrate 40 mL Glycerol

1.0 mM Potassium nitrate 1.98 mM Potassium nitrate 10 mL of 17.3 mM Acid fuchsin + 1 g Phenol

+/- 0.7 µM Aniline blue 7.21 mM Fluorescein diacetate dissolved in

acetone (add 10 drops/10 mL of medium)

5 g Phenol

2 mL Lactic acid

a Brewbaker and Kwack, 1963.

b Heslop-Harrison and Heslop-Harrison, 1970; Gwyn and Stelly, 1989.

c Alexander 1969, 1980.
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Table 2.  Pollen Viability, abnormal pollen, and seeds per boll from conventional, GR, and glyphosate-treated GR cotton plants.  Percent pollen

viability was determined using Alexander’s stain method, fluorochromatic reaction method, Brewbaker & Kwack (B & K), or B & K + aniline blue

germination solutions.  Abnormal pollen was the measured as the percent of pollen grains that had splotchy, or non-uniform fluorescence.  Seeds per

boll were counted at the completion of the study.

Cultivar

Alexander’s

stain method

Fluorochromatic

reaction method

B & K

method

B & K method

+ Aniline blue

Abnormal

pollen (FCR)

Seeds per

boll

_________________________________% Pollen Viability________________________________ __% of Total__

DP 50 98.2 a† (a) ‡ 97.7 a(a) 93.6 a(a) 85.3 a(b) 1.8 c† 36.6 a

DP 90 99.0 a(a) 95.4 a(b) 94.0 a(b) 88.3 a(c) 2.6 c 33.1 ab

DP 5415RR 98.1 a(a) 96.8 a(a) 95.3 a(a) 87.2 a(b) 1.7 c 37.4 a

DP 5415RR (Treated) 85.7 b(a) 34.7 c(b) 57.4 b(b) 55.9 b(b) 54.7 a 21.6 d

SG 125RR 98.2 a(a) 94.9 a(ab) 91.6 a(bc) 85.9 a(c) 3.5 c 29.5 bc

SG 125RR (Treated) 82.1 b(a) 49.4 b(b) 60.4 b(ab) 51.2 b(b) 45.8 b 25.6 cd

† Means within a row followed by the same letter in parentheses are not significantly different at the 0.05 probability level.

‡ Means within a column followed by the same letters not in parentheses are not significantly different at the 0.05 probability level.
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Table 3. Correlation of pollen viability to seed set as estimated by 4 methods of assessing pollen viability.

Cultivar/Treatment

Alexander’s

stain method

Fluorochromatic

reaction method

B & K

method

B & K method +

Aniline blue

____________________________________Correlation_______________________________________

Overall 0.74 0.80 0.76 0.82

Conventional &
    nontreated GR only

0.26 0.04 0.13 0.17

Glyphosate-treated
     GR only

0.76 0.72 0.74 0.80
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Table 4.  Pollen tube area (µm2) per pollen grain in Brewbaker and Kwack (B & K) germination media

with different sucrose concentrations.

mM sucrose

(in B & K media)

µm2 pollen tube

per pollen grain

0 27,658 ab†

30 29,930 a

146 25,568 b

290 25,520 b

585 26,863 ab

† Means within a column followed by the same letter in parentheses are not significantly different at the

0.05 probability level.
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Figure 1.  Comparison of pollen grains using different viability assays.  A. Viable, germinated pollen grain

using B & K method and phase contrast microscopy.  B. Viable and non-viable pollen (partially stained,

arrows) using Alexander’s stain method. C. Viable, fluorescing pollen using FCR method.  D. Irregularly

stained, nonviable pollen grain from glyphosate-treated DP 5415RR plant using FCR method.  Scale bars

are 50 �um.
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Figure 2.  Regression of % pollen viability to seeds per boll for four different pollen viability assays.

Three-parameter logistic curves were fit to data.  Each data point represents the pollen viability and

corresponding seed set per boll for one of the four methods.  Equations of curves and R2 are as follows: B

& K method, y=155.9/(1 + (x/27.2)-1.29), R2=0.57; Alexander stain, y=150.9/(1 + (x/15.3)-0.74), R2=0.61; B

& K + aniline blue method, y=237.8/(1 + (x/68)-0.95), R2=0.47; and FCR method, y=103.3/(1 + (x/20.8)-4.3),

R2=0.63.
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CHAPTER 7.

Glyphosate-Induced Reductions in Pollen Viability and Seed Set in Glyphosate-Resistant Cotton

(Gossypium hirsutum L.) and Attempted Remediation by Gibberellic Acid Treatments

Glyphosate treatments to glyphosate-resistant (GR) cotton can cause increased fruit loss, likely due to

reductions in pollen viability and alterations in floral morphology which may reduce pollination efficiency.

This study was conducted to determine whether both stamen and pistil were affected by glyphosate treatments

by measuring seed set from reciprocal reproductive crosses made between glyphosate-treated GR, non-treated

GR, and conventional non-transgenic cotton.  Pollen viability was 51 and 38% lower, for the first and second

week of flowering respectively, in GR plants treated with a 4-leaf postemergence (POST) and an 8-leaf

postemergence-directed (PD) treatment of glyphosate than in GR plants which were not treated.  Seed set per

boll was significantly reduced when the pollen donor parent was glyphosate-treated versus nontreated for the

first two weeks of flowering.  There were no significant differences between treatments applied to male parents

as measured by seed set at weeks three and four of flowering.  Seed set was not influenced by glyphosate

treatments applied to female parents at anytime.  Retention of bolls used in reproductive crosses was reduced by

glyphosate treatments to male parents during the first and third week of flowering, but was not affected by

glyphosate treatments to female parents.  The application of gibberellic acid, which has been shown to reverse

male sterility in tomato and enhance boll retention in cotton, was investigated for any similar effects in

glyphosate-treated GR cotton.  Gibberellic acid treatments to glyphosate-treated plants increased the anther-

stigma distance 12-fold, increased stigma height, increased pollen viability in the 2nd week of flowering, but

decreased the number of seeds in 2nd position bolls on fruiting branches 1-3, decreased the number of 1st

position bolls per plant, and increased the number of squares in comparison to glyphosate-treated GR plants not

receiving GA.   Therefore, although GA applications to glyphosate-treated GR cotton have some remedial effect

on pollen viability, the drastic increase in the anther-stigma difference further exacerbates the increase in

anther-stigma distance caused by glyphosate, resulting in low pollination.
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INTRODUCTION

Glyphosate-resistant (GR) cotton allows growers greater flexibility in timing of herbicide applications,

as well as a broader spectrum of weed control than that offered by other herbicide systems (Askew and Wilcut

1999; Culpepper and York 1999; Scott et al. 2001).  Since its commercialization in 1997, however, concern

over reproductive tolerance of GR cotton to glyphosate has been raised.  Reports of increased boll abscission

and pollination problems in response to glyphosate treatments have occurred in cotton, occasionally leading to

yield loss and modified fruiting patterns (Jones and Snipes 1999; Vargas et al. 1998).

Glyphosate resistance was conferred to cotton by the incorporation of a 5-enolpyruvylshikimate-3-

phosphate synthase [E.C. 2.5.1.19] gene cloned from Agrobacterium sp. strain CP4 (CP4-EPSPS).  The

expression of the CP4-EPSPS gene produces a glyphosate-resistant EPSPS enzyme, which can bypass the

inhibition of native EPSPS in the presence of glyphosate, allowing sufficient production of aromatic amino

acids and secondary metabolites (Nida et al. 1996).

Glyphosate typically accumulates in tissues such as reproductive organs, which act as metabolic sinks

(Gougler and Geiger 1981; Sandberg et al. 1980).  Because of the high demands for carbohydrates and amino

acids by rapidly developing reproductive tissues, as well as their sensitivity to biotic and abiotic factors, the

timing of glyphosate treatments to GR cotton relative to the development of reproductive organs may lead to

damage if glyphosate accumulation in these organs exceeds a tolerance threshold.  Pline et al. (2001) found that

3.7% of glyphosate applied to stem tissue of GR cotton at 2 wk after first bloom was translocated to developing

squares.  Further, Viator et al. (2000) reported that concentrations of 126.4 µg glyphosate per g boll tissue

promoted boll abscission.  Therefore, if reproductive tissue was not sufficiently tolerant to glyphosate,

herbicidal damage or impaired reproductive development may occur.  Anther tissue of GR cotton contained

significantly less glyphosate-resistant CP4-EPSPS enzyme than leaf tissue (Pline et al. 2002c), whereas the

expression of the native EPSPS gene is significantly greater in floral organs than leaf tissue of tomato

(Lycopersicon esculentum L.) (Gasser et al. 1988; Gorlach et al. 1994).  Pline et al. (2002d) also reported that

squares (pre-anthesis floral buds) of GR cotton accumulate 11 times more shikimic acid (a metabolite which

accumulates in response to EPSPS inhibition) per �M translocated glyphosate than leaf tissues, further

suggesting reproductive sensitivity in GR cotton.  Previous research has shown that glyphosate treatments to
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GR cotton can reduce pollen viability by inhibiting pollen development at several developmental stages, cause

reduced pollen deposition on the stigma, therefore resulting in decreased numbers of seeds per boll and

increased boll abscission (Pline et al. 2002a, 2002b, 2002c).

Poor pollination or sterility can be due to damaged or abnormal development of either male, female, or

male and female reproductive organs.  Mechanical damage to ovaries of cotton bolls caused 100% boll abortion

(Cognée 1975).  It is also likely that other factors which cause damage, or prevent normal development of

female ovaries, stigmas, or styles may cause poor pollination or sterility.  However, stamen development in

many crop species is more sensitive to environmental factors than pistil development (Frankel and Galun 1977).

Reports of male sterility due to temperature extremes, genetics, or incompatibility exist in numerous crops,

including cotton.  Flowers from some male sterile cotton plants exhibit shortened or missing anthers which do

not properly dehisce (Allison and Fisher 1964).  In other cases, dominant mutant genes induced abortion of

mature cotton pollen (Bowman et al. 1978).  Inhibition of stamen initials early in development often leads to

stamenless or antherless phenotypes.  Such mutants exist in a wide range of species including cotton (Allison

and Fisher 1964) and tomato (Sawhney 1992).

Restoration of fertility in male- or female-sterile plants has been accomplished by the addition of plant

growth substances such as abscisic acid, auxins, cytokinins, ethylene, or GAs (reviewed by Sawhney and

Shukla 1994).  In particular, GAs have been implicated with normal stamen development.  Applications of

exongenous GA have restored normal or near-normal stamen and pollen development in male sterile mutants of

barley (Hordeum vulgare L.), cosmos (Cosmos bipinnatus Cav.), and tomato (Phatak et al. 1966; Kasembe

1967; Rana and Janin 1968; Sawhney and Greyson 1973).  Some of these mutants are likely deficient in GA

biosynthesis or enzymes capable of GA conversion, because 2-chloroethyl-trimethyl ammonium chloride, an

inhibitor of GA biosynthesis, prevents the restoration of male fertility by exogenously applied GA3 in barley

(Phatak et al. 1966).

In addition to the effect of GA on male fertility restoration, several reports have demonstrated that GA

applications in cotton can enhance boll retention when applied directly to the boll (Cognee 1976; Varma 1976;

Walhood 1957).  However, when applied to the entire plant, boll retention was not influenced (Johnson and

Adicott 1967).  GAs, which are thought to be produced by fertilized ovules, are necessary to mobilize the

assimilates required for growth (Johnson and Addicott 1967).  Therefore, applications of GA to plants
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previously treated with glyphosate may potentially improve pollen viability and male fertility, as well as

enhancing boll retention.

The objectives of this research were first, to determine whether glyphosate-induced reductions in seed

set are due to glyphosate sensitivity of male and/or female reproductive organs and secondly, to determine

whether treatments of GA can partially overcome decreases in pollen viability and seed set caused by

glyphosate in GR cotton.

MATERIALS AND METHODS

Glyphosate sensitivity of stamen and pistils.  Field studies were conducted at the Central Crops Research

Station in Clayton, NC in 2000 and 2001 to study the effects of glyphosate on stamen and pistils by measuring

seed set from reciprocal crosses.  Treatments were arranged in a split plot design with four replications of

treatments each year.  The main plot factor consisted of four variety/herbicide treatment combinations which

served as female parents for crosses, while the subplot factor consisted of rows within a main plot which served

as the male parent (pollen donor).  Plots were 29.6 m2 (3.9 m wide by 7.6 m long) containing four rows spaced

76 cm apart.

Varieties included ‘DP 5415’ and ‘DP 5415RR.’  Treatments applied to plots containing the

glyphosate-resistant variety ‘DP 5415RR’ included a nontreated control, a treatment of 1.12 kg ai ha-1

glyphosate (Roundup Ultra1) applied at the 4-leaf stage as a postemergence application (POST), or a sequential

treatment consisting of a 4-leaf stage POST treatment followed by an 8-leaf stage POST-directed (PD)

treatment of 1.12 kg ha-1 glyphosate.  Plots with ‘DP 5415’ did not receive glyphosate treatments.  The entire

study received a preemergence treatment of pendemethalin at 0.84 kg ai ha-1, a late PD treatment of fluometuron

at 1.12 kg ai ha-1, and clethodim at  0.14 kg ai ha-1 as needed, and one treatment of mepiquat-chloride at 840 g ai

ha-1 at the 12-leaf stage to regulate vegetative growth of cotton according to standard extension

recommendations (Edmisten 2001).  Plots were kept weed free through the duration of the study with hand

weedings as necessary.

All possible reciprocal crosses and self-pollinations were made so that every variety/treatment would

serve as both a male or as a female in every variety/treatment.  Crosses were initiated when the study averaged
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one flower per 4 plants (week 1) and were conducted weekly for the first 4 weeks of flowering, due to greater

than 85% of fruit set occurring during this period in the Southeast (Deterling and El-Zik 1982).  The day before

crosses were to be conducted, 5 squares (pre-anthesis floral buds) per row were emasculated.  Squares in the

candle stage (1 d pre-anthesis, Deterling and El-Zik 1982), were selected for emasculation.  Emasculated floral

organs were covered by a glassine bag2.  Two candle-stage squares per row were also covered, to serve as males

the following day.  Flowers for self-pollinations were bagged in a similar manner.  The following day, crosses

were conducted between 9:30-13:00 when natural pollination typically occurs (McGregor 1976).  Male flowers

from each main plot were harvested, and pollen viability determined for one of the four flowers per block.  Six

to eight stamens were removed from the flower and were touched onto slides containing Brewbaker & Kwack +

5% (w/v) sucrose media (Brewbaker and Kwack 1963).  Coverslips were placed on the slides and sealed with

nail polish.  Pollen viability was determined upon return to the laboratory by counting the percentage of pollen

grains that had germinated.  Crosses were made by brushing the anthers of the male flower upon the stigma

from the emasculated female flower.  Each male flower was used to pollinate 2 to 3 female flowers in the

appropriate cross in each block, following standard cotton breeding techniquesa.  Bolls resulting from each cross

were tagged with colored cable ties corresponding to the week the cross was made.  Bolls resulting from

pollinations were uncovered 1 week following the cross and allowed to mature on the plant and remained color-

tagged throughout the season until hand harvest, according to standard cotton breeding techniquesa.

At maturity, each boll used in a cross was harvested and the number of seeds per boll were counted.

The percent retention was calculated for each plot, for each week by determining the number of retained bolls,

out of the 5 possible bolls from crosses in each subplot.  Pollen viability, seed count, and retention data were

subjected to ANOVA using an analysis for split plot experiments arranged in a randomized complete block

design over years using SAS version 8.03.  Data over the two years were combined due

where non-significant year by treatment interactions occurred.  Means from significant main effects and

interactions were separated using the Fisher’s Protected LSD test (α=0.05).

Effect of GA and glyphosate on floral anatomy, pollen viability, and seed set.   Because GA has previously

been demonstrated to overcome male sterility in tomatoes (Sawhney and Greyson 1973), its effects on

                                                       
aBowman, D. North Carolina State University, personal communication.  (2002).
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glyphosate treated and non-treated GR cotton were investigated.  The study was arranged as a two-factor

factorial in a randomized complete block design with three replications of treatments.  The two factors included

glyphosate treatments (none vs. 1.12 kg ha-1 glyphosate) and gibberellic acid treatments (none vs. 20 µL of 10-3

M GA3).  The study was repeated in time.  Plants were grown in a climate-controlled greenhouse at the North

Carolina State University Phytotron with a 26/22° C day/night temperature regime.  Seeds from the Delta Pine

& Land cultivar ‘DP5415 RR’ were planted in 25 cm pots containing a pea gravel-peat growth substrate.  Plants

were thinned to one per pot and were watered with a standard Phytotron nutrient mixture two times daily.

Applications of 1.12 kg ha-1 glyphosate (Roundup Ultra) and 0.84 kg ha-1 mepiquat-chloride were applied to

plants as previously described.

Plants assigned GA treatment, received 20 µL of 10-3 M gibberellic acid4 (GA3) + 0.25% w/v nonionic

surfactant5 on the subtending leaf of every square on fruiting branches, when each leaf reached 2.5 cm diameter.

When plants began to flower, floral anatomy measurements including height of stigma, height of staminal

column, stamen length, and distance from the top anther to tip of the stigma were taken 5 times weekly for the

first 4 weeks of flowering on all flowers as described by Pline et al. 2002a.  Pollen viability was determined as

previously described, 3 times weekly on one flower from each treatment.  After the fifth week of flowering,

plants were plant mapped for fruit placement and retention.  First and second position bolls from the first six

fruiting branches were harvested, dried, and seeds per boll were counted.

Floral anatomy, pollen viability, fruit retention, and fruit placement data were subjected to ANOVA

using an analysis for factorial experiments arranged in a randomized complete block design using SAS version

8.0.  Data from both studies were combined due to nonsignificant treatment by run interactions.  Means for

significant main effects and interactions were separated using Fisher’s Protected LSD test (α=0.05).

RESULTS AND DISCUSSION

Pollen Viability and Seed Set.  Cotton stamens have previously been shown to be sensitive to glyphosate

(Pline et al. 2002a).  Glyphosate treatments to GR cotton may also reduce the number of mature seeds per boll

(Pline et al. 2002a).  The current study investigates whether reductions in seeds per boll following glyphosate
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treatments are due to glyphosate sensitivity exclusively of stamens, or if pistils also exhibit glyphosate

sensitivity.

Pollen viability was significantly reduced with both glyphosate treatments to DP 5415RR compared to

that of nontreated conventional DP 5415 and the nontreated DP 5415RR varieties.  In the first week of

flowering (approximately 6 wk after POST treatment and 4 wk after PD treatment), pollen from flowers on

plants receiving the 4-leaf POST and 4-leaf POST followed by (fb) 8-leaf PD treatments were 70% and 38%

viable, respectively, compared with 90-92% viable for nontreated GR and conventional cotton (Figure 1).

During the second week of flowering, pollen viability improved in glyphosate-treated plants.  Pollen viability

from plants treated with the 4-leaf POST fb 8-leaf PD glyphosate treatments reached 50% viability, while

viability from plants treated with the 4-leaf POST treatment did not differ from nontreated GR cotton, or from

conventional cotton (Figure 1).  By the third and fourth week of flowering, glyphosate had no significant effect

on pollen viability, with pollen from all treatments having greater than 85% viability.  It therefore appears that

the effect of glyphosate on pollen viability is transitory, with the most severe decline in pollen viability

observed in the first two weeks of flowering in plants receiving two treatments of glyphosate.  After the second

week of flowering, glyphosate treatments no longer influenced pollen viability (Figure 1).

The number of mature seeds from harvested bolls was strongly influenced by the male parent (pollen

donor) in each cross or self-pollination (Figure 2b), but was not influenced by the female parent (Figure 2a).  In

crosses and self-pollinations made during the first week of flowering, males parents treated with either the 4-

leaf POST or the 4-leaf POST fb 8-leaf PD glyphosate treatments had a 2-5 seed reduction per boll, compared

to the nontreated GR and conventional variety (Figure 2b).  By the second week of flowering, bolls from

crosses where male plants were treated with the 4-leaf POST fb 8-leaf PD glyphosate treatments contained

fewer seeds than bolls from conventional plants, but did not differ from nontreated or 4-leaf POST treated GR

cotton (Figure 2b).  These data suggest that reductions in pollen viability result in reductions in pollination.

Corresponding to pollen viability, the number of seeds per boll was not influenced by glyphosate treatment to

male parents used in crosses or self-pollinations during the third and fourth week of flowering (Figure 2b).  In

contrast to the sensitivity to glyphosate seen in male parents, glyphosate treatments had no effect on the female

parent involved in each cross or self-pollination during any of the first four weeks of flowering (Figure 2a).
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There was no significant difference in the number of seeds per boll of harvested bolls, regardless of the

treatment applied to the female parent over all four weeks.

Because bolls from crosses or self-pollinations that had abscised were not included in seed count

analysis due to a high increase in variance if they were included as ‘0s’, the number of seeds per boll may be

overestimated in treatments where boll retention was low.  An inverse relationship between the number of

fertilized ovules in an ovary, and the likelihood of abscission was reported by Doak (1937) and Walhood and

McMeans (1964).  Further, bolls with inadequate pollination, such as occurs on a rainy day, are often shed due

to poor fertilization of ovaries (Lloyd 1920; King et al. 1956).  Therefore, a number of the bolls that abscised in

this study may have done so due to poor pollination.  During the first week of flowering, retention of bolls used

in crosses and self-pollinations where males were treated with 4-leaf POST fb 8-leaf PD glyphosate treatment,

was significantly less than that of bolls from males treated with a single 4-leaf POST application (Figure 3b).

However, retention did not differ from non-treated GR or conventional plants.  In the third week of flowering,

retention of bolls where males were treated with 4-leaf POST fb 8-leaf PD glyphosate treatments, was

significantly less than that of bolls from all other male treatments.  During the second and fourth week of

flowering for male parents, and all four weeks for female parents, there were no significant differences in boll

retention between treatments (Figure 3a-b).  The increased number of abscised bolls from crosses involving

males treated with 4-leaf POST fb 8-leaf PD glyphosate treatments, suggests that the number of ovaries

fertilized in these crosses or self-pollinations is actually overestimated, assuming that these bolls abscised due to

poor pollination.  Because there were no glyphosate-induced differences in retention between female parents

(Figure 3a), it is valid to assume retention differences between glyphosate-treated and non-treated male parents

are due to insufficient pollination, especially in light of pollen viability data for these plants (Figures 1, 3b).

Therefore, the number of fertilized ovules in bolls where male parents were treated with 4-leaf POST fb 8-leaf

PD glyphosate treatments, may actually be even less than estimated by seed count data (Figure 2b).  Not only

do reduced numbers of fertilized ovules promote boll abscission, but reductions in fiber quality in retained bolls

containing many non-fertilized ovules (motes) have also been reported (Davidonis et al. 2000; Smith and Coyle

1997).

Seed set was also significantly affected by the interaction of the male and female parent (Table 1).  As

before, seed set from bolls where the male parent was treated with 4-leaf POST fb 8-leaf PD glyphosate
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treatments was significantly lower than that where the male was not treated, regardless of the female.  The only

exception being the self-pollinated plants treated with 4-leaf POST fb 8-leaf PD glyphosate treatments having

seed set similar to that of the untreated male (Table 1).

Yasuor et al. (2000) reported that many anthers from GR cotton treated with sequential high rates of

glyphosate failed to open or expose pollen.  Pline et al. (2002a) reported that the first flowers from GR cotton

treated with recommended rates and timings of glyphosate had shorter stamens and immature, non-viable pollen

at the time of anthesis.  The shorter stamens resulting in an increased distance between the anthers and the

receptive stigma, caused reduced pollen deposition on the stigma surface.  It was inferred that reductions in seed

set and in boll abscission following glyphosate treatment are due to insufficient pollination from poor pollen

viability and deposition on the stigma.   Because hand pollinations would theoretically overcome reductions in

pollen deposition caused by shorter stigmas, the current work suggests that reduced pollen viability accounts for

a larger portion of glyphosate-induced pollination problems than reduced pollen deposition.  The current work

further demonstrates that pistils from GR cotton are not as sensitive to glyphosate as stamens, as measured by

seed set from reciprocal crosses.  Pline et al. (2002a) reported that ovaries from GR cotton contained

significantly more CP4-EPSPS enzyme than stamens, potentially explaining the differences in glyphosate

sensitivity of stamens and pistils observed in the current study.

Effect of GA Treatments on Fruiting in Glyphosate-Treated and Nontreated Plants.  Glyphosate

treatments to GR cotton plants cause pollination problems which are similar to those described in many male-

sterile mutants, such as low pollen viability and increased spatial separation between anthers and stigmas for

pollen deposition.  Because GA has been shown to restore male-fertility in a male-sterile tomato mutant

(Sawhney and Greyson 1973) as well as to promote retention of cotton fruit (Varma 1976), studies were

conducted to determine whether GA could restore or partially restore normal fertility to flowers affected by

glyphosate.

Floral anatomy was significantly affected by both GA and glyphosate applications.  The height of the

staminal column and length of stamens were not affected by GA treatment, but stamen length was reduced by

0.9 mm and 1.1 mm respectively, by glyphosate treatment in treated plants compared to nontreated plants

(Table 2).  GA treatment to the subtending leaves of glyphosate-treated plants did not improve the staminal
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column height or stamen length over that of glyphosate-treated plants not receiving GA, however stamens and

staminal column height from GA treated plants differed from those of nontreated plants (Table 2).  GA

treatments increased the height of the stigma by 11.7 and 12.6 mm over the nontreated and glyphosate-treated

plants respectively (Table 2).  Glyphosate treatments had no significant effect on stigma height.  Bhatt and

Ramanujam (1971) also reported that whole plant applications of GA to a short-branch cotton variety resulted in

flowers with longer styles.  The distance from the top anther to the tip of the stigma (anther-stigma distance)

was affected by both GA and glyphosate applications.  Glyphosate and GA treatments alone, increased the

anther-stigma distance by 3.3 and 11.5 mm, respectively, compared to the nontreated control (Table 2).  The

combination of GA and glyphosate further increased the anther-stigma distance to 16.0 mm, producing anther-

stigma distances that were 12.3 times greater than the nontreated control (Table 2).

Pollen viability was also affected by glyphosate and GA treatments.  Pollen viability was not affected

by GA treatment alone, with similar viability between GA treated and nontreated pollen (Table 3).  In the first

week of flowering, flowers from plants treated with glyphosate or GA + glyphosate were not yet present on the

plant on measurement days due to a delay in maturity caused by the glyphosate treatment.  A similar delay of 3-

4 days to reach first flowering was reported by Pline et al. (2002b) in plants receiving glyphosate treatments

compared to nontreated plants.  In weeks 2-4, pollen viability from glyphosate-treated plants was significantly

less than viability from nontreated or GA plants.  The addition of GA to glyphosate-treated plants increased

pollen viability by 21 percentage points compared to glyphosate-treated plants not receiving GA treatments, in

the second week of flowering, but had no effect on viability in weeks 3 and 4.

The effect of glyphosate and GA on the number of seeds per boll varied by both zone and fruiting

position on a fruiting branch (Table 4).  Plants treated with glyphosate alone had less seeds per boll than

nontreated plants in first and second position bolls on the lower portion of the plant (first three fruiting

branches), but did not differ in bolls in the first and second positions on the 4th through 6th fruiting branches

(Table 4).  GA applied alone had no effect on the number of seeds per boll compared to nontreated plants, with

the exception of 2nd position bolls on the lower portion of the plant, which had 9.1 fewer seeds per boll than

bolls from nontreated plants.  The addition of GA to glyphosate treated plants did not improve the number of

seeds per boll in any of the fruiting zones or fruiting positions (Table 4).  Second position bolls from plants

treated with glyphosate and GA on the lower portion of the plant had 15.1 seeds less than plants treated with
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glyphosate alone, and 21.6 seeds less than nontreated plants (Table 4).  The decrease in seeds per boll observed

with GA treatment to glyphosate treated plants suggests that pollination is not improved with the addition of

GA.  Although pollen viability was improved with GA treatments to glyphosate treated plants, seed set was not.

Because GA treatments caused a drastic increase in the distance from anthers to the receptive top

portion of the stigma (Table 1), pollen deposition was likely greatly reduced resulting in fewer fertilized ovules

and fewer seeds per boll.  Pline et al. (2002a) reported that increased distances between the top anther and the

tip of stigmas resulted in reduced pollen deposition.  Although pollen viability was improved with GA

treatments during the second week of flowering, this improvement was not sufficient to restore seed set to the

levels of nontreated plants, partially due to the increased anther-stigma distance.  However, because the greater

anther-stigma distance in plants treated with GA alone, significantly reduced seed set in only one portion of the

plant (Table 4), the detrimental effect of glyphosate on floral morpholgy and pollen viability must play a larger

role in seed set reductions than that caused by an increase in anther-stigma distance.  This conclusion is

supported by data presented earlier in this work for reciprocal crosses, where the spatial separation to pollen

deposition, the anther-stigma distance, is overcome by hand pollinations.

As described previously for reciprocal cross studies, seed count data may actually overestimate

fertilization efficiency, because bolls with very low pollination are not retained.  Therefore differences in boll

retention should also be considered.  The application of GA alone increased boll retention of 2nd position bolls

on the lower portion of the plant over that of nontreated plants, but did not significantly affect retention in other

fruiting zones (Table 4).  Glyphosate treatments significantly reduced retention of 1st and 2nd position bolls on

the lowest three fruiting branches, but did not affect retention on higher fruiting branches (Table 4).  The

combination of GA and glyphosate further reduced retention of 1st and 2nd position bolls on the lower portion of

the plant by 28 and 51 percentage points respectively, compared with plants treated with glyphosate alone

(Table 4).  Therefore, as with data from reciprocal crosses, seed counts from bolls in positions where retention

was very low due to glyphosate or GA treatment may in fact be an overestimate, because bolls which abscised

presumably abscised due to insufficient fertilization.  Overall, boll retention data show the same trends as seed

count data.  GA applied alone generally does not affect retention or seeds per boll in retained bolls, while

glyphosate treatments reduce retention and seeds per boll in retained bolls on the lower portion of the plant.
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The addition of GA to plants previously treated with glyphosate does not improve, and in some cases

dramatically decreases both retention and seeds per boll in retained bolls.

Fruiting and fruit retention characteristics were also influenced by GA and glyphosate.  GA applied

alone decreased the number of first position bolls and increased the number of total squares compared to

nontreated plants (Table 5).  Treatments of GA to glyphosate-treated plants significantly decreased the number

of first position bolls, and increased the number of total bolls, abnormally abscised bolls (referred to as ‘dried

bolls’ by Bhatt 1970, or ‘cavitations’ by Legé and Kerby 2001), and total squares.  The total number of

vegetative bolls, aborted positions, and total fruiting positions were not significantly affected by either GA or

glyphosate treatments, or their combination (Table 5).

In conclusion, this research has demonstrated that glyphosate treatments to GR cotton reduce boll

retention by primarily reducing pollen viability, and secondarily by increasing the distance from the anthers to

the receptive stigma.  Female reproductive organs did not appear to be sensitive to glyphosate, as seed set did

not vary in treated or non-treated female parents.  The effects of glyphosate on male reproductive organs are

transitory, with the most severe effects in the first and second weeks of flowering, thus affecting first and

second position bolls on the lower portion of the plant.  Applications of GA, which have succeeded in

restoration of male fertility in other male-sterile plants, generally do not improve retention or seed set in bolls

from plants previously treated with glyphosate.  Pollen viability is improved on the first flowers of the plant

with GA treatments, but this improvement does not counteract completely the detrimental effects of glyphosate

on seed set and retention.

SOURCES OF MATERIALS

   1Roundup Ultra, Monsanto Co., St. Louis, MO.

   2Lawson Pollinating Bags, Northfield, IL 60093.

   3Statistical Analysis Systems (SAS) software, Ver. 8, SAS Institute, Inc., Box 8000, SAS Circle, Cary, NC.

   4Gibberellic Acid, Sigma Co., 11542 Fort Mims Dr., St. Louis, MO
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   5Induce nonionic low foam wetter/spreader adjuvant contains 90% nonionic surfactant

(alkylarylpolyoxyalkane ether and isopropanol), free fatty acids, and 10% water.  Helena Chemical Co., Suite

500, 6075 Poplar Avenue, Memphis, TN 38137.
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Table 1.  Effect of glyphosate treatments on seed set of bolls from glyphosate-treated or nontreated male and

female parents involved in crosses over the first four weeks of flowering in 2000-01.

Female Parent Treatment

Male Parent Treatment DP 5415 DP 5415RR-Unt. DP 5415RR-4 lf DP 5415RR-

4 + 8 lf

___________________________________Seeds per boll__________________________________

DP 5415 28.3 aa 22.2 bc 22.1 bc 24.8 ab

DP 5415RR-Unt. 25.4 ab 26.5 ab 23.2 b 22.6 bc

DP 5415RR-4 lf 21.4 bc 21.7 bc 28.2 a 23.0 bc

DP 5415RR-4 & 8 lf 20.0 c 20.4 c 19.4 c 24.4 b

   aMeans followed by the same letter within the table are not significantly different according to Fisher’s

Protected LSD test at alpha = 0.05.
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Table 2.  Effect of GAa and glyphosateb treatments on the distance between

 the top anther and the tip of the stigma, staminal column height, stigma

height, and stamen length of DP 5415RR.  Measurements were taken five times

weekly for the first four weeks of flowering.

Anther-

stigma

distance

Staminal

column height

Stigma

height Stamen length

______________________________mm___________________________

Nontreated 1.2 dc 14.1 ab 21.6 b 6.4 a

GA 12.7 b 14.7 a 33.3 a 5.8 ab

Glyphosate 4.5 c 13.2 c 23.0 b 5.3 bc

GA+ Glyphosate 16.0 a 13.8 bc 34.2 a 4.3 c

   aTwenty µL of 10-3 M gibberellic acid (GA3) + 0.25% w/v nonionic

surfactant was applied to the subtending leaf of every square on fruiting

branches, when each leaf reached 2.5 cm diameter.

   bGlyphosate was applied at the rate of 1.12 kg ha-1 at the 4-leaf stage

POST and 8-leaf stage PD.

   cMeans followed by the same letter within a column are not significantly

 different according to Fisher’s Protected LSD test at alpha = 0.05.
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Table 3.  Effect of GAa and glyphosateb treatments on percent pollen viability.  Pollen from flowers at anthesis

was analyzed for viability three times weekly for the first four weeks of flowering using Brewbaker & Kwack

media + 5% (w/v) sucrose.

Week of flowering

1 2 3 4

___________________% Viable pollen_________________

Nontreated 94.5 ac 97.5 a 95.8 a 95.7 a

GA 96.6 a 95.7 a 97.3 a 96.9 a

Glyphosate NA 22.1 c 59.5 b 86.2 b

GA+ Glyphosate NA 43.1 b 63.7 b 91.8 ab

   aTwenty µL of 10-3 M gibberellic acid (GA3) + 0.25% w/v nonionic

surfactant was applied to the subtending leaf of every square on

fruiting branches, when each leaf reached 2.5 cm diameter.

   bGlyphosate was applied at the rate of 1.12 kg ha-1 at the 4-leaf stage

POST and 8-leaf stage PD.

   cMeans followed by the same letter within a column are not significantly

different according to Fisher’s Protected LSD test at alpha = 0.05.
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 Table 4. Effect of GAa and glyphosateb treatments on number of seeds per boll and percent boll retention in first and second position bolls

from fruiting branches 1-3 and 4-6.

1st position bolls 2nd position bolls 1st position bolls 2nd position bolls

Fruiting Branch

1st-3rd 4th-6th 1st-3rd 4th-6th 1st-3rd 4th-6th 1st-3rd 4th-6th

__________________________% Boll Retention________________ __________________________Seeds/boll____________________________

Nontreated 56 ac 94 a 83 a 67 b 33.5 a 36.3 a 30.6 a 29.5 a

GA 67 a 100 a 94 a 83 a 27.9 a 32.9 a 21.5 b 29.3 a

Glyphosate 78 a 67 b 78 a 67 b 15.6 b 30.7 ab 24.1 b 25.3 a

GA+ Glyphosate 72 a 39 c 83 a 16 c 13.6 b 26.5 b 9.0 c 24.2 a

   aTwenty µL of 10-3 M gibberellic acid (GA3) + 0.25% w/v nonionic surfactant was applied to the subtending leaf of every square on fruiting branches, when

each leaf reached 2.5 cm diameter.

   bGlyphosate was applied at the rate of 1.12 kg ha-1 at the 4-leaf stage POST and 8-leaf stage PD.

   cMeans followed by the same letter within a column are not significantly different according to Fisher’s Protected LSD test at alpha = 0.05.



155

Table 5.  Effect of GAa and glyphosateb on fruiting and fruit retention characteristics of plants at 5 weeks

 after first bloom.

Vegetative

bolls

First

position

bolls Total Bolls

Total

aborted

positions

Abnormally

abscised bolls

Total

squares

Total

fruiting

positions

______________________________________number per plant____________________________________________

Untreated 7.3 ac 10.0 a 18.2 bc 8.5 a 0.0 b 3.8 c 46.2 a

GA 2.5 a 7.5 b 15.7 c 5.3 a 0.2 ab 12.7 ab 44.3 a

Glyphosate 5.5 a 10.0 a 20.7 ab 8.3 a 0.7 ab 8.2 bc 48.2 a

GA +

   Glyphosate

5.3 a 7.5 b 24.0 a 6.2 a 1.7 a 14.0 a 58.5 a

   aTwenty µL of 10-3 M gibberellic acid (GA3) + 0.25% w/v nonionic surfactant was applied to the

subtending leaf of every square on fruiting branches, when each leaf reached 2.5 cm diameter.

   bGlyphosate was applied at the rate of 1.12 kg ha-1 at the 4-leaf stage POST and 8-leaf stage PD.

   cMeans followed by the same letter within a column are not significantly different according to

Fisher’s Protected LSD test at alpha = 0.05.
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Figure 1.  Pollen viability (percent of pollen grains forming pollen tubes longer than the diameter of the grain)

of nontreated DP 5415, and glyphosate treated and nontreated DP 5415RR during the first four weeks of

flowering.  Pollen was taken from male flowers to be used in crosses.

Week of flowering

1 2 3 4

%
 P

ol
le

n 
vi

ab
ili

ty

0

20

40

60

80

100

120
DP 5415
DP 5415RR (Unt.)
DP 5415RR (4-lf POST)
DP 5415RR (4-lf POST + 8-lf PD)

a
a

b

c

a
a

a

b

NS NS



157

Week of flowering

1 2 3 4

S
ee

ds
/B

ol
l

0

10

20

30

S
ee

ds
/B

ol
l

0

10

20

30
DP 5415
DP 5415RR (nontreated)
DP 5415RR (4-lf POST)
DP 5415RR (4-lf POST & 8-lf PD)

a a

b

c

a
abab

b

NS NS

NS NS

NS
NS

a.  Female Parent

b.  Male Parent

Figure 2.  Seeds per boll from bolls resulting from hand crosses or self-pollinations.  a.) Seed set when the

female parent was DP 5415, or glyphosate treated or nontreated DP 5415RR, averaged over male parents for the

first four weeks of flowering.  b.) Seed set when the male parent was DP 5415, or glyphosate treated or

nontreated DP 5415RR, averaged over female parents for the first four weeks of flowering.  Seeds per boll were

counted from mature bolls at harvest.
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Figure 3.  Percent retention of bolls from hand crosses or self-pollinations.  a.) Percent retention of bolls from

hand crosses or self-pollinations when the female parent was DP 5415, or glyphosate treated or nontreated DP

5415RR, averaged over male parents for the first four weeks of flowering.  b.) Percent retention of bolls from

hand crosses or self-pollinations when the male parent was DP 5415, or glyphosate treated or nontreated DP

5415RR, averaged over female parents for the first four weeks of flowering.
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Figure 4.  Effect of GA and glyphosate treatments on floral morphology.  a.) Glyphosate and GA increase

stigma height. b.)  Flower from DP 5415RR treated with GA.  Stigma is greatly elongated.
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CHAPTER 8.

Reproductive Abnormalities in Glyphosate-Resistant Cotton due to Lower CP4-EPSPS Levels in Male

Reproductive Tissue

Glyphosate treatments to glyphosate-resistant (GR) cotton have been associated with poor pollination

and increased boll abortion.  Anatomical studies were conducted to characterize the effect of glyphosate

treatments on the development of male and female reproductive organs of cotton flowers at anthesis.  In

comparison to non-treated plants, glyphosate applied at both the 4-leaf stage postemergence (POST) and at the

8-leaf stage postemergence-directed (PD) inhibited the elongation of the staminal column and filament, which

increased the distance from the anthers to the receptive stigma tip 4.9 to 5.7 mm during the first week of

flowering.  The increased distance from anthers to stigma resulted in 42% less pollen deposited on stigmas of

glyphosate-treated plants than non-treated plants.  Moreover, pollen from glyphosate-treated plants showed

numerous morphological abnormalities.  Transmission electron microscopy showed the presence of large

vacuoles, numerous starch grains, and less organized pockets of endoplasmic reticulum (ER) containing fewer

ribosomes in pollen from glyphosate-treated than non-treated plants.  Pollen development in glyphosate-treated

plants is likely inhibited or aborted at the vacuolate microspore and vacuolate microgamete stages of

microgametogenesis, resulting in immature pollen at anthesis.  Although stigmas from glyphosate-treated plants

were 1.2-1.4 mm longer than those from non-treated plants, no other anatomical differences in stigmas were

visibly evident.  The presence of the GR CP4-EPSPS enzyme was quantified in reproductive and vegetative

tissues using ELISA. Content of CP4-EPSPS in the stigma, anther, pre-anthesis floral bud (square), and flower

petals were significantly less than in vegetative leaf tissue.  Glyphosate effects on male reproductive

development resulting in poor pollen deposition on the stigma, as well as production of aborted pollen with

reduced viability provide a likely explanation for reports of increased boll abortion and pollination problems in

glyphosate-treated GR cotton.
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INTRODUCTION

   Glyphosate-resistant (GR) crops, such as cotton, allow growers greater flexibility in timing of herbicide

applications, as well as a broader spectrum of weed control than that offered by other herbicide systems (Askew

and Wilcut 1999; Culpepper and York 1999; Scott et al. 2001).  Since its commercialization in 1997, however,

concern over reproductive tolerance of GR cotton to glyphosate has been raised.  Numerous reports of increased

boll abscission and pollination problems in response to glyphosate applications have occurred in cotton,

occasionally leading to yield loss and a modified fruiting pattern (Jones and Snipes 1999; Vargas et al. 1998).

A similar slight yield reduction has been reported in GR soybean (Glycine max L. Merr.), but this was attributed

to differences between the GR and conventional isolines, and not to glyphosate applications (Elmore et al.

2001).  Such reports have not surfaced in other glyphosate-resistant crops such as maize (Zea mays L.),

suggesting that either problems with reproductive sensitivity to glyphosate are limited to GR cotton, or that

reproductive sensitivity to glyphosate of maize and soybean does not incur a noticeable yield penalty.

   Glyphosate resistance has been conferred to cotton by the incorporation of a glyphosate-resistant 5-

enolpyruvylshikimate-3-phosphate synthase (CP4-EPSPS) gene cloned from Agrobacterium sp. strain CP4.

The expression of the CP4-EPSPS gene produces a glyphosate-resistant EPSPS enzyme, which can bypass the

inhibition of native EPSPS in the presence of glyphosate, allowing sufficient production of aromatic amino

acids and secondary metabolites (Nida et al. 1996).

   Glyphosate applications to GR cotton in North Carolina are typically made before the 5-leaf stage

(approximately 25 d after emergence) as a POST application, and again as either a PDS spray (approximately

40 d after emergence) or as a late postemergence-directed (LAYBY) treatment (>40 d after emergence).

Reproductive development begins relatively early in the cotton life cycle.  Mauney (1966) observed

differentiation of the first floral bud as early as 10 to 14 d after emergence.  From the time that the first

reproductive bud (square) is visible, anthesis typically occurs 25 to 30 d later, while the actual stimulus to

flower is thought to start 10 to 15 d prior to this stage.  In cotton squares, anther development, and microspore

meiosis occur earlier than in ovules, about 22 d before anthesis (Quintanilha et al. 1962).

   The timing of glyphosate treatments to GR cotton relative to the development of reproductive organs may

lead to damage if glyphosate accumulation in these organs exceeds a tolerance threshold.  Glyphosate
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accumulates in tissues such as reproductive organs, which act as metabolic sinks (Gougler and Geiger 1981;

Sandberg et al. 1980).  Pline et al. (2001a) found that 3.7% of glyphosate applied to stem tissue of GR cotton at

2 wk after first bloom was translocated to developing squares.  Viator et al. (2000) reported that concentrations

of 126.4 µg glyphosate per g boll tissue promoted boll abscission.  Therefore, if reproductive tissue was not

sufficiently tolerant to glyphosate, herbicidal damage or impaired reproductive development may occur.

   Reduced reproductive tolerance to glyphosate has been reported in transgenic glyphosate-resistant tobacco

(Nicotinia tabacum L.) plants containing different constructs of the CP4-EPSPS gene encoded in either the

chloroplast or nuclear genomes (Ye et al. 2001).  In all constructs, the amount of glyphosate needed to reach

50% injury of reproductive tissues (50% reduction in seed set) was less than that for vegetative tissues. It is also

possible, therefore, that expression of the CP4-EPSPS gene in cotton reproductive tissues is less than in

vegetative tissue.  Pline et al. (2001b) reported that squares from GR cotton accumulate 11 times more shikimic

acid (a metabolite which accumulates in response to EPSPS inhibition) per µM translocated glyphosate than

leaf tissues, further suggesting reproductive sensitivity in GR cotton.

   Male reproductive organ development in many crop species is more sensitive to environmental factors than

female organ development (Frankel and Galun 1977).  Reports of male sterility due to temperature extremes,

genetics, or incompatibility exist in numerous crops, including cotton.  Flowers from some male sterile cotton

plants exhibit shortened or missing anthers which do not properly dehisce (Allison and Fisher 1964).  In another

case, the dominant mutant gene, ms10, induces abortion of mature cotton pollen (Bowman et al. 1978).

Inhibition of stamen initials early in development often leads to stamenless or antherless phenotypes.  Such

mutants exist in a wide range of species, including cotton (Allison and Fisher 1964).  The presence of

meiocytes, or tetrads of microspores at anthesis, instead of mature pollen, indicate abortion of microsporocytes

during microsporogenesis (Frankel and Galun 1977).  Inhibition of development at later stages, for example,

failure of the tapetum to degenerate and provide nutrients to developing pollen, may arrest pollen maturation.

Finally, male sterile plants may also fail to shed mature pollen at anther dehiscence due to developmental

inhibition of the anther epidermis (Frankel and Galun 1977).

   Pollen development and maturation is a multi-step process of synchronized events occurring between the

anther tapetum and the developing sporocyte.  Breakdown at any point in the developmental pattern can lead to

pollen abortion. A summary of phenotypes of pollen aborted at different stages of microgametogenesis is
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presented in Figure 1a.  Assuming normal development of free microspores (no breakdown in

mircrosporogenesis), the primary microgametophyte is still susceptible to developmental inhibition during

microgametogenesis. During the initial step of microgametogenesis, the primary microgametophyte is

converted to an early vacuolate microspore, which contains several vacuoles.  When this conversion is

inhibited, a general degeneration of the microspore occurs (Fig. 1a ‘I’).  The second step in microspore

development consists of the conversion of the early vacuolate microspore to a vacuolate microspore,

characterized by the formation of a large central vacuole (Fig. 1a ‘II’).  The vacuolate microspore stage occurs

approximately 9 d before anthesis (Wetzel and Jensen 1992). The third step in microgametogenesis is the

conversion of the vacuolate microspore to vacuolate microgamete (Fig. 1a ‘III’).  The major feature of this step

is the mitotic division of the vegetative nucleus to form a generative nucleus.  From this point forward the

microgamete is binucleate and it is during this conversion when the large vacuole shrinks, eventually filling

with storage material.  If the conversion from vacuolate microspore to vacuolate microgamete was inhibited, the

large vacuole and a collapse of the microspore walls would be evident in the aborted microspore (Frankel and

Galun 1977).  The fourth step in post-meiotic pollen maturation is the conversion of the vacuolate microgamete

into a mature binucleate pollen grain.  The main feature of this conversion is the accumulation and organization

of food storage materials.  If the conversion from vacuolate microgamete to mature binucleate pollen was

inhibited, food accumulation in the pollen grain would be inhibited and the microgamete would retain a smaller

vacuole.

   Wetzel and Jensen (1992) describe the time course of events of cotton pollen development from the vacuolate

microspore stage (approximately 9 d before anthesis) to the mature binucleate pollen grain (anthesis).  Nine d

before anthesis, large plastids containing starch begin to accumulate.  Lipids begin to accumulate 6 d before

anthesis and correlate with a decrease in size of the starch containing plastids.  Ribosomes on the endoplasmic

reticulum (ER) increase from 6 d before anthesis to a peak in mature pollen at anthesis.  A unique feature of

cotton pollen is its’ arrangement of inflated endoplasmic reticulum into spherical pockets covered with

ribosomes (Jensen et al. 1968; Wetzel and Jensen 1992).  These ER pockets contain an organized arrangement

of lipid droplets and small vesicles containing carbohydrates and organize only a few hours before anthesis

(Figure 3e). Upon pollen germination, these ER pockets open and the lipid droplets and carbohydrate containing
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vesicles mix in the cytoplasm and are likely used for pollen tube construction and elongation (Jensen et al.

1968).

   The objectives of the current study were to characterize differences in floral anatomy, pollen deposition, and

pollen morphology between glyphosate-treated and non-treated GR and conventional cotton, and to quantify the

level of CP4-EPSPS protein in reproductive and vegetative tissues of GR cotton.

MATERIALS AND METHODS

Plant material and growth conditions.  Pollen and reproductive tissue samples were obtained from cotton

plants grown in an air-conditioned greenhouse at the North Carolina State University Phytotron with a 26/22° C

day/night temperature regime.  Delta Pine & Land cultivars ‘DP 50’, ‘DP 90’, ‘DP5415 RR’ and SureGrow

cultivar ‘SG 125RR’ seeds were planted in 25.4 cm pots containing a gravel-peat combination substrate.  Plants

were thinned to one per pot and were watered with the standard Phytotron nutrient mixture twice daily.

Glyphosate-treated plants received 1,120 g ai ha-1 glyphosate (Roundup Ultra) at the 4-leaf stage (foliar

application) and at the 8-leaf stage (post-directed application to stem) according to the Roundup Ultra

supplemental label for GR cotton (Anonymous 2001).  The growth regulator mepiquat-chloride was applied to

upper leaves at the rate of 840 g ai ha-1 at the 10-leaf stage to control vegetative growth according to North

Carolina Cooperative Extension Service guidelines (Edmisten 2001).

Pollen and Tissue Sampling.  All pollen and anther samples were collected between 9:00 and 11:00 am.

Brightfield images of pollen and reproductive organs were captured with a digital camera.  Measurements of

floral anatomy (height of the stigma, height of the staminal column, distance from the highest anther to the tip

of the stigma, and anther filament length in mm) were taken on all flowers three times weekly on separate days.

Stigma height and staminal column height were measured from the lowest portion of the inner flower where the

petals converge with the anther-containing sheath to either the stigma tip for stigma heights, or the top of the

staminal column where the style is visible (Fig. 2a).  The anther-stigma distance was measured from the tip of

the stigma to the top anther, where anthers reaching above the stigma would give positive values, and anthers
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below the tip of the stigma would give negative values (Fig. 2a).  The anther filament length was measured on

the uppermost anther in the flower (Fig. 2a).

…Pollen and tissue samples for transmission electron microscopy were fixed in McDowell’s and Trumps 4F:1G

fixative (McDowell and Trump 1976).  Samples were rinsed with 0.1 M phosphate buffer, pH 7.2-7.4, three

times within a 15-min period.  Tissues were then subjected to an ethanol dehydration series, embedded in Spurr

resin (Spurr 1969), and polymerized overnight at 70º C.  Ultrathin sections (90 nm thick) of embedded tissue

were cut, placed on grids, and post-stained using methanolic uranyl acetate followed by Reynold’s lead citrate

(Reynolds 1963).  Grids were viewed using a transmission electron microscope at 80 kv.  Pollen and anther

samples for scanning electron microscopy were placed on double stick tape, which was then affixed to a stub

and sputter coated with gold-palladium.  Samples were viewed using a scanning electron microscope at 17 kv.

Pollen Deposition on Stigma.  Stigmas from flowers used for pollen viability assessment were harvested 24 h

after anthesis by cutting at the stigma base.  The sheath containing anthers was removed from the stigma, and

stigmas were placed into microfuge tubes containing a 1-mL solution of ethanol: chloroform: acetic acid

(6:3:1).  Stigmas were vortexed to remove loose pollen grains from the stigma surface.  The stigma was

removed from the microfuge tube, and pollen was pelleted by gently centrifuging and then re-suspended in the

1-mL solution remaining in the microfuge tube.  The number of pollen grains in a 25-µL subsample was then

counted on a microscope slide under a compound light microscope.

Quantification of CP4-EPSPS.  Mature leaves, fruiting branches, apical meristems, reproductive buds, and

flowers were gathered from ‘DP 5415RR’ (glyphosate-resistant) and ‘DP 5415’ (conventional, glyphosate-

sensitive) cotton plants grown at two separate field sites in Clayton and Lewiston-Woodville, North Carolina in

July, 2001.  Anthesis flowers were dissected into anthers (filament, anther, and pollen), stigma, ovary (capsule

and ovules), and petal.  CP4-EPSPS was extracted from 100 mg freshly ground tissue, diluted 5000 fold, and

analyzed by ELISA using the Strategic Diagnostic, Inc. Trait Check  kit and included directions (Anonymous

1999) for quantification of CP4-EPSPS in food products.
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Experimental Design.  Cotton plants were arranged in a randomized complete block design with four

replications and four repeated measurements over time (weeks 1-4). Floral morphology measurement means

from each of the three separate sampling days within a week were combined to create a mean for each week of

sampling (week 1-4).  The entire study was repeated.  Data were subjected to ANOVA using SAS version 6.0

(1990).  Because the run main effect and interactions were not significant (p > 0.05), data from both runs were

combined.  The variety-glyphosate treatments and week of flowering main effects were significant for pollen

deposition, anther-stigma distance, stigma height, column height, and anther length measurements.  The

interactions of variety-glyphosate treatment and week of flowering were only significant for anther-stigma

distance and column height, thus variety-glyphosate treatment means were compared by Fisher’s protected LSD

for each week individually.

   Tissues for CP4-EPSPS quantification were collected from a single plant per replication per site in each of 2

field sites in North Carolina.  Tissue extract from each sample was analyzed in duplicate on ELISA plates.  The

absorbance means for each tissue were compared to a standard curve derived from soya protein extracts with

known CP4-EPSPS concentrations, in order to calculate the CP4-EPSPS concentration in each sample.  Means

from both runs (locations) were combined due to insignificant tissue x location interactions.  Tissue means were

compared by Fisher’s protected LSD at p = 0.05.

RESULTS AND DISCUSSION

Glyphosate Effects on Floral Morphology.  Differences in floral morphology between glyphosate-treated and

non-treated GR cotton cultivars may explain potential differences in pollination.  The height of cotton stigma

differed by cultivar and glyphosate treatment.  Stigmas from glyphosate-treated plants were 1.2 to 1.4 mm

longer than those from non-treated plants (Table 1), however, no other visual physical differences were evident

between stigmas of glyphosate-treated and non-treated GR cultivars or conventional cultivars.  Differences in

the male reproductive organs of glyphosate-treated and non-treated GR cultivars were also evident.  The column

to which the anther filaments are attached were 2.7 and 2.0 mm shorter in DP 5415RR glyphosate-treated GR

plants than non-treated GR plants in the 1st and 2nd wk of flowering, respectively (Table 1).  In the first 4 wk of

flowering, the anther filaments were 0.8 to 0.9 mm shorter than those from non-treated plants (Table 1).  The
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shorter anthers and staminal columns, along with slightly elongated stigmas, resulted in a 4.9 to 5.7 mm greater

distance from the top anther to the tip of the stigma in glyphosate-treated than non-treated plants in the first

week of flowering (Table 2, Fig. 2c, d).  Non-treated and conventional cotton plants had anther-stigma distances

of 0.4 mm (anthers above stigma) to -2.9 mm (anthers below stigma).  Although anthers in non-treated and

conventional cotton plants often have anthers below the stigma, the small distances between the anthers to the

tip of the stigma allow pollen deposition on the receptive stigma.  Close proximity of anthers and the stigma

would allow adequate pollen coverage of the receptive stigma.  Increased distances between anthers and the

stigma have been shown to cause reduced seed set in introgressive Lythum hybrids, presumably because of poor

pollen deposition on the stigma (Anderson and Ascher 1994).

Glyphosate Effects on Pollen deposition.  Differences in floral morphology between glyphosate-treated and

non-treated GR cotton cultivars explain differences in pollination, boll retention, and seed set.  Male

reproductive organs in GR cotton were highly effected by glyphosate applications.  Anthers from non-treated

GR cotton plants were covered with pollen grains at anthesis (Figs. 2e,g), whereas those from glyphosate-

treated GR cotton plants either exposed no pollen (Fig. 2f), or malformed pollen (Fig. 2h). Glyphosate-treated

plants had 42.2 to 42.5% less loose pollen per stigma than non-treated GR plants (Table 2).  Pollen deposition

on the stigma of glyphosate-treated GR cotton was likely reduced because of the greater distance between the

anthers and stigma (Table 2).  There was a highly negative correlation (-0.98) between deposition of pollen as

measured by removal of loose pollen, with anther-stigma distances, demonstrating the association of greater

anther-stigma distances with lower amounts of pollen deposition on the stigma.  Pollen from glyphosate-treated

GR plants was typically deposited only on the lower portion of the stigma (Fig. 2d).  Iyengar (1938) reported

that pollen placed on the lower portion of the cotton stigma germinated much less readily than pollen placed at

the top portion of the stigma, which may lead to an even lower number of pollen tubes and seed set in treated

plants.

   Cotton anthers produce heavy, sticky pollen, which is normally not well dispersed by wind, accounting for its

status as a primarily self-pollinated crop (McGregor 1976).  Pollinating insects, by their movement within a

flower may deposit pollen on stigmas that may not receive pollen by anther-stigma contact alone (McGregor

1976).  In areas where insect pollinator concentration is high, the effects of increased distances between anthers
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and stigmas on pollination in glyphosate-treated GR cotton may be reduced.  However, in areas where pest

insect pressure is high and frequent insecticide applications are made, pollinator numbers may be reduced.

Because glyphosate treatments cause reduced anther contact with the receptive uppermost portion of the stigma,

an additional reduction in the availability of pollinators who may often supplement pollination in these

circumstances, could lead to reductions in pollination and seed set.

Glyphosate Effects on Pollen Morphology.  Mature, viable pollen is essential for proper pollen tube growth

and embryo fertilization.  Glyphosate applications at the 4-leaf (POST) and 8-leaf (PD) stage have previously

been reported to reduce pollen viability between 45-62% over the first 4 wk of flowering (Pline et al. 2001c).

This work also noted that between 46-55% of pollen grains from glyphosate-treated plants did not fluoresce

uniformly when stained with fluorescein diacetate, a viability stain, while pollen grains obtained from non-

treated GR plants showed uniform fluorescence in approximately 95% of pollen grains (Pline et al. 2001c).  The

current study compares the morphology of pollen grains from the first bloom on glyphosate-treated and non-

treated DP 5415RR cotton plants using light microscopy, scanning electron microscopy, and transmission

electron microscopy.

   Scanning electron microscopy confirmed the presence of collapsed pollen grains from glyphosate-treated

plants (Fig. 1c).  In contrast, pollen from non-treated plants appeared fully turgid (Fig. 1b).  The exine wall of

the pollen from both glyphosate-treated and non-treated appeared intact, suggesting that glyphosate either does

not affect exine formation, or that glyphosate effects occurred after exine formation in pollen development.

   Glyphosate inhibited normal pollen maturation at various stages of development. Pollen grains from the same

anthers showed inhibition at the conversions from early vacuolate microspore to vacuolate microspore,

vacuolate microspore to vacuolate microgamete, and vacuolate microgamete to mature binucleate pollen.

Glyphosate did not inhibit pollen development of all developing grains at the same stage of development, or

with the same level of severity.   Because developing pollen is dependent on the anther tapetum to supply

necessary resources for maturation, glyphosate may translocate from tapetum tissue into developing pollen

grains.  Differences in the stage of inhibition may result from the pollen grains proximity to the tapetum, and

the corresponding dose of glyphosate during a stage of development.  Because some features of pollen

development, such as the organization of ER into pockets, occur within only a few hours (Wetzel and Jensen



169

1992), time differences in glyphosate translocation may influence pollen development at different

developmental stages.  Sawhney and Bhadula (1988) described the development of anthers and pollen in the

male-sterile stamenless-2 mutant of tomato (Lycopersicon esculentum Mill.) which has delayed tapetum

degeneration.  Pollen near the tapetum appeared normal, whereas the development of pollen oriented towards

the inner portion of the anther locule was severely delayed.  Because flow of nutrients from the tapetum wall to

the pollen forms a gradient relative to proximity, the translocation of glyphosate may also form this gradient

thereby affecting pollen near the tapetum earlier than pollen in the inner locule.  This action could account for

the inhibition at different stages in pollen development (Raghavan 2000).

   The earliest stage in which pollen development was inhibited or delayed by glyphosate was at the early

vacuolar microspore stage (Figs. 1a ‘II’, 3c). At this stage, numerous vacuoles and a general unorganized

cytoplasmic array of small lipid and starch bodies were present.  The ER was not inflated and showed no

organization into the storage pockets present in mature pollen at anthesis.

    The next stage of pollen development affected by glyphosate was the conversion from vacuolar microspore to

vacuolar microgamete (Figs. 1a ‘III’, 3d). In these pollen grains, the large central vacuole remained intact and

mitosis of the microspore nucleus to form a vegetative and generative nucleus did not occur.  The organization

of ER into storage pockets containing vesicles begins to occur, but only in the area surrounding the central

vacuole (Fig. 3d).  Frankel and Galun (1977) reported that the arrest of pollen grains at the vacuolar stage

resulted in collapsed outer walls, which are clearly evident by scanning electron microscopy in pollen from

glyphosate-treated plants (Fig. 1c).

   The latest stage in which pollen maturation was inhibited by glyphosate was at the conversion of the vacuolate

microgamete to the mature binucleate pollen grain (Fig. 1a ‘IV’, 3a, b, e, f).  In this stage, occurring in the final

1-2 d before anthesis (Wetzel and Jensen 1992), the ER of pollen from non-treated plants was fully inflated,

covered with ribosomes, and was organized into storage pockets (Fig. 3e).  Starch grains in these storage

pockets were hydrolyzed, and replaced with lipid bodies and small carbohydrate containing vesicles.  Vacuoles

disappeared and were filled with storage reserves.  However, the arrangement of ER in pollen from glyphosate-

treated cotton plants differed from that of non-treated plants.  The ER in non-treated pollen inflated with clearly

defined borders due to the presence of ribosomes (Figs. 3a, e), but in glyphosate-treated plants the pollen ER

was severely distended, did not form walls surrounding these pockets, and had a lower density of ER bound
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ribosomes (Figs. 3b, f).  The ER from glyphosate-treated cotton pollen resembled that described of mature

pollen following germination (Jensen et al. 1968).  At 3 to 6 d before anthesis in normal pollen, the ER is also in

a distended form, suggesting that glyphosate may interfere with or delay ER arrangement (Wetzel and Jensen

1992).  Starch grains in pollen from glyphosate-treated plants were larger and more numerous than in pollen

from non-treated plants, suggesting inhibited or slowed starch hydrolysis (Fig. 3b, f).  Large grains of starch in

pollen from glyphosate-treated plants remained within storage pockets, whereas starch in non-treated pollen was

found only outside of these pockets (Figure 3a, e).

   Glyphosate has previously been shown to affect plastid integrity by causing plastids to swell or burst

(Mollenhauer et al. 1987; Uotila et al. 1980) or to have abnormal chloroplast grana (Pihakaski and Pikhakaski

1980; Vaughn and Duke 1986).  Other cellular organelles are likewise sensitive to glyphosate disruption.

Vaughn and Duke (1980) reported abnormal nuclei in glyphosate-treated soybean seedlings; while Uotila et al.

(1980) found decreases in starch content, increases in dictyosome and mitochondria number, and disruption of

tonoplasts in glyphosate-treated white mustard (Sinapis alba L.).  Deterioration of oil bodies, ER, and

ribosomes, along with increases in lipid bodies and cytoplasmic vacuolation were reported in glyphosate-treated

Pellia epiphylla (L.) Lindb. (Pihakaski and Pihakaski 1980).  In glyphosate-treated GR cotton plants, the

reductions in anther and staminal column length may be due to glyphosate induced inhibition of elongation.

Glyphosate has been reported to cause swollen “club” morphology at root tips due to microtubule loss and an

arrest of mitosis and cell division (Vaughn and Duke 1986).  If anthers were sensitive to glyphosate, similar

elongation inhibition may occur.

CP4-EPSPS in tissues. Analysis of CP4-EPSPS content in various tissues of GR cotton revealed that CP4-

EPSPS content in the stigma, anther, pre-anthesis floral bud (square), and flower petals were significantly less

than in vegetative leaf tissue (Fig. 2b).  CP4-EPSPS content in the ovary of anthesis GR cotton blooms was

similar to that in vegetative leaves.  Reduced reproductive tolerance to glyphosate has also been shown in

experimental, non-commercial glyphosate-resistant tobacco (Nicotinia tabacum L.) plants containing different

constructs of the CP4-EPSPS gene encoded in the chloroplast genome (Ye et al. 2001).  Western blot analysis of

these tobacco plants indicated that CP4-EPSPS protein levels were 10-fold lower in flower petals and 50-fold

lower in immature anthers and ovaries than in mature leaf tissue (Ye et al. 2001).
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   From the current work, male reproductive organs in GR cotton appear to be only partially resistant to the

effects of glyphosate, presumably due to insufficient presence of CP4-EPSPS.  However, affected pollen does

not seem to degenerate as has been reported for chloroplasts in glyphosate-treated plants (Mollenhauer et al.

1987; Uotila et al. 1980).  Membranes are intact and no unusual organelle swelling is observed, except for

distended ER.  Instead, pollen development appears to be slowed or arrested at different maturation stages,

likely due to the localized dose and timing of glyphosate during pollen development.  At anthesis, pollen from

glyphosate-treated plants shows a range of phenotypes closely resembling arrested pollen from reported male-

sterile mutants as well as from cotton pollen analyzed at intervals from 12 d pre-anthesis to anthesis.

   Reduced levels of amino acids have been associated with male-sterile pollen in other plants (Frankel and

Galun 1977).  In addition, aromatic compounds such as flavonoids and sporopollenin, derived downstream from

the shikimic acid pathway, are needed for pollen development and wall formation.  Absence of these

compounds can cause male-sterility (Vandermeer et al. 1992; Niester-Nyveld et al. 1997).  Reproductive organs

of glyphosate-treated GR cotton may still produce some aromatic amino acids and secondary metabolites even

though there is less CP4-EPSPS in these tissues than in vegetative tissues.  The presence of sub-optimal

quantities of these compounds may slow, instead of completely inhibit pollen maturation.  A slower maturation

of pollen in glyphosate-treated GR plants would explain the apparent presence of pollen grains from earlier

developmental stages at anthesis.

   The effect of glyphosate on floral morphology, as well as pollen morphology, is transitory with the most

pronounced effect during the first week of flowering (Tables 1, 2).  The first flowers on a cotton plant likely

receive the highest dose of glyphosate because they are the strongest metabolic sinks at the time of glyphosate

application.  Subsequently, as the plants increase in biomass, glyphosate may be diluted, or lost from the system

as early floral organs abscise.  Therefore, later developing squares may not receive an inhibitory dose of

glyphosate and flowers may appear similar to non-treated plants.

   In conclusion, our findings demonstrate that floral morphology is altered in GR cotton plants treated with

recommended rates of glyphosate, presumably because of lower reproductive tissue CP4-EPSPS content.

Anthers and the staminal columns are less elongated, while the stigma length increases slightly.  These

morphological differences result in less pollen deposition on the stigmas of glyphosate-treated GR plants.  The

majority of pollen from glyphosate-treated GR plants is arrested at different developmental stages resulting in
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immature, or aborted pollen at anthesis.  The combination of reduced pollen deposition on the stigma, along

with pollen development inhibition provide a plausible explanation for reports of increased boll abscission in

glyphosate-treated GR cotton.
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Table 1.  Heights of staminal column and stigma, and length of anther for conventional, GR, and glyphosate-

treated GR cotton cultivars at 1-4 wk of flowering.

Staminal column height

Stigma

height Anther length

Week of flowering

Cultivar-

treatment

1 2 3 4 1-4 1-4

___________________________________________________mm_________________________________________________________

DP50 15.3 aa 13.9 bc 14.5 bc 14.9 bc 23.2 cd 7.4 a

DP 90 12.8 ab 15.5 a 15.5 a 14.7 c 21.3 e 7.2 a

DP 5415RR 13.2 ab 14.4 abc 14.8 abc 14.7 c 22.2 de 6.3 bc

DP 5415RR Trt. 10.5 c 12.4 d 13.9 c 14.8 c 23.4 cd 5.4 d

SG 125RR 13.8 ab 15.3 ab 15.2 ab 15.7 a 24.8 b 6.9 ab

SG 125RR Trt. 11.5 bc 13.7 cd 14.9 ab 15.5 ab 26.2 a 6.1 cd

   aMeans followed by the same letter in each column are not significantly different at alpha = 0.05 according to

Fisher’s Protected LSD test.
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Table 2.  Distance from top anther to tip of stigma (negative values indicate anthers below the tip of the stigma,

positive values indicate anthers above the tip of the stigma) and number of loose pollen grains per stigma from

conventional, non-treated GR, and glyphosate-treated GR cotton varieties at 1-4 wk of flowering.

Anther to stigma distance Loose pollen grains per

stigma

Week of flowering

Cultivar-treatment 1 2 3 4 1-4

_____________________mm____________________ ___pollen grains____

DP50 -2.0 ba 0.2 c 0.4 e -0.1 c 1323 b

DP 90 0.4 c 1.9 d 2.0 f 1.4 d 1843 a

DP 5415RR -1.8 b -1.3 b -0.6 d -1.0 b 1120 bc

DP 5415RR Trt. -7.5 a -4.6 a -3.0 b -2.3 a 647 d

SG 125RR -2.9 b -1.9 b -1.8 c -2.4 a 857 cd

SG 125RR Trt. -7.8 a -4.8 a -3.6 a -2.7 a 493 d

   aMeans followed by the same letter in each column are not significantly different at alpha = 0.05 according to

Fisher’s Protected LSD test.
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Figure 1.  Pollen development and glyphosate effects on pollen morphology.  (a) Development and maturation

of cotton pollen from primary microgametophyte (post-meiosis) to mature binucleate pollen at anthesis.

Conversion from primary microgametophyte to early vacuolate microspore, ‘I’.  Conversion from early

vacuolate microspore to vacuolate microspore, ‘II’.  Conversion from vacuolate microspore to vacuolate

microgamete, ‘III’.  Conversion from vacuolate microgamete to mature binucleate pollen, ‘IV’. Labels: X,

points of proposed glyphosate inhibition, VA, vacuoles; V, vegetative nucleus; G, generative nucleus; ST,

storage material.  Thin arrows represent resulting phenotype if conversion step is inhibited. Figure derived from

Frankel and Galun (1977), Jensen et al. (1968), and Wetzel and Jensen (1992).  (b, c) SEM images of pollen

from (b) nontreated (c) and glyphosate-treated GR cotton plants.  Scale bars = 100 �m.
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Figure 2.  Cotton flower anatomy, quantity of CP4-EPSPS in tissues, and effect of glyphosate on floral

morphology.  (a) Anatomy of cotton flower at anthesis.  Arrows represent measurements taken for Tables 1 and

2.  (b) Amount of CP4-EPSPS (�g CP4-EPSPS mg -1 fresh weight) in vegetative and reproductive tissues of GR

cotton.  Morphological characteristics of (c) non-treated and (d) glyphosate-treated GR cotton stigmas, anthers,

and pollen grains.  Points of pollen coverage indicated by arrows.  Anthers from non-treated plants (e, g) and

glyphosate-treated plants (f, h) using light (e, f) and scanning electron (g, h) microscopy.   Scale bars are 100

µM (e-h).
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Figure 3.  Pollen from glyphosate-treated and non-treated GR cotton.  (a) Pollen grain at anthesis from non-treated GR cotton flower.  P,

storage pocket.  Scale bar = 3 �m, (b) Pollen grain at anthesis from glyphosate-treated GR cotton flower, exhibiting inhibited food

accumulation.  P, storage pocket; S, starch-containing plastids.  Scale bar = 3 �m.  (c) Glyphosate-treated GR cotton pollen inhibited at the

early vacuolate microspore developmental stage.  V, vacuoles.  Scale bar = 3�m.  (d) Pollen from glyphosate-treated GR cotton inhibited at

the vacuolate microspore developmental stage. V, vacuole; M, mitochondria; ER, endoplasmic reticulum.  Scale bar = 1�m.  (e) Storage

pocket in pollen grain from non-treated GR cotton at anthesis.  L, lipid; SV, small vesicles, ER, inflated endoplasmic reticulum.  Scale bar =

300 nm.  (f) Storage pocket from pollen grain from glyphosate-treated GR cotton plant at anthesis.  L, lipid; ER, distended endoplasmic

reticulum; SV, small vesicles; S, starch-containing plastid.  Scale bar = 300 nm.
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CHAPTER 9.

Physiological and Morphological Response of Glyphosate-Resistant and Non-Glyphosate Resistant

Cotton Seedlings to Root-Absorbed Glyphosate

The level of tolerance to herbicides in herbicide-resistant plants may vary among different tissues or

growth stages.  Studies were conducted to determine relative tissue sensitivity in glyphosate-resistant (GR) and

non-glyphosate resistant cotton seedlings to the herbicide glyphosate.  Glyphosate is often applied as a pre-plant

treatment (burndown) in minimal tillage cotton production systems to remove any unwanted, emerged

vegetation.  Timing of these glyphosate applications is in close proximity to the time of planting and seedling

emergence.  As glyphosate leaches from roots of nearby senescing weeds, it may be absorbed into the roots of

cotton seedlings.  Therefore, cotton seedlings were grown in hydroponic solutions containing technical grade

glyphosate to insure constant exposure to glyphosate.  Glyphosate inhibited the growth of non-glyphosate

resistant cotton cotyledons, hypocotyls, and roots 50% at concentrations of 23, 69, and 27 µM glyphosate,

respectively.  In contrast, growth of glyphosate-resistant cotton cotyledons, hypocotyls, and roots was inhibited

by 50% at 3.5-, 8-, and 5-fold greater glyphosate concentrations, respectively, than non-glyphosate resistant

cotton tissues.  These data would suggest that cotyledons in both glyphosate-resistant and non-glyphosate

resistant seedlings are more sensitive to glyphosate-induced fresh weight reduction than are hypocotyls and

roots.  Reductions in cotyledon fresh weight, however, were likely due to dehydration after glyphosate injury

rendered roots and hypocotyls unable to absorb and transport water, because chlorosis in cotyledons was not

evident.  Correspondingly, shikimic acid, an intermediate in the shikimic acid pathway, which accumulates

upon 5-enolpyruvyl 3-shikimate phosphate synthase (EPSP synthase) inhibition, reached levels of 17.3, 21.6,

and 8.8 µM g-1 fresh weight at 1 mM of glyphosate in non-glyphosate resistant cotyledons, hypocotyls, and

roots respectively.  In contrast, shikimic acid levels in glyphosate-resistant cotton were 4.2, 14.0, and 8.2 µM g-1

fresh weight at 1 mM of glyphosate for cotyledons, hypocotyls, and roots respectively, suggesting that roots of

glyphosate-resistant and non-glyphosate resistant cotton accumulate similar amounts of shikimic acid in

response to glyphosate treatments.  In addition, glyphosate inhibited the development of lateral roots in both

glyphosate-resistant and non-glyphosate resistant cotton.  Lateral roots of glyphosate-resistant and non-

glyphosate resistant cotton treated with inhibitory doses of glyphosate appeared shorter and were surrounded by
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a thick layer of necrotic cells or root exudate which was not present in roots from plants grown in media not

containing glyphosate.  The quantity of glyphosate-resistant CP4-EPSP synthase was 4.7 and 6.6 times greater

in cotyledons than in hypocotyls and roots, respectively.  Tissues from dark-grown glyphosate-resistant cotton

seedlings contained 1.2 to 2.1 times less CP4-EPSP synthase than their light-grown counterparts.  Because

lateral root development was inhibited, fresh weight was reduced, and shikimic acid accumulated following

treatment with glyphosate in both glyphosate-resistant and non-glyphosate resistant cotton, the potential exists

for glyphosate to negatively affect cotton seedling establishment.

INTRODUCTION

Before the introduction of glyphosate-resistant crops, the herbicide glyphosate1 was primarily used in

cropping systems as a burndown herbicide applied in minimal tillage operations either before or immediately

following planting, preceding the emergence of a crop.  With the introduction of glyphosate-resistant crops in

the mid-1990’s in the United States, growers were provided the flexibility to widen glyphosate application

windows to include treatments after crop emergence.

Cotton (Gossypium hirsutum L.) varieties resistant to glyphosate were introduced in 1997 to growers in

the United States (Nida et al. 1996).  Glyphosate-resistance is conferred to cotton by the incorporation of a

glyphosate-insensitive EPSP synthase enzyme (CP4-EPSP synthase) (Nida et al. 1996).  This enzyme, when

expressed, allows the plant to bypass glyphosate-inhibited native EPSP synthase in the shikimic acid pathway,

preventing a starvation for aromatic amino acids and deregulation of the shikimic acid pathway which follow

glyphosate inhibition in sensitive plants.

Glyphosate-resistant cotton offers growers the flexibility to apply glyphosate postemergence up the

four leaf growth stage and as a post-directed spray following the four leaf growth stage, dramatically increasing

options for weed control (Anonymous 2000).  However, cotton is highly sensitive to early season weed

competition (Culpepper and York 1998).  Delaying herbicide applications to the 7- or 8-leaf growth stage of

cotton has been shown to reduce yields by 56% when no preemergence herbicide was used (Buchanan and

Burns 1970).  Also, glyphosate-resistant cotton has been shown to have reduced reproductive tolerance to

glyphosate in comparison to vegetative tolerance, with the potential to result in early season fruit loss (Pline et
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al. 2002a).  The more mature the plant is when glyphosate is applied, the more severe the resulting fruit loss can

be (Yasuor et al. 2000; Jones and Snipes 1999).  Therefore, because of the potential for decreased yields due to

early-season weed competition and glyphosate-induced fruit loss, growers are advised to apply glyphosate as

early as the one leaf stage if no preemergence herbicides are used (York and Culpepper 2001).

Glyphosate is thought to be degraded in soil by microorganisms as well as being bound strongly to soil

colloids, accounting for its lack of soil activity on weed control (Duke 1998; Sprankle et al. 1975a & b).

However, it has been shown that glyphosate can be exuded from roots of senescing weeds following treatment.

Rodrigues et al. (1982) reported that glyphosate exuded from the roots of glyphosate-treated wheat (Triticum

aestivum L.) was absorbed by the roots of neighboring soybean (Glycine max L. Merr.) plants, causing a

reduction in soybean fresh weight and height.  It is plausible, therefore, that glyphosate applications made as

burndown treatments in minimal tillage cotton systems may allow glyphosate to be absorbed by the radical or

hypocotyl of germinating cotton seedlings, causing herbicidal injury if crop and weed roots are in direct contact.

 Glyphosate inhibits the enzyme EPSP synthase in sensitive plants.  Inhibition of this enzyme results in

a rapid accumulation of shikimic acid due to a loss of feedback control of the shikimic acid pathway by a

downstream product regulating the activity of 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP)

synthase.  DAHP synthase deregulation allows an unregulated flow of carbon to be diverted into intermediates

upstream of the blocked EPSPS enzyme in the shikimic acid pathway, mainly shikimic acid (Jensen 1985).

Shikimic acid accumulation following glyphosate treatment can vary among tissues, depending on the

metabolic activity of that tissue and the quantity of translocated glyphosate (Pline et al. 2002a).

Expression of transgenes in genetically engineered plants may vary by plant growth stage and

maturity.  The amount of transgenic, CP4-EPSP synthase enzyme has been quantified in mature, reproductive

stage GR cotton plants, and in seeds, but is unknown in young cotton seedling tissues (Nida et al. 1996; Pline et

al. 2002 b).  If expression of the CP4-EPSP synthase enzyme was lower at the seedling stage than in mature

plants, and glyphosate was present either in the root zone due to exudation from nearby glyphosate-treated

senescing species, or in foliage from an early foliar application, herbicidal injury may occur.  An understanding

of the relative tolerance to glyphosate in GR versus non-GR cotton seedlings would aid in determining the form

that this injury may take, the glyphosate rate at which it may occur, and the application timings which may

exacerbate the potential for injury.
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Therefore, the objectives of this work were to (a) determine the level of tolerance to glyphosate of

tissues from GR and non-GR cotton, (b) determine whether shikimic acid accumulates in tissues from GR and

non-GR cotton seedlings, indicating inhibition of EPSP synthase, (c) determine how glyphosate affects tissue

development in GR and non-GR seedlings, and (d) quantify the level of the glyphosate-resistant CP4-EPSP

synthase enzyme in tissues of GR cotton seedlings and determine if the enzyme level is affected by light.

MATERIALS AND METHODS

Growth Response of Glyphosate-Resistant and Non-Glyphosate Resistant Seedlings to Glyphosate

Treatment.  Seeds of Delta Pine & Land Co. varieties ‘DP 5415’ (non-glyphosate resistant) and ‘DP 5415RR’

(glyphosate-resistant) were germinated in petri plates containing moist blotter paper for 1 week in a dark growth

chamber at 25° C.  When the cotyledons emerged from the seed coat (7-9 d), seedlings were transferred to

scintillation vials containing a 20 mL solution of 500 mg L-1 Peters 20-20-20 fertilizer (J. R. Peters, Inc.,

Allentown, PA 18106) and either 100, 10, 1, 0.1 or 0 µM technical grade glyphosate (N-

(phosphonomethyl)glycine, 95% purity, Sigma, St. Louis, MO 63178).  These concentrations would correspond

to 169.1, 16.9, 1.69, 0.169, or 0 ppm in a hydroponic solution, whereas a glyphosate application of 1.12 kg ae

ha-1 would produce a 3.39 ppm concentration if the herbicide remained evenly distributed in the top 2.54 cm of

the soil profile.  Seedlings were then placed in a lighted growth room where they were allowed to grow for 10 d.

Nutrient solutions were replaced every 3 d with fresh solutions of the same glyphosate concentrations.  After 10

d of growth in the nutrient solution, plants were removed and separated into cotyledons/first true leaf

(cotyledons), hypocotyl, and radical/lateral roots (roots).  Fresh weights of each tissue were recorded.

Experiments consisted of four replications of each variety by treatment combination and were conducted a total

of three times.  Data were combined over runs due to non-significant run by treatment interactions and were

subjected to non-linear regression analysis.  Curves were fit to data using a three parameter Weibul model

which uses the equation y=100 e-[(log
10

(rate) + 4)/s]**c.  The values for the variables ‘C’ and ‘S,’ as well as the GR50

rate (herbicide rate were growth is inhibited by 50%) for each variety by part were calculated using SAS version

8.0 (SAS Institute, Inc., Cary, NC 27513).  According to the Weibull model, ‘S’ is the concentration at which

fresh weight is reduced by 63%, while ‘C’ is a shape parameter.  If C>1, then the curve has a ‘shoulder’ or a flat
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region near 0 (Rawlings and Cure 1985).  Visual ratings of the amount of lateral root formation were taken on a

0 to 100% of control rating scale from plants in all three experiments.  Three-parameter logistic curves were fit

to lateral root formation data using the model f=y0 +aexp(-exp(-(x-x
0

)(b)).  After measurements were made, the plant

tissues were weighed, placed into microfuge tubes containing 500 µL of 0.01 M H2SO4, and immediately frozen

at –30° C until analysis for shikimic acid.

Quantification of Shikimic Acid.  The amount of shikimic acid present in seedling cotyledons, hypocotyl, and

roots from the three experiments was quantified by the methods of Singh and Shaner (1998).  Tissues frozen in

0.01 M H2SO4 were ground in microfuge tubes using a plastic pestle attached to a mechanical grinder.

Following grinding, 250 µL of 0.4 M sodium bicarbonate were added to each sample.  Samples were

centrifuged for 5 minutes and supernatant removed.  Twenty µL of each sample were reacted with 500 µL of

1% (w/v) periodic acid (Sigma, St. Louis, MO 63178) for 3 h.  Samples were prepared for measurement by the

addition of 500 µL of 1N NaOH immediately followed by the addition of 300 µL of 0.1 M glycine.  Samples

were read in a spectrophotometer at 380 nm.  Values were compared to a standard curve for shikimic acid to

quantify shikimic acid content in samples.  Means of shikimic acid content per g fresh weight were plotted with

standard errors of each mean.

Quantification of CP4-EPSP Synthase.  Seedlings from ‘DP 5415RR’ were grown as previously described in

a lighted growth chamber or in a dark growth chamber.  After 10 d in nutrient solution, seedlings were again

divided into cotyledons, hypocotyls, or roots.  CP4-EPSPS was extracted from 100 mg freshly ground tissue,

diluted 5000 fold, and analyzed by ELISA using the Strategic Diagnostic, Inc. Trait Check kit and included

User’s Guide (Strategic Diagnostics, Newark, DE 19702) for quantification of CP4-EPSPS in food products.

Absorbance of samples in wells at 450 nm was compared to a standard curve developed from standards with

known concentrations of CP4-EPSPS.  The study consisted of four replications of treatments and was repeated

once in time.  Data were subjected to ANOVA and means were separated using Fisher’s Protected LSD test at

alpha=0.05.

Glyphosate Effects on Lateral Root Development.  GR and non-GR cotton seedlings were grown as

previously described in nutrient solution containing 0 or 0.1 mM glyphosate (GR seedlings) or 0 or 0.01 mM
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glyphosate (non-GR seedlings).  These concentrations represented 0% and ≈50% lateral root growth inhibition

for GR and non-GR cotton seedlings.  After 10 d, roots were removed from seedlings and placed in vials

containing FAA fixative (50% EtOH, 5% acetic acid, 3.7% formaldehyde, v/v).  After 14 d, roots were

dehydrated using an ethanol dehydration series consisting of 50, 70, 95, and 100% ethanol for one hour at each

concentration.  Roots were then embedded under vacuum with two changes of catalyzed JB4-embedding

solution A (Polysciences, Inc., Warrington, PA 18976) for 1 h each, under vacuum.  Samples were then placed

into molds and allowed to polymerize.  Sections (50 µm) were cut using an ultramicrotome and placed onto pre-

cleaned glass slides.  Sections were stained with toluidine blue in citrate buffer for 5 min and observed under a

light microscope.  Images were captured at 200x by a SPOT cooled CCD digital camera (Diagnostic

Instruments Incorporated, Sterling Heights, MI 48314).

RESULTS AND DISCUSSION

Tolerance of GR and Non-GR Cotton Tissues to Glyphosate.  GR and non-GR cotton seedlings may be

exposed to glyphosate early season due to early postemergence herbicide applications, or by absorption through

roots from glyphosate leaching out of roots from sensitive weeds (Rodrigues et al. 1982).  Therefore studies

were conducted to investigate the response of seedling cotton to glyphosate absorbed through roots.

Cotyledon, hypocotyl, and root tissue from GR and non-GR plants varied in sensitivity to glyphosate.

In non-GR cotton, the fresh weight of roots and cotyledons was reduced 50% at a concentration of 23 to 27 µM

glyphosate, while stems required 69 µM glyphosate, almost 3 times more, for 50% fresh weight reduction (Fig.

1, Table 1).  These differences would suggest that cotyledon and root tissues are innately more sensitive to

glyphosate than hypocotyl tissue, however, these differences may in part be due to differences in tissue

dehydration.  Seedlings affected by glyphosate showed initial symptoms in root and hypocotyl tissues.  After 3

to 4 d, roots and hypocotyls were severely discolored and necrotic.  The cotyledons, which remained green

throughout this period, began to desiccate at 5 to 6 days and were generally at various stages of desiccation by

the harvest at 10 d.  Therefore, the reduction in fresh weight in cotyledons may be due, at least in part, to a

water deficit caused by glyphosate damage in root and hypocotyl tissue.
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In all tissues, GR cotton required a greater concentration of glyphosate to reach 50% fresh weight

reduction than that needed by non-GR cotton (Figure 1, Table 1).  In GR cotton, hypocotyls required the highest

rate, 566 µM glyphosate, to achieve 50% growth inhibition, followed by roots and cotyledons at 128 and 76 µM

glyphosate, respectively.  Because root tissues were immersed in the hydroponic solution throughout the study,

tissue desiccation did not contribute to fresh weight reduction as much as in cotyledons.  Roots affected by

glyphosate were either severely stunted or became necrotic, depending on the glyphosate concentration and

variety.

GR50 rates showed that cotyledons required similar or lower concentrations of glyphosate to achieve a

50% fresh weight reduction than those required by roots.  However, because roots were immersed in the

glyphosate-containing solution, they may have responded more directly to glyphosate than cotyledons.  The

concentration of glyphosate in each tissue may vary as well, due to differences in translocation from roots to

hypocotyls to cotyledons.  Therefore an assay which directly measures a biochemical response to glyphosate

inhibition may be more appropriate to quantify tissue response than fresh weight reduction alone.

Shikimic Acid Accumulation in Response to Glyphosate Rate.  Shikimic acid, a metabolite upstream of the

EPSP synthase enzyme in the shikimic acid pathway, accumulates to high levels upon EPSP synthase inhibition

by glyphosate (Pline et al. 2002a; Jensen 1985; Singh and Shaner 1998; Lydon and Duke 1988; Harring et al.

1998).  In non-treated plants, shikimic acid is barely detectable because it is rapidly converted to shikimate 3-

phosphate and then to 5-enolpyruvylshikimate 3-phosphate by EPSP synthase.  However, when EPSP synthase

is inhibited, it is unable to catalyze the conversion of phosphoenolpyruvate (PEP) and shikimate 3-phosphate to

produce 5-enolpyruvylshikimate 3-phosphate, therefore causing an accumulation of shikimic acid.

Accumulation of shikimic acid is a direct result of glyphosate inhibition of EPSP synthase and may be assayed

and correlated with glyphosate-induced tissue damage.  Therefore, shikimic acid was quantified in tissue of GR

and non-GR cotton seedlings in attempt to correlate fresh weight reductions to tissue damage due to glyphosate.

Accumulation of shikimic acid in response to increasing glyphosate concentrations in hydroponic

solutions was observed for all tissues, in both GR and non-GR cotton (Fig. 2).  Cotyledons of GR cotton

accumulated the lowest amount of shikimic acid, 4.2 µM/g tissue at 1 mM of glyphosate, only slightly greater

than the shikimic acid concentration in cotyledons from non-treated plants.  In contrast, shikimic acid levels in
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cotyledons from non-GR cotton were much greater, 17.3 µM g-1 tissue, at 1 mM glyphosate.  The lack of

shikimic acid accumulation in cotyledon tissue of GR cotton is in agreement with Pline et al. (2002a), who

reported no shikimic acid accumulation in mature leaf tissue from GR cotton treated with 80 mM glyphosate,

but 10.1 µM g-1 fresh weight in leaf tissue from non-GR cotton treated with 80 mM glyphosate.   The lack of

shikimic acid accumulation in cotyledons of GR cotton would suggest that the amount of CP4-EPSP synthase

present in cotyledons is sufficient to bypass the glyphosate-inhibited native EPSP synthase.

Hypocotyls from both GR and non-GR cotton seedlings accumulated shikimic acid in the presence of

glyphosate (Fig. 2b).  Accumulation was greater in non-GR cotton than in GR cotton, with 21.6 and 14.0 µM g-1

fresh weight, respectively, at the 1 mM glyphosate rate.  However, shikimic acid levels were 20 and 70%

greater in hypocotyls than in cotyledons at the 1 mM glyphosate rate in GR and non-GR cotton, respectively.

The increase in sensitivity in both GR and non-GR cotton would suggest greater innate sensitivity to glyphosate

by hypocotyls than by cotyledons.

Glyphosate-resistant and non-GR roots accumulated similar amounts of shikimic acid at all

concentrations except 0.01 mM glyphosate (Fig. 2c).  At the 1 mM glyphosate concentration, GR cotton roots

contained 8.2 µM shikimic acid g-1 fresh weight compared with 8.8 µM g-1 fresh weight in non-GR cotton roots.

Similar levels of shikimic acid in roots from GR and non-GR cotton would suggest that GR roots are similar in

their sensitivity to glyphosate.

Glyphosate Effects on Root Morphology in GR and Non-GR Cotton Seedlings.  Along with reductions of

fresh weight and accumulation of shikimic acid in response to glyphosate in root tissues, the development of

lateral roots was also affected by glyphosate in both GR and non-GR cotton.  Visual ratings of lateral root

development showed that the elongation of lateral roots in conventional cotton was inhibited at rates of 0.01

mM glyphosate and greater, while those of GR cotton were inhibited at rates of 0.1 mM glyphosate and higher

(Fig. 3).  At these glyphosate rates, roots from GR and non-GR cotton produced similar amounts of shikimic

acid, 3.6 and 4.5 µM shikimic acid g-1 fresh weight, respectively (Fig. 2c).  Overall, visual ratings of root injury

correlated well with shikimic acid concentrations at each glyphosate rate.  Roots with shikimic acid

concentrations of 3.6 µM shikimic acid g-1 fresh weight or greater were injured by glyphosate, while injury was

not evident in roots producing less than 3.6 µM shikimic acid g-1 fresh weight (Figs 2c, 3).  Lateral roots
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inhibited by glyphosate appeared short and were surrounded by dark, mucilagenous film (Fig. 4b, d, 5), whereas

roots from plants grown without glyphosate in the growth media were long and white (Fig. 5).  Light

microscopy of roots from plants grown in the presence of glyphosate showed that the connections between the

lateral root and main root were often severely deteriorated, likely inhibiting the growth of the lateral root (Fig.

4d).  In contrast, connections between lateral and the main root in plants grown in hydroponic media without

glyphosate, were intact and functional (Fig. 4c).

The tips of lateral roots were likewise affected by glyphosate in the hydroponic growth media.  Root

tips from plants grown in media not containing glyphosate appeared to be actively growing, due to the high

density of cells near the quiescent center (Fig. 4a).  In contrast, root tips from plants grown in hydroponic media

containing inhibitory but not lethal rates of glyphosate did not have dense, actively dividing cells at the tip, and

the entire lateral root was surrounded by a layer of darkly stained, necrotic cells or root exudate (Fig. 4b).  This

darkly stained layer was only present at the root tip in plants grown in hydroponic media with glyphosate.  The

layer may be the result of increased cell exudation in an attempt to minimize glyphosate absorption by the plant,

or may be due to increased glyphosate-induced cell necrosis in the area surrounding the lateral root.  In either

case, the root meristem and root tips appear to be severely impacted by glyphosate in the growth medium.  Root

exudates were reportedly altered in glyphosate-sensitive bean (Phaseolus vulgaris L.) plants upon treatment

with glyphosate in hydroponic medium (Liu et al. 1997).

Once glyphosate-induced necrosis of roots and hypocotyls in GR and non-GR cotton reached a certain

level, water and nutrient transport from the hydroponic solution to the cotyledons was likely inhibited, resulting

in the dehydration and death of cotyledon tissues.  Although the concentration of glyphosate needed to cause

root necrosis was greater in GR cotton than non-GR cotton, both showed similar symptoms of glyphosate-

induced necrosis (Figs. 3, 4).  If the root system of soil-grown cotton seedlings was affected by glyphosate in a

similar way to that of plants growing in hydroponic medium, the glyphosate-induced disruption of the root

system may lead to more severe water stress or slower development of seedlings.

Quantity of CP4-EPSP synthase in GR Cotton Tissues.  Because the level of CP4-EPSP synthase has been

previously shown to vary by tissue in mature cotton plants (Pline et al. 2002a), studies were conducted to

determine the quantity of CP4-EPSP synthase in tissues of seedling stage cotton plants.  Cotyledons,
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hypocotyls, and roots from GR seedlings grown in the presence of light differed in their level of CP4-EPSP

synthase.  Cotyledons contained 4.7 times and 6.5 times more CP4-EPSP synthase than hypocotyls and roots,

respectively (Fig. 6).  In seedlings grown without light, cotyledons contained 11.6 and 12.3 more CP4-EPSP

synthase than hypocotyls and roots respectively.  In mature GR cotton plants, leaf tissues contained 2.5-fold

more CP4-EPSP synthase than fruiting branches (Pline et al. 2002a).  The greater difference in CP4-EPSP

synthase between cotyledons and hypocotyls in cotton seedlings than in leaves and fruiting branches of mature

plants is likely due to a higher content of CP4-EPSP synthase in cotyledons tissue (Fig. 6) than in mature leaf

tissue (Pline et al. 2002a).

Tissues from seedlings grown without light contained only 1.2-to 2.9-fold lower levels of CP4-EPSP

synthase than the same tissues grown in the presence of light (Fig. 6).  EPSP synthase is a plastid-localized

enzyme, found primarily in chloroplasts (Mousdale and Coggins 1985).  These data suggest that the level of

CP4-EPSP synthase is relatively established before the plant is exposed to light and proplastids are converted to

chloroplast or other more differentiated forms of plastids.  There is some increase in the level of CP4-EPSP

synthase when seeds are grown in the presence of light, but it is unclear whether this increase is due to an

increase in plastid concentration in plants grown in light or due to greater expression of the CP4-EPSP synthase

gene in the presence of light.  Tokhver and Pal’m (1987) report that glyphosate induction of shikimic acid

accumulation in buckwheat (Fagopyrum esculentum Moench) cotyledons occurred at 0.01 mM glyphosate in

dark-grown seedlings exposed to light versus 0.04 mM in dark grown seedlings remaining in the dark.  The

amount and rate of shikimic acid accumulation was greater at all glyphosate concentrations in seedlings

exposed to light than those remaining in the dark (Tokhver and Pal’m 1987).  It has not been specifically

reported whether the EPSP synthase in higher plants is light induced, but the accumulation of shikimic acid in

the presence of glyphosate in dark-grown buckwheat seedlings would suggest that there is at least a low amount

of EPSP synthase present in proplastids and other plastids.  Reinbothe et al. (1994) reported that a

monofunctional chloroplast-localized EPSP synthase and its mRNA were induced by light in Euglena gracilis,

with an increase in mRNA preceding protein accumulation upon exposure to light.  The monofunctional,

plastid-localized EPSP synthase was not detectable in dark-grown cells.  However, this monofunctional EPSP

synthase is reportedly unrelated to the monofunctional EPSP synthase in higher plants.
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Because the CP4-EPSP synthase gene is under the control of the constitutive CaMV 35S promoter

(Nida et al. 1996), expression is likely not light induced.  Because chloroplasts are not present in dark grown

seedlings, CP4-EPSP synthase, a nuclear encoded gene whose product is transported to chloroplasts, must

function in proplastids as well.  The slight increase in the amount of CP4-EPSP synthase in light grown

seedlings versus dark grown seedlings in the current study suggests that light may affect some step between

transcription and translation.  Alternatively, these results may suggest that upon exposure to light, the plastid

content, and therefore the level of CP4-EPSP synthase, increases in all tissues.

In both light- and dark-grown seedlings, the lower levels of CP4-EPSP synthase in hypocotyls and

roots may explain glyphosate-induced injury and shikimic acid accumulation.  Because the level of CP4-EPSP

synthase is lower in these tissues, resistance to glyphosate also appears to be reduced.  In tissues from GR

plants, glyphosate inhibits native EPSP synthase, which causes exclusive reliance on the CP4-EPSP synthase to

meet demands for aromatic amino acids and aromatic amino acid derived secondary metabolites in a tissue.

Because the levels of CP4-EPSP synthase are lower in hypocotyls and roots than in cotyledons, there may not

be sufficient CP4-EPSP synthase present to meet tissue demands, thus causing glyphosate injury symptoms

similar to those observed in non-GR tissues.

Gasser et al. (1988) reported that in petunia (Petunia x hybrida) seedlings, native EPSP synthase

mRNA levels were highest in root and stem tissue and were much lower in leaf tissue.  The amount of mature

EPSP synthase contained in these tissues is not known.  Assuming that there are no tissue-specific differences in

translational regulation of these transcripts or in protein longevity, it would follow that the level of native EPSP

synthase would likewise be greatest in the root and stem and much lower in the leaf tissue.  However, the

amount of the transgenic CP4-EPSP synthase in cotton seedlings follows the opposite profile, with the highest

level seen in leaf tissue and several folds lower in hypocotyls and roots.  Differences between tissues in the

profiles of native and transgenic CP4-EPSP synthase enzymes may account for differences in sensitivity to

glyphosate.  Cotton seedling root and hypocotyl tissues, if similar to petunia, would have the highest level of

native EPSP synthase mRNA, but would also have the lowest amount of transgenic CP4-EPSP synthase based

on the current study.  Therefore, if roots and hypocotyls were exposed to glyphosate, the native EPSP synthase

present would be inhibited and there would be little CP4-EPSP synthase present to restore the shikimic acid

pathway, resulting in an accumulation of shikimic acid and damage to tissue.  Because roots and hypocotyls in
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the current study were likely exposed to higher rates of glyphosate than cotyledons based on absorption and

translocation from the roots, the inadequacy of the CP4-EPSP synthase content in roots and hypocotyls to

withstand high concentrations of glyphosate was clearly evident.

In summary, the results presented suggest that cotton seedlings, both GR and non-GR, may possess

some level of sensitivity to glyphosate.  Sensitivity in GR seedlings is likely due to low levels of CP4-EPSP

synthase in hypocotyls and roots in comparison to cotyledons, which causes roots and hypocotyls to behave

more similarly to their non-GR counterparts than cotyledons.  Tissue susceptibility was demonstrated by

measuring growth inhibition and shikimic acid accumulation after absorption of glyphosate through a

hydroponic solution.  Root tissues from both GR and non-GR cotton seedlings appeared to be especially

sensitive to glyphosate.  Symptoms of glyphosate damage to roots included the inhibition of lateral root

development and the deposition of a thick layer of dead cells or cell exudates surrounding lateral roots.

Because seedlings may come in contact with glyphosate, either applied foliarly or via root absorption from root

exudates from neighboring sensitive species in a field situation, the potential for glyphosate to slow or inhibit

seedling establishment may exist in both GR and non-GR cotton.
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Table 1.  Value of ‘C’ and ‘S’ terms, R2 estimates, and derived GR50 values (µM glyphosate) of Weibul

equations fitted to data in Figure 1.  ‘S’ is the concentration at which fresh weight is reduced by 63%, while ‘C’

is a shape parameter (Rawlings and Cure 1985).

Cotyledons Hypocotyls Roots

Non-GR GR Non-GR GR Non-GR GR

C 2.72 2.10 2.07 8.75 2.00 3.05

S 2.70 3.43 3.40 3.91 2.90 3.51

R2 0.80 0.93 0.66 0.93 0.75 0.92

GR50 23.0 76.0 69.0 566.0 27.0 128.0
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Figure 1.  Effect of glyphosate concentration in hydroponic media on fresh weight reduction of non-GR (filled symbols) and GR (empty

symbols) cotton seedling cotyledons (A), hypocotyls (B), or roots (C).  Fresh weights were taken 10 d after seedlings were placed in

hydroponic solutions.  Weibul equations (y=100 e-[(log
10

(rate) + 4)/s]**c) were fit to data (16).  See Table 1 for estimates of ‘C’ and ‘S’ parameters,

R2 estimates, and derived GR50 values for each curve.
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Figure 2.  Effect of glyphosate concentration in hydroponic media on shikimic acid accumulation g-1 fresh

weight of non-GR (filled symbols) and GR (empty symbols) cotton seedling cotyledons (A), hypocotyls (B), or

roots (C).
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Figure 3.  Effect of glyphosate concentration in hydroponic media on lateral root development in non-GR

(filled symbols) and GR (empty symbols) cotton seedlings.  Visual ratings (0-100%, where 0% is no lateral

roots, and 100% is lateral root development similar to the untreated control) were taken 10 d after seedlings

were placed in hydroponic solutions.  Three parameter logistic equations were fit to data.  Non-GR cotton:

y=0.0480 + 412.55exp(-exp(-(x+0.0075)(-0.02)) , R2 = 0.81; GR cotton: y=0.0166 + 160.91exp(-exp(-(x-0.07)(-0.166)) , R2 = 0.60.

µM technical glyphosate

0.0001 0.001 0.01 0.1 1 10

La
te

ra
l r

oo
t g

ro
w

th
(%

 in
hi

bi
tio

n)

0

20

40

60

80

100

DP 5415
DP 5415RR

0



201

Figure 4.  Effect of glyphosate on development of lateral roots in GR cotton seedlings.  Lateral root tips from GR

seedling grown without glyphosate (A) or 0.1 mM glyphosate (B).  Lateral root connection to main root from GR

seedling grown without glyphosate (C) or 0.1 mM glyphosate (D).  Roots were harvested 10 d after placement in

hydroponic solution.  Images captured at 200x magnification.
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Figure 5.  Effect of glyphosate on lateral root development in GR and non-GR cotton seedlings

harvested 10 d after placement in hydroponic solution.
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Figure 6.  Amount of CP4-EPSP synthase (µg CP4-EPSP synthase mg-1 fresh weight) in GR cotton

cotyledons, hypocotyls, and roots after 10 d of growth in hydroponic solution in the presence of

absence of light.  Means with the same letter indication are not significantly different at alpha = 0.05


