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Glyphosate treatments to glyphnsaL'c-rcsis;um (GR) cotcon h-.wg been wssociaced wih
poor pullination and increased boll abordon. Anaromica! studies were conducted 1
charceerize the cffeer of glyphosae trearments on the developrent of male and
female reproductive organs of corcon Aowers ar anthesis. In comparison with non-
treared plancs, glyphosate applicd ar both che four-leaf stage postemergence (POST)
and ar the eight-leaf stage POST direcred inhibived che clongation of the staminal
column and hlament, which increased the distance from the antlers 1o the receplive
stigma tip by 4.9 ro 5.7 mm during the fiest week of Howering. The increased
distance from the anthers to the stigma resuleeed in 42% less polien deposited on
stigmas of glyphosace-treated plants than in nontreaced plane. Moreover, pollen from
glyphosate-treated plants showed nuimerous murp]_mlogical abrormalities. Transmis.
sion electron microscopy showed the prosence of large vacuoles, numerouy starch
prains, and less organized pockers of the endoplasmic reticulum containing fewer
ribosumes in pollen from glyphosate-treated plants than From nenteated plants,
Policn development in glyphasate-treated plancs is likely inhibiced or aboreed a1 the
vaenolate inicrospore and vacvoliee microgamere swges of MicrogAmerogencsis, re-
sulcing in immature polien ac anthesis. Although stigmas from glyphosarc-treated
planes were 1.2 0 1.4 mm longer than those from nentreaced plants, no other
anatomical differences in sigmas were visibly evident, The presence of the GR 5
enolpyruvylshikimate-3-phosphate synchase (CP4-EPSPS) onzyme from Agrobacter.
étnm sp. soain CP4 was quantified in repruductive and vegeative tissues nsing en-
ayme-linked immunosorbent assay. Fhe content of CPA-EPSPS in the stigma, ai-
ther, preanthesis floral bud (square), and flawer petals was significancly less than that
in the vegeravive leal tissue. Glyphosae efieces on the made reprocluctive development
resulting in poor pollen deposition on the stigma, as well as production of aborted
pollen with reduced viabiliy, provide a likely explanation for repores of increased
boll abartion and pollination problems in glyphosate-treated GR cotton,

Namenclatere:  Glyphosate; catton, Gosgppinn bivsutum 1. Delta Pine & Land
S415RR’, "Delia Pine & Land 5, 'Delea Pine & Land 90', SureGrow [25RR",

Key words:  Herbicide-resistane crops, Wansgenic crops, gametogenesis, make sterile,
ELISA, pallen, anther,
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Glyphosate-resisiane (GR) crops, such as cotton, allow
growcrs greater fleibilicy in the timing of herbicide appli-
cations, ug well as a broader spectrum of weed concrof than
that offered by other herbicide systems (Askew and Wilcut
1999; Culpepper and York 1999; Scott ec al. 2001). Since
its commercialization in 1997, however, concern over the
reproductive tolerance of GR cotton to lyphosate has been
raised, Numerous reports of increased oﬁ abscission and
pollinacion problems in response to glyphosace applications
have oceurred in coteon, occasionally leading to yield loss
and a modified fruiting patrern (Jones and Snipes 1999,
Vargas ct al. 1998). A similar slight yield reduction has been
reporced in GR soybean [Glycine max (L.} Merr], but chis
was artributed to differences between the GR and conven.
tional isolines and not to the glyphosate applications (El-
more et al. 2001). Such reports have not surfaced in other
GR crops such as corn (Zea mays L), su esting that eicher
problems with reproductive sensitivity to glyphosate are lim-
ired to GR cotton or that reproductive sensitivity to gly-
phosate of corn and soybean does not incur a noticeable
yield penalry,
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Glyphosase resistance has been conferted o cotton by the
incorporation of 1 GR S-enolpyruvylshikimatc-3-phosphate
synthase (CI4-LEP5PS) gene cloned from Agrobucterium sp.
strain CP4. The expression of the CP4-EDPSPS gesc pro-
duces 2 GR EPSDS enzyme, which can bypass rhe inhibition
of the native EPSPS in the presence of glyphosate, allowing
sufficient production of aremaric amino acids and secondary
meeabolites (Nida et al, 1996).

Glyphosate applications on GR corton in North Carolina
are typicatly made before the five-leaf smge (approximately
25 d after emergence) as a postemergence (POST) applica-
tion and again as either a postemergence-directed spray (ﬂPI'
proximately 40 d after emergence) or as a laee POST-di-
rected treatment (=40 d afrer emergence). Reproductive de-
velopmene begins relatively early in the cotton life cycle.
Mauncy (1966) observed differentiation of the first floral
bud as early as 10 wo 14 d after emergence. From the timle
the first reproduccive bud {square) is visible, anthesis ypi-
cally occurs 25 o 30 d lacer, whereas the acrual stimulus 1o
flower s thought to stare 10 to 15 d before this stage. In
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Fioore 1. Pollen developmene and glyphosace effects an polien morphalo

HER

gy- () Development and maturation of cotton {Cosypizern Divsutuez 1} pollen

from 2 primary micregametaphyie {postmeiosis) e a macure binucleate pollen ar anthesis. Conversion from a primary microgamerophyte 0 an caly
vacuolate micrespore, [ Conversion from an enrly vacuolate microspore ta a vacuolate m icrospore, 11 Conversion from a vacuolate microspore to a vacuolare
wicrogamere, Hl. Conversion from a vacyolare microgamete @ 4 mature biavcleace pollen, IV, Labels; X, paoints of propased glyphosate inbibition; VA,
vaewsles; V, vegeuive nucleus; G, geneeative nuclews; ST, storape material. Thin arrows represent the resulting phenotype if the conversion step is inhibiced,
Figare derived from Frankel and Galun {1977), Jensen et al, (1968), mnd Werad and Jensen (1992), Scanning electron microscopic images of patien from
) nontzeated (e) and glyphusate-treared glyphosate-resisiant coman plants, Scale bars = 100 pM.

couron squates, anther development and micrespore meiosis
occur earlier than in ovules, about 22 d before anthesis
{(Quintanilha er al. 1962).

The timing of glyphosatc treatments to GR cotton rela-
tive to the development of reproductive organs may lead to
darmage if glyphosate accumulation in these organs exceeds
2 tolerance threshold. Glyphosate accumulates in tissues
such as reproductive organs, which act as merabolic sinks
(Cougler and Geiger 1981; Sandbery ct al. 1980). Pline et
al. (2001) found rhat 3.7% of glyphosate applied to the
ster tissue of GR cotton ar 2 wk after the frst bloom was
translocated to developing squares. Viator et al, (2000) re-
ported that concenuations of 126.4 pg glyphosate g=! boll
tissue promoted boll abseission. Therefore, if the reproduc-
tive tissue is not sufficiently tolerant to glyphosate, herbi-
cidal damage or impaired reproductive development may
occur,

Reduced reproductive tolerance to glyphosace has been
reported in transgenic GR tobacco (Nicotiniz tabacum L)}
plants containing different conseructs of the CP4-EPSPS
gene encoded in either the chloroplast or nuclear genomes
(Ye et al. 2001). In all construces the amount of glyphosate
needed to veach 50% injury of the reproductive rissues {50%
reduction in seed set) was less than that for vegetative tis-
sues. It is also possible, therefore, that the cxpression of the
CP4-EPSPS genc in cotron reproductive tissues is less than
thar in Vvegetative tissue. Pline er al. (2002b) reported that
Squares from GR cotton accumulate 11 times more shikimic
acid (a metabolite which accurmnulaces in response to EPSPS
hibition) per micromolar cranslocated glyphosate than do

weRAAIR, wm ammranas

leaf tissues, further suggesting reproductive sensitivity in GR
corron,

The male reproducrive organ development in many crop
species is more sensitive than the female reprodyctive organ
development to environmental factors (Frankel and Galun
1977}. Male secrility caused by temperature extremes, ge-
netics, or incompatibility has been reporeed in numerous
crops including cotton. Flowers from some male stesile cot.
ton plants exhibit shortened or missing anthers that do not
properly dehisce (Allison and Fisher 1964). In another case,
the dominant mutant gene, ms', induces abortion of ma-
ture cotton pollen (Bowman et al. 1978). Inhibition of sta-
men initials early in development often leads to stameriless
or antherless phenatypes. Such mutants exist in a wide range
of species including cotton (Allison and Figher 1964). The
prescice of meiocytes or tetrads of microspores ac anthesis,
instead of mature pollen, indicate the abortion of microspo-
rocytes during microsporogenesis (Frankel and Galun
1977). Inhibition of development at lacer stages, for exam-
ple, fatlure of the tapetum to degenerate and provide nueri-
ents to the developing pollen may arrest pollen maturation,
Einally, male sterile plants may also fail to shed mature pol-
len at anther dehiscence because of the developmencal in-
hibition of the anther epidermis (Franke! and Galun 1977).

Pollen development and maturation is a multiste process
of synchronized events occurring between the ancher tape-
tum and the developing sporocyte. Breakdown as any point
in the developmeneal patcern can lead ro pollen abortion. A
summary of the phenotypes of pollen zborted at different
stages of microgamctogenesis is presented in Figure Ta. As-
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suming normal development of the free microspores (no
breakdown in microsporogenesis), the primary microgame-
rophyte is still susceptible to developmental inhibicion dur-
ing microgametogenesis. During the inital step of micro-
gametogenesis, the primary microgametophyte is converted
to an carly vacuolate microspore, which concains several vac-
uoles. When this conversion is inhibited, a general degen-
eration of the microspore occurs (Figure 1a, I). The second
step in microspote development consists of the conversion
of the carly vacuolate microspore 10 a vacuolate microspore,
characterized by the formation of a large central vacuole
(Figure la, [I). The vacuolate microspore stage occuss ap-
proximuately 9 d before anthesis (Wetzel and Jensen 1992).
The third step in microgametogenesis is the conversion of
the vacuolate microspore to a vacuolare microgamete (Figure
la, I11}. 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 thac the lacge vacuole shrinks, even-
tually filling with storage material. If the conversion from
vacuolate microspore to vacuclate microgamete wag inhib-
ited, the large vacuole and a collapse of the microspore walls
would be evident in the aboried microspore (Franleel and
Galun 1977). The fourth step in posrmeiortic pollen matu-
ration is the conversion of the vacuolare microgamete into
a mature binucleate pollen grain. The main feacure of this
conversion is the accumulation and orgenization of food
storage materials. If che conversion from vacuolate micro-
gamete to mamure binucleate pollen was inhibited, food ac-
cumulagion in the pollen grain would be inhibited, and the
microgamete would recain a smailer vacuole.

Weizel and Jensen (1992) described the time course of
svenes of cotcon pollen development from the vacuolate mi-
stospore stage (approximately 9 d before anthesis) to the
marure binucleate pollen grain (anthesis). Nine days before
anthesis, kuge plastids containing starch begin to accumu-
late. Lipids begin to accumulate 6 d before anthesis and
correlate wich a decrease in size of the starch-containing
plastids, Ribosomes on the endaplasmic reticulum (ER) in-
crease from G d before anthesis to a peak in mature pollen
at anthesis. A unique feature of cottan pollen is its arrange-
ment of the inflated ER into spherical pockets covered with
ribosomes (Jensen et al. 1968; Wetzel and Jensen 1992),
These ER pockers contain an organized arrangement of lipid
droplets and small vesicles containing carbohydrates and ot-
ganize only a few hours before anthesis (Figure 3¢). Upon
pollen germination, these ER pockets open, and the lipid
droplets and carbohydrate-containing vesicles mix in che cy-
roplasm and are likely used for pollen tube conseruction and
elongacion (Jensen ec al. 1968).

The objectives of che current study were to characrerize
differences in foral anatomy, pollen deposition, and pollen
morphelogy between glyphosate-treated and nantreated GR
cotton and conventional cotron and to quantify the level of

CP4-EPSPS protein in reproductive and vegetative rissues
of GR corton.

Materials and Methodé
Plant Material and Growth Conditions

Pollen and reproductive tissue samples were obrained
from cotton plants grown in an air-conditoned greenhouse

440+ Weed Science 50, July~August 2002
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at the North Carolina State University Phytorron with 4 %
and 22 C day and aight temperature regime, respectively,
Delta Pine & Land cultivars "D 50°, ‘DP 90", and 'Dp
5415RR™ and SureGrow cultivar ‘SG 125RR’ seeds were
planted in 25.4-cm pots containing a gravel-peat combi.
nation sabstrate. Plants were thinned to one plinc per por
and were watcred with che standard Pliytouon nutvienc iy
ture owice daily. Glyphosare-treated plants received 1,120

ai ha ! glyphosate (Roundup Ulera) ac the four-leaf stage
{foliar application) and at the eighc-leaf stage (postdirected
application to stem), according to the Roundup Ulera sup-
plemental label for GR cotton (Anonymous 2001), The
growth regulator mepiquat-chlaride was applied to the up-
per leaves at the rate of 840 g ai ha~! ac the 10-leaf stage
to control vegetative growth, according to the North Car.
olina Cooperative Extension Service guidelines (Edmisten

2001).

Pollen and Tissue Sampling

All pollen and anther samples were collected berween
9:00 and 11:00 a.m. Brightheld images of pellen and repro-
ducrive organs were caprured with a digital camera. Mea-
sutements of floral anatomy (heighe of the stigma, height of
the staminal columm, distance from the highest anther o
the tip of the stigma, and ancher filament %cugrh in rilli-
meters) were ken on Wl Howers three cimes weekly on
separate days. Stigma height and staminal column heighe
were meastired from the lowest portion of the inner Aower,
where the petals converge wich the anther-containing sheath
ro either the stigma tip for stigma heights or the top of the
staminal column where the style is visible (Figure 2a). The
ancher—stigma distance was measuved from the tp of the
stigma to the top anther, where anthers reaching above the
srigma would give positive values, and anchers below the tip
of the stigma would give negative values (Figure 2a). The
ancher flament lengeh was measured For the uppermose an-
ther in the Rower (Figure 2u).

Pollen and dssue samples for eransmission clectron mi-
croscopy were fixed in McDowell and Trump's 4F:1G fixa-
tve (McDawell and Trump 1976). Samples were rinsed
three rimes wich 0.1 M phosphate buffee, pH 7.2 w0 74,
within a 15-min period. Tissacs were then subjected to an
echanol debydracion series, embedded in Spurr resin (Spusr
1969}, and polymerized overnighe at 70 C. Ulerathin see-
tions (90 nm thick) of the embedded tssue were cut, placed
on grids, and poststained using methanolic uranyl acetre
followed by Reynold’s lead cicrate (Reynolds 1963). Grids
were viewed using a transmission electron microscope at 80
kV. Pollen and anther samples for scanning electron mi-
croscopy were placed on a double-stick tape, which was then
affixed o a stub and sputter coated with gold—palladium.
Samples were viewed using a scanning electron microscope
at 17 IV,

Pollen Deposition on the Stigma

Stigmas from fowers used for pollen viability assessment
were harvested 24 h after anthesis by cuting at the stigma
basc. The sheath containing anthers was removed from the
stigma, and stigmas were placed into microfuge Lulx?s con-
wining a 1-mi solutton of ethanol-chloroform-acetic acid
(6:3:1). Stigmas were vortexed to remove loose pollen grains
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Tamr 1. Heights of the staminal column and the stigma and fengeh of the anther for conventional, glyphosate-resistane (GRY, and
glyphosace-treated GR cotton (Gessypium hirsuein 1) cultivars at 1—4 wh of Howering,

Seaminal column height

Svigma heighe AIW

Culiivar sreatient 1wk 2wk 3 whk 4wl 14w l._d wk
m .
DY 50 15.3 a® 13.9 be 14.5 be 14.9 he 23.2 cd 744
DP9 12.8 ab 1552 1554 147 ¢ 2-1 '5 ¢ 724
DI 5415RR 13.2 ab 14.4 abe 14.8 abc 147 ¢ 22.2de 6.3 he
DF 5415RR Trt. 10.5¢ 1244 139¢ 148¢ 234 544
5GI25RR 13.8 ab 153 al 15.2 ab 15.7 2 2481 6.9 ab
SG125RR . 11.5 be 13.7 d 14.9 ab 15.5 ab 262 6.1 cd

“Means followed by the same lewrer in each column are not significantly different ar @ = 0.05, according w Fishers Proceceed LSI qesr,

from the stigma surface. The stigma was removed from the
microfuge tbe, and pollen was pelleted by gently centri-
fuging and then resuspended in the 1-m! selution remaining
in the microfuge tube. The number of polien grains in a
25-] subsample was then counted on a microscope slide
under a compound light microscope.

Quantification of CP4-EPSPS

Mature icaves, fiuiting branches, apical meristeins, repro-
ductive buds, and flawers were gathered from DP 5415RR
(GR) and ‘DP 3415 {conventional, glyphosate sensitivc)
corton plants grown at two separate feld sites in Clayton
and Lewiston-Waodville, NC, in July 2001. Anthesis ow-
ers were dissecred into anthers (hlament, ancher, and pol-
ien), stigma, ovary (capsule and ovules), and petal. CP4-
EPSPS was extracred from 100 mg freshly ground tissue,
diluced 5,000-fold, and analyzed by enzyme-linked immu-
nusorbent assay (ELISA) using the Suategic Diagnostic, Inc.
Traic Check™ kit und included directions {Anonymous
1999) for the gquantification of CP4-EPSPS in food prod-

Lcis,

ixperimental Design

Couton plants were arranged in a randomized complete
olock design with four replications and four repeated men-
surerients over time (Wecks 1-4). Floral morphology mea-
surement means from each of the three separate sampling
days within a week were combined to create 2 mean for
cach weck of sampling (Wecks 1-4). The cntire study was
repeated. Data were subjected to analysis of variance using
SAS (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 the week
of flowering main effects were significant for polien depo-
sition, anrher-stigma distance, stigma height, column
height, and anther length measurements. The interactions
berween the variety-glyphosate treatment and the week of
lowering were only significant for the anther-stigma dis-
tance and the column height, thus variety-glyphosate trear-
ment means were compared by Fisher’s Protected LSD for
cach weck individually.

Tissues for CP4-EPSPS quantification were collecred
from a single plant per replication per site in each of the
two field sites in North Carolina. Tissue extract from each
sample was analyzed in duplicate on ELISA plates, The ab-
sorbance means for each tissue were compared with a stan-

442+ Weed Science 50, July-August 2002
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dard curve derived {rom soya protein extracis wich known
CP4-EPSPS concentrations in order to calewlate the Cr4.
EPSPS concentration in cach sample. Means from both rung
{locations) were combined hecause of insignificant tissye by
location interactions. "Tissue means were compared by [ish-
er’s Protected LSD at P = (.05.

Results and Discussion
Glyphosate Effects on Floral Morphology

Differences in floral morpholagy between glyphosate-
treated and nontreared GR corton culeivars may explain po-
tential differences in pollination. The height of the coron
stigma differed with cultivar and glyphosare ereanment. Stig-
mas from glyphosate-treaced plants weee 1.2 10 1.4 mm lon-
gee chan chose from noncreared plants (Table 1% however,
no other visual physical differences were evident berween
the stigmas of glyphosate-treated and nontreared GR culdi-
vars or conventional cultivars, Differences in the male re-
producrive argans of plyphosate-treated and nontrented GR
culeivars were also evident. The column to which the ancher
hlaments are ateached were 2.7 and 2.0 mm shoreer in DP
5415RR glyphosace-treated GR planes chan in nonereaced
GR plants in the frse and second week of Rowering, re-
spectively (Table 1), 1n the Bist 4 wk of Aowering, the an-
ther filaments were 0.8 to 0.9 mm shovter than chose from
nontreated plants (Table 1), The shoreer anthers and sto-
minal columns, along with slightly elongared stigmas, re-
sulted in 2 4.9- 10 5.7-mm greater distance from the top
anther to the tip of the stigma in glyphosate-treated than in
nontreated plines in the first weel of Rowering (Figures 2
and 2d; Table 2). Nontreated and convenrional cotion
planes had anther-stigma distances of 0.4 mm (anthers
above the stigma) to = 2,9 mm (unchers below the stigma).
Although anthers in nonereated and conventional cotion
plants often have anthers below the stigma, the small dis-
tances from the anthers o che tip of the stigma allow pollen
deposition on the receptive stigma, Close proximity of an-
thers and the stigma would allow adequate pollen coverage
of the receptive stigma. Increased distances berween the an-
thers and the stigma have been shown to cause reduced seed
set in intfopressive Lythum hybrids, presumably because of
pa:notri )pollen deposition on the stigma (Anderson and Ascher
1994).

Glyphosate Effects on Pollen Deposition

Differences in florl morphology  beeween %]ypho'sare-
trcated and nontreated GR cottan cultivars explain differ




Tame 2. Distance from the top anther to the tip of the stigma (ne
values indicare anthers above the dp of che sugma) and number of loose pollen grains per stigm
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gacive values indicaie anthers below the tip of rthe stigima, positive
a from conventional, nanereated glypliosate-

resistant {GI1, and glyphosare-wreated GR cotron (Gastypinrn hivsusen L.) varieties at 1-4 wk of flowering,

Anther 1o stigma distance

Luose polien grains

T Stigimz

Cuhtivar trearmens ! wk 2 wk 3wk 4 wk 1-4 wh
fan pollen grains

Dr 50 — 201 L2c 0.4e =-f.1c 1,323 h
) 4¢ 1.9d 20F 14d 1,843 1
DP 54i5RR ~1.8b -L3b -0.6d -1.0b 1,220 be
NP 5415R1 Tir. —7.5a —4.6a -30b =23 647 d
5G 125RR ~295b ~1.9b ~18¢ —24a 857 cd
§G 125RR T, -783 ~4.82 =3.6a -27a 493 d

* Means {ollowed by the same letrer in ench eolunin are noy signibcancly differenc ar o = (.05,

ences in pollinagion, boll retention, and seed ser. Male re-
productive argans in GR cotton were highly affected by ply-
phusate applications. ;‘l\nthcrs from nontreated GR. cotron
plants were covered with ppllen grains at anchesis (Figures
2¢ and 2g}, whereas those from glyphosate-treated GR cot-
won plants either exposed no pollen {Figure 20 or mal-
formed poilen (Figure 2h). Glyphosate-treated plants had
42.2 to 42.5% less loose pollen per stigma when compared
with nontreated GR planes (Table 2), Pollen deposition on
the stigma of glyphosate-treated GR cotton was likely re-
duced becausc of the greater distance berween che anthers
and the stigma (Tible 2}, “I'here was a highly negative cor-
selation {— 0.98) berween the deposition of pollen, as mea-
sured by the removal of loase pollen, and 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
typicatly deposited only on the lower portion of the stigma
(Figure 2d). lyengar (1938) reported that pollen placed on
the fower portion of the cotton stigma germinated much
less readily than did pollen placed ac che top portion of the
sigma, which may lead to an even lower number of poilen
tubes and seed set in ceated plants.

Cotton anthers produce heavy, sticky pollen, which is
normally not well dispersed by wind, accounting for its sta-
s as 2 primarily self-pollinated plant (McGregor 1976).
Pollinating insects, by their movement within a f'%owr:r, tnay
deposit pollen on stigmas that may not reccive pollen by
anther—stigma coneace alone {McGregor 1976). In areas
where the insceet pollinator concentration is high, the effects
of increased distances berween anthers and stigmas on pol-
lination in glyphosate-treated GR cotton may be reduced.
However, in areas where pest insect pressure is high and
frequent insecticide applications are made, pollinator num-
bers may be reduced. Because glyphoasate causes reduced an-
ther contact with the receptive uppermost portion of the
siigma, an additional reduction in the availability of polli-
hators who may often supplement pollinarion in these cit-

cumstances could lead to reductions in pollinacion and seed
set.

Glyphosate Effects on Pollen Morphology

Mature, viable pollen is cssencial for proper pollen tube
gowth and embryo ferrilization, Glyphosate applications at

stecording ro Fisher’s Protecred LSEY resr,

the four-leaf (POST) and eight-leaf (POST directed) stages
have previously been reported 1o reduce pollen viability be-
tween 45 1o 62% over the first 4 wk of flowering (Pline et
al. 2002a). This work alsa noted thae between 46 and 55%
of the pollen grains from glyphosate-treared planrs did not
Ruoresce uniformly when stained with Auorescein diacerate,
a viability stain, whereas pollen grains obrained from non-
treated GR plants showed uniform Ruorescence in approx-
imately 95% of the pollen grains (Pline er al. 2002a). The
current study compares the morphology of the pollen grains
from the firse bloom on glyphosate-treared and nontreated
DP 5415RR cotton plants using light microscopy, scanning
clectron microscopy, and transmission eleceron MiCTOSCopY.

Seanning electron microscopy confirmed the presence of
collapsed pollen grains from glyphosate-treated plants (Fig-
ure 1c). In contrast, pollen from nontreated plants appcared
fully turgid (Figure 1b). The exine wall of the pollen from
boch glyphosate-treated and noncreated plants appeared in-
tact, suggesting thar either glyphosate does not affect exine
formation or glyphasace effects occurred afeer exine forma-
tion in pollen development,

Glyphosate inhibited normal pollen macuration ai various
stages of development. Pollen grains from the same anhers
showed inhibition at the conversions from early vacuolate
mictospore to vacualace microspore, vacuolate nicrospore ¢
vacuolate microgamete, and vacuolare microgamere to ma-
ture binucleate pollen. Glyphosate did not inhibic pollen
development of all developing grains at the same stage of
development ot with the same level of severity. Because de-
veloping pollen is dependent on the anther tapetum to sup-
ply necessary resources for maturation, glyphosate may
translocate from the tapetum tissue into the developing pol-
len grains. Differences in the stage of inhibition may resulr
from the pollen grains proximity to the tapetum and the
corresponding dose of glyphosate during a stage of devel-
opment. Because some features of pallen development, such
as the organization of the ER into pockets, occur within
only 2 few hours (Wetzel and Jensen 1992), time differences
in glyphosate translocation may influence pollen develop-
ment at different devclopmental stages. Sawhney and Bhad-
ula (1988) described the development of anthers and pollen
in the male-sterile stamenless-2 mutant of tomato (Lycoper-
sicon esculentum Mill), which has delayed tapetum depen-
eration. Pollen near the tapetum appeared normal, whereas
the development of pollen oriented toward the inner portion
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of the anther locule was severely delayed. Because the flow
of nutrients fram the rpetum wall to the pollen forms a
gradient relative 1o proximity, the cranslocation of glyphos-
ate may also form this gradient, thereby affecting pollen near
the tapetim earlier than the pollen in the inner locule. This
action could account for the inhibition at different stages in
pollen developmene {Raghavan 2000). )

The earliest stage in which pollen development was in-
hibited or delayed by glyphosate was at the eacly vacuolar
microspore stage (Figures ta [11] and 3c). At this stage, nu-
merous vacuoles and a general unorganized cytoplasmic ar-
ray of small lipid and starch bodies were present. The ER
was not inflated and showed no organization into the stor-
ape pockets present in marure pollen ar anthesis,

The next srage of pollen development affected by gly-
phosate was the conversion from the vacuolar microspore to
the vacuolar microgamete {Figures 1a [i11] and 3d). In these
pollen grains, the large central vacuole remained intact, and
mirosis of the microspore nucleus to form a vegerative and
generative nucleus did not occur. The organization of the
ER into storage pockets containing vesicles begins to occur,
but only in the area surrounding the central vacuole (Figure
3dj. Frankel and Galun (1977) reported that the arrest of
pollen grains at the vacuolar stage resuleed in collapsed auter
walls, which are clearly evident by scanning clectron mi-
croscopy in pollen from glyphosate-treated plants (Figure
1ch

The larest stage in which pollen maturation was inhibired
by glyphosarc was at the conversion of the vacuolate micro-
gamete to the marure binucleatre pollen grain (Figures 1a
[1V], 3a, 3b, 3¢, and 3f). Iy this stage, occurring in the Anal
I to 2 d before anthesis {Werzel and Jensen 1992), the ER
of pollen from nontreated plants was fully inflated, covered
with ribosomes, and organized into storage pockets (Figure
3e). Starch grains in these storage pockets were hydrolyzed
and replaced with lipid bodies and smalt carbohydrate-con-
raining vesicles. Vacuoles disappeared and were flled with
storage reserves. However, the arrangement of the ER in
pollen from glyphosate-ueated cotron plants differed from
that of nontreated plants, The ER in nontreated polten in-
flated with clearly defined borders because of che presence
of ribosomes (Figures 3a and 3e), but in glyphosace-treated
plants the pollen ER was severely distendgcd. did not form
walls surrounding chese pockees, and had a lower density of
ER-bound ribosomes (Figures 3b and 3f), The ER from
glyphosate-treated corton pollen resembled that of the ma-
sure pollen fallowing germinarion described by Jensen er al.
(1968). At 3 to 6 d before anthesis in normal pollen, che
TR is also in a distended form, suggesting that glyphosate
may incerfere with or delay the ER arrangement (Werzel and
Jensen 1992), Starch grains in pallen from glyphosace-treat-
ed plants were larger and more numerous than in pollen
from nontreated plants, suggesting inhibited or slowed
starch hydrolysis (Figures 3b and 3f). Large grains of starch
in pollen from glyphosate-treated plants remained within
storage pockets, whereas starch in nonersaced pollen was
found only outside these pockets (Rigures 3a and 3e).

Glyphosate has previousty been shown to affect plastid
integrity by causing plastids to swell or burse (Mollenhayer
et al. 1987; Uotila et al. 1980) or to have abnormal chlo-
roplasc grana (Pihakaski S. and Pihakaski K. 1980; Vaughn
and Duke 1986). Other cellular organelles are likewise sen-
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sitive to glyphosate disruprion. Vaughn and Duke {1985)
reported abnormal nudei in glyphosate-treaced soybean
seedlings; whereas Uotila et al. {1980) found decreases in
starch content, increases in dictyosome and mitochondriy
number, and distuption of tanoplasts in pglyphosate-treated
white mustacd (Sinapis alba L. = Brassica hireg Moench),
Deterioration of oil bodics, ER, and ribosomes, along with
incseases in lipid bodies and cyroplasmic vacuolation, were
reported in plyphosate-teared  Pellia epiphylia (L)) Lindb,
(Pihakaski S. and Pihakaski K. 1980). In glyphosace-treated
GR corton plants, the reductions in anther and stamina|
column lengths may be caused by glyphosate-induced .
hibition of clongation. Glyphosate has been reporied 1
cause swollen “club” morphology ar the root tips because of
microtubule loss and an arrest of mitosis and cell division
(Vaughn and Duke 1986). 1F anthers were sensitive 1o gly-
phosate, similar elongation inhibition may oceur.

CP4-EPSPS in Tissues

Analysis of the CP4-LEPSPS contenr in various tissues of
GR coteon revealed thar the CP4-EPSPS coneent in stigia,
anther, preanthesis Horal bud (square), and flower petals
were sighificantly less than that in the vegetative leaf tissue
(Figure 2b). The CP4-EPSPS content in the ovary of an-
thesis GR cotton blooms was similar o that in the vegerative
Jeaves. Reduced reproductive tolerance co glyphosate bas also
been shown in experimental, noncommercial GR wobaceo
planes containing dilferent construces of the CP4-EPSPS
gene encoded in the chloroplast genome (Ye e al, 2001).
Western blor analysts of these tobacco plants indicaced that
CP4-EPSPS protein levels were 10-fold lower in fower pet-
als and 50-fold lower in immarture anthers and ovaries than
in the mature leaf rissue (Ye e al. 2001).

From the curtent work, male reproductive organs in GR
catron appear to be only pardially resistanc 1o che cffects of
glyphosate, presumably hecause of the insufficient presence
of CP4-EPSPS. However, affected polien does not seem ta
degenerate as has been reported for chloroplasts in glyphos-
are-treared plants (Mollenhaver et al. 1987; Uotila et al.
1980). Membranes are intact, and no unosual organelle
swelling is obscrved, exeepe for the distended ER. Instead,
pollen developmenc appears to be slowed or arrested at dif:
ferent maturation stages, likely because of the localized dose
and timing of glyphosate during pollen development. At
anthesis, pollen from glyphosate-treated plants shows a
range of phenotypes clasely resembling arvested polien from
reported male-sterile mutants as well as from coteon polien
analyzed at incervals from 12 o before anthesis o anthesis.

Reduced levels of amino acids have been associared with
the male-sterile pollen in other plants (Franket and Galun
1977). In addition, aromatic compounds such as Ravonoids
and sporopollenin, derived downstream from the shikimic
acid pathway, arc needed for pollen development and wall
formation. Absence of these compounds can cause male ste-
rility (Nicster-Nyveld et al. 1997; Vandermeer et al. 1992).
Reproduetive organs of glyphasate-treated GR cotton may
still produce some aromatie amino acids and secondary me-
mbolites even though there is lasy CP4-EPSPS in these tis-
sucs than in the vegerative tssues, The presence of subop-
timal quantisies of chese compounds may slow, instead of
completely inhibit, pollen maturation. A slower maturation
of pollen in glyphosate-created GR plants would explain the
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Fraume 3. Pollen from glyphosate-treseed and mmureaced glyphosarceresistane (GRY cotton (Gowsypiven hirsnewm L), (a) Pollen grain ar anchesis from
nomrezted GR corton Rower, I srorge pocker. Scale bas = 3 pM. (h) Pollen grain ar anthesis fram glyphosate-treared GR coron fAower, exhibiting
inhibired food aceumudarion. It stotage pocker; 8, starch-containing plastids. Scale bar = 3 pM. (0 Gilyphosate-trenred GR cotron pollen inhibired at che
eacly vacuolae micruspore developmennl srige, V, vacaoles. Seale bar = 3uM. (d) Pollen from glyphosate-rreatcd GR cotton inhibited a1 the vacuolate
microspnre developmental stapge. Vi vacuole; M, mitochondring, ER, endoplasmic reticulum, Seale bar = 1pM. {e) Storape pocker in pollen grain from
nanireated GR coteon ax anshesis. 1L, lipid; SV, small vesicless FR, inflated endoplasmic reciculum. Seale bar = 300 nm. (f) Storape packet from pollen
grain from glyphosare-treaced R corron plane ar anthesis. L, Fipidk ER, disended endoplasmie reticuluny; SV, small vesicles; 5, starch-containing plastid.
Seale bar = 300 pm,
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apparent presence of pollen grains from eaclier developmen-
tal stages ar anthesis.

Tlie effect of glyphosate on floral morphology, as well as
on pollen morphology, is transicory with the most pro-
nounced effect during the first week of flowering (Tables 1
and 2). The first lowers on a cotton plant likely receive the
highest dose of glyphosate because they are the strongest
metabolic sinks at the time of glyphosare application. Sub-
sequently, as the plants increase in biomass, glyphosate may
be diluted or lost from the system as ewly foral organs
abscise. Therefore, later-developing squares may not recrive
an inhibitory dose of glyphosate, and the Aowers may appear
similar to chose of che nontreated plants.

In conclusion, our findings demonstrate that Soral mor-
phology is altered in GR cotton plants treated with rec-
ommended rates of glyphosate, presumably because of lower
reproductive rissue CP4-EPSPS content, The anchers and
the staminal columns are less elongared, whereas the stigma
lengeh increases slightly. These morphological differences re-
sult in less pollen deposition on the stigmas of glyphosate-
treated GR planes. The majority of pollen from glyphosate-
treated GR plants is arrested at different developmental stag-
cs, resudving in immature or aborted pollen ac anchesis, The
combination of reduced pollen deposition on the stigima
along with pollen development inhibition provide a plausi-
ble explanation for the reports on increased boll abscission
in plyphosate-treated GR corcen,
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Tolerance of Transgenic Cotton to Topical Applications of Glyphosate

Michael A. Jones* and Charles E. Snipes

INTERPRETIVE SUMMARY

Transgenic collon varieties expressing vegetative
tolerance to over-the-1op applications of glyphosale
herbicide are now commercially available o
producers. Weed management programs using
elyphosate-tolerant cotton varieties allow growersa
new option to control weeds in conventional tillage
systems, as wellas in reduced-tillage systems where
cuitivation is nol used. However, limitations exist
with glyphosate-1o0lerant cotion managemem systems
with regard o the proper timing of over-the-top
apphications tocotton. Glyphosate is labeled only for
over-the-top applications up to the four-leaf stage of
development. This Jabel restriction appears (o be
related t fruil shedding when over-the-top
applicaiinns arc made past the four-leaf stage of
development.

Field siudies were conducted to evaluate the
effect of applying glyphosate over-the-top of
glyphosate-tolerant cotton varieties. In these stugies.
all glyphosate-tolerant varieties appeared to respond
similarly 10 delayed aver-the-top applications of
alyphosate. Plant mapping data revealed a sequential
decrease in boll retention at early-season froiting
sites as glyphosate applications were delayed from
the three-leaf to the six-leaf stage. The loss of these
early-season fruiting siructures did not reduce rotal
lint yields. However, there appeared to be a delay in
maturity as a result of the laser over-the-top
glyphasate  applications. It appeared that
considerable compensation for the loss of early-
season fruitoccurred after the topical applications of
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glyphosale. The ability of glyphosate-tolerant cotton
plants (o recover from delayed over-the-top
applications of glyphosate in most years will be, in
many cases, directly related to environmental
conditions that allow cxtended boll development later
in the season.

ABSTRACT

Transgenic cotten (Cossypium  hirsutum L)
cultivars tolerant to topical applications of glvphosate
herbicide are now commercially available to
producers. However, little information exists with
regard to the tolerance of various cotton cultivars as
affected by the timing of glvphosate applications.
Therefore, the response of severa) glyphaosste-iolerant
transgenic cotton cultivars to various application
timings of glyphosate was investigated. Two separate
studies were conducted in 1995 and one in 1996 at the
Delta Research and Extension Center incated mear
Stoneville, MS. Treatments for hath studies in 1995
consisted of seven glyphosate-iolernnt cultivars
(Coker 312-RR, Hartz 1215RR, Hartz 1220RR,
Hartz 1244RR, Hartz I330RR, Harz 1380RR, and
Hartz 1560RR) that were either unsprayed (that is,
untreated control) or sprayed topically with 1.0 kg
a.e. ha™' glyphosate plus a nen-ionic surfactant at
0.5% v v! at one of three different growth stages
(four-, five-, and six-leal stage), A different strain of
each glyphosate-tolerant cultivar was evaluated in the
two studies in 1995. Treatments in 1996 consisted of
four glyphosate-tolerant cultivars {(Deltapine Y683R R,
Deltapine 9685RR, Deltapine 9687RR, and Coker
312RR) that were either unsprayed (i.e., untrealed
control)or sprayed topically with glyphosate at 1.0 kg
a.¢. ha"! plus a non-ionic surfactant at 0.5 % vvi)at
one of three different growth stages (three., four-,
and five-leaf stage) and two unsprayed conventional
cultivars (Deltapine 5415 and 90). Al transgenic
cultivars responded similarly to glyphosate, and no
differences in vegetative growth paramelers or in
total lint yield were found among any of the
application timingsin either year. However, mapping
data revealed e sequential decrease in first position
sympodia boll retention of the first three fruiting
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branches as topical applications of glyphosate were
delayed. Relention values were 61, 44, 34, and 19%
for the untreated, four-leaf stage, five-leaf stage, and
six-feaf stage in ove study in 1993 and 62, 55,41, and
21%, respectively, for the same treatments in the
second study. In 1996 retention values were 58, 45,
38, and 25% for the unirealed, three-leaf siage, four-
leal stage, aund five.deal stage applications,
respectively. The loss of early-season fruit caused hy
Lopical plyphosate applications resulted in a slight
delny in maturity as measured by nodes above white
flower counts, Although vegetative growth and total
lint yield were unalfected in this study, it appeared
that carly-season froit retention was negatively
currelated and maturity was defayed as the fiming of
topical applications of glvphosate herbicide was
delayed from the third true-leaf stage to the sixth
true-leal stage.

ced  management programs incorporaiing
Wcuuon genctically engineered for tolerance to
topical applications of specific nonselective
herbicides provide producers more weed coniral
opiivns inconventional- and red uced-lillage systems.
These programs may also provide greater flexibility
in application timing, allow a broader spectrum of
weeds o be comirolled, and aflow weeds (o be
contrnlted more econemically and in a more
environmentatly sound manner. Since the mid- 1 980s,
the Monsanio Company has been developing senes
o confer crop tolerance 10 glyphosate | V-
{(phusphonomethylalycine] in many crops, including
couon, com (Zea mavs L), and soybean (Glyeine
max L. Merr.) (Johnson, 1996). Glyphosate is a
competitive inhibitor of the S-enolpyruvyishikimate-
3-phosphaie synthase cnzyme in the shikimic acid
pathway, whichis nceded o synthcsize the essential
aromatic amine acids ryptophan, tyrosine, and
phenytaianine (Comai and Stalker, | 986). Tolerance
to glyphosate has been achieved by placing acloned
gene  for 5-en01pyruvylshikimate-B-phosphme
synthase from Agrebacteriym Spp. strain CP4 into
transgenic plants under transcriptional contro) of a
strong  promoter  (Johnson, 1996). This gene
produces a 5-cno]pyruvyishikimatc~3-phosphate
synthase cnzyme with reduced sensitivity 1o
glyphosate. Therefore, cotian plants containing this
gene are 1olerant to topical or post-directed
applications of glyphosate.
Postemergence  glyphosate applications in
transgenic cotion will be a valuable tool for cotton
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management because glyphosate offers the potential
for postemergence comirol of a broader spectrum of
weeds compared to other cotton herbicides (Sni nes,
F995). Applying postemergence herbicides in colion
can be more economical than current standards
{Snipes, 1995). and glyphosate is effecrive ot
controtling herbicide-resistant weed biotypes (Smeda
et al., 1997}, However, limitations appear 1o exist
with regard to proper timing of opical glyphosaie
applications. Glyphosate is labeled for topical
applications up 10 the fourleaf stage  of
developmentand thercatier post-directed a pplications
are required (Roundup Ultra {abel, 1997, The
Monsanio Co., 800 N. Lindbereh Bivd., Si. Louis,
MO 63167). These labe! resirictions appear 0 he
related w the potential for fruit abortion following
applications just prior o or during reproductive
development. Since this technology is relatively now
to researchers and producers, many questions cxis
rearding the optimum timing of wpical applications
of glyphosate o transgenic coton and the subsequent
effecis of these applications on cotion growih,
malurity. and yield. Recent complaints of high fruit
abortion rates and the development of misshapen
bolls in glyphosate-wolcrant ransgenic  cotton
cultivars by producers in the Mississippi Delia and
surrounding states further reiterates the need for
research cvaluating transgenic cottons. Therelore,
this study tested the hypothesis that delaying topical
applications of glyphosate 1o glyphosate-toleran
cotton increases loss of carly-scason  [ruitiny
structures. Additional objectives were to determine
the effects of these treatments on couon maturity and
yield.

MATERIALS AND METHODS

Two field studies werc conducted in 1995 and
one was conducted in 1996 at the Delia Rescarch
and Extension Center near Stoneville, MS, on 3
Bosket very fine sandy loam (fine-loamy, mixed,
thermic Mollic Hapludalfs). Treatments for both
studies in 1995 included seven glyphosate-tolerant
cultivars (Coker 312-RR, Hanz 1215RR, Hariz
1220RR, Hanz 1244RR, Harnz i330RR, Hartz
1380RR, and Harz 1560RR) that were cither
unsprayed {i.c., untreated control) or sprayed
topicalty with glyphosate (MON2] 3MNat1.0kgae.
ha™' plus anon-ionic surfactant [Induce nonionic jow
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foam  wetter/spreader  adjuvant (alkyl aryl
polyoxylkane cther free fatty acids), Helena Chem.
Co., 6073 Poplar Ave., Suite 500, Memphis, TN
381191a10.5% v v"" atone of three different growih
stages (four-, five-, and six-leal slage).

A different strain of each glyphosate-tolerant
cultivar was evaluated in the two studies in 1995,
Treatments in Y96 included four glyphosate-tolerant
cultivars {Dehapine 9683RR, Deliapine 9685RR,
Deltapine 9687RR, and Coker 312RR) that were
citherunsprayed (i.e., untreated controls)or sprayed
topically with 1.0 kg a.i. ha™' ¢lyphosute plus a non-
ionic surfactam w 0.5% v v' at one of three
different growth stages (three-, four-, and five-leat
stuge) and two unsprayed conventional cultivars
(Deiapine 5415 and 90).

Cotton was planied on 10 May 1995 and 3 May
1996 at a rate of approximately 14 seed m™' of row
on a 1O mrow spacing. Final plant poputation was
910 10 plams m™*. Plots were four rows wide by 9.1
m-tong in 1993 and four rows wide by 12.2 m-long
in 1996. Treaiments were amanged in a randomized
compleie block design with four replications in 1995
and six replications in 1996,

Approximaicly § weeks before planting, 0.6 ke
a.i. ha™ trifluralin (=, =-1rifluoro-2,6-dinitro-N,N-
dipropyl-p-1oluidine) and 0.3 ko a.i. ha"Y norflurazon
[4-chloro-5-(methylaming}-2-(e o, «-trifluoro-m-
telyl)-3(2H)-pyridazinone]  were applied and
incorporated. At planting, 0.6 kg ai. ha’'
fluometaron (1.1 -dimethyl-3-(«, = =triflyoro-m-
talyl) urea} and 0.3 kg a.i. ha ' norflurazon [4-
chioro-3-(methylamine)-2-(e,o ec-trifluoro-nr-tol yh)-
3(2#)-pyridazinone] were applicd.

About 6 wecks after planting, 1.0 kg a.i. ha™
cyanazine | 2[[4-chloro-6-(ethiyaminn)-s-triazin-2-
yiJamino]-2-methylpropionitrile) and 2.2 kg a.i. ha™!
MSMA (monosodium acid methancarsonale) were
pustdirected in 1995 and 0.2 kg a.i. ha"' lactofen { 1-
{carbocthoxy) ethyi 5-[2-chloro-4-(irifluoromethyl)
phenoxyl-Z-nitrobenzoate ) was postdirected in 1996.
About 2 weeks Jater in both years, a layby
application of diuron [3-(3,4-dichlorophenyl)-1,1-
dimcthylurca] was applied.

Cultivation and hand-removal of weeds were
used o ensure all plots were weed free. Other
preduction practices and insect control measures
were used in an attempt to optimize yields. Plots
were furrow-irrigated (7.5 cm) on 26 July 1995 and
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17 July 1996 to alleviate potential moistire siress.
Nitrogen was applied at 134 kg ha™ as a 32%
anhydrousurea-ammonium nitrate solutioninjecied
beside the row using fertilizer knives before planting
on 23 March in both years.

Glyphosate was applied to the two iniddle rows
of cach four row plot on 5 Junc (foui-leaf siage), §
June {five-leaf stage), and 13 June (six-leal stage)
witha CO,-pressurized backpack sprayer (XR 11003
spray tips) calibrated to deliver 1901 ha "a1 26 kP
in 1995. Glyphosate was applicd to the 1wo middle
rows of cach {our row plot on 25 May (thiee-leaf
stage}, 31 May (four-lcaf stage). and 3 Sune (five-
leaf stage) with a CQ,-pressurized backpack sprayer
{XR11002 spray tips) calibrated (o deliver 80 1. ha™'
at2t kPain 1996.

Prior to each application, 1be actual leaf stage at
the time of glyphosate applications was determined
for cach plot by wking counts from 10 consecutive
plants from the second row of each four row plot.
Leal counts were taken using the cotyledons as a
reference puint (node 0y and counting each nade that
had a leaf 2.5 ¢m in diameter or larger. These
observations were averaged and recorded as aciual
leal number for use in regression analysis. Plani
height, node development, first fruiting branch, and
nodes above while flower were determined by
miapping five consecutive plants from the second row
of each four row plot on 3 Aug. 1995 and on 14
June, 9 July, and 30 July in 1996,

Before harvesi each year (3 Aug. 1995 and 19
Aug. 1996), percent boll retention at first position
sympodial locations was determined for the first
three sympodial branches by measuring five
consecutive plants from the second row of cach [our
row plot, Total boll retention for shese three branches
was determined by summing the boll retention for
each individual branch and dividing by three. Sced
cotton yield was determined by machinc-harvesting
the two middle rows of each plot with a spindle-
picker modified for plot harvest on 5 Oct. 1995 and
10 Oct. 1996. A subsample consisting of 0.5 (0 1.0
kg of seed cotton from each plot was used to
determine gin tumout and percent lint, Lint yield was
determined by multiplying gin iurnout by seed cotton
weight.

Dala were evaluated using analysis of variance
and regression analysis (SAS Institute, Inc_, Cary,
NC). Glyphosate application timings werc averaged

IS
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across  cultivars  when treatment by cultivar cultivars in both years (data not shown). The
inleractions were not significant. Since leaf stages glyphosate ireatment by cultivar interaction was not
for application timings differed in the 2 years, the significant ineither year. Since the effecis of topical
data were analyzed separately for each year. In applications of glyphosate were the same irespective
I996,[helwoconvemiunalcullivars(Dcllapine5415 of cultivar in either year, means for measured
and 90) were combined with the untreated control paramclers were averaged across cultivars by year,

treaiments for data analysis. Treatment means were The timing of glyphosate applications did not
separaled using Fisher’s Protected LSD a1 P < 0.05. affect int yield or the location of ihe first fruiting
The actual measured leaf-stages for each plotatthc  branch, but did cause decreases in boll retention. In
time of glyphosate applications were regressed 1995 lint yiclds fromthe umireated control plots and
againsi total fruit retention or nodes above white from applications madie (o catton ar the four-, five-,
flower coums. and six-leaf stage averaged 1113,1093, 1101, and
8099 kg ha™'. respectively, when combined over hoth

RESULTS AND DISCUSSION studies (Tables | and 2). 1n 1996, lin| vields for the

untreaied control plots averaged 1264 ke ha™!, while
There were noditferences in yield. boll retention, lint yields for the threc-, four-, and fi ve-feal
and most measured plant growth parameters among treaiments averaged 1248, 1260, and 1101 kg ha,

Tabte 1. Lint vield. first fruiting brunch, und boll vetention at first sympodial branch locations in response to glvphosate
applied at varipus stages of cotton development in 1993 Stoneville, MS. Values are averaged over seven cultivars
(Sirain one).

Glvphosate~ Lint First fruiting lioll relention g lirst position sy mpodia
trestment viell branchi Firstd Sceand Third Totnl
kg ha R EYETOY 1, R, v Y nee e
Unircated 1135 63 65.2 51.9 0.0 61.2
Four jeal stage 1133 6.2 457 429 416 4.3
Five leaf stage 1143 6.1 2.4 7.9 436 3
Siv beal stape 1143 6.1 1:9 16.4 219 LA
LSDiN.05H NS NS 1.3 121 120 8.3

t Glyphosaie applicd at 1.0 .. kg hu' plus Induce a1 0.5% v .

i First fruiting branch measured in ascending order with the cotyledonary node s 0.

§ First, second, and third refer to hol! retention on the first, secorid, and third fruiting branches, respectively, Total is
the mean bol! retention avevaged aver the (irst three fruiting branches,

J Least significant difference at the 0.05 level of probability. NS = not siguificant ar the 0.03 level of prohability.

Table2. Lint yield, first fruiting branch, and boll retention at first sympodial branch tocations in response 1o glyphosate
applied at various stages of cotton development in 1995 at Stoneville, MS. Values are averaged over seven cullivars
(Strain 2.

Glyphosate Limt First fruiting Boll retention at {irst pagition sympodia

treslment yield branchi First} Second Third Totsl
kgha B LT 1, S, — o G

Untreated 1070 59 614 57.9 571 62.1

Four leaf stage 1053 5% 571 60.0 479 58.2

Five leaf stoge 1057 58 357 45.7 40,0 an.5

Six beaf stage 1054 6.0 157 7.9 29.3 21.0

LSD0.05)g NS NS 13.1 12,7 127 8.9

T Glyphesate applied at 1.0 kga.e. ha' plus Induce 51 0.5% v v,

¥ First fruiting branch measured in uscending order with the cotyledonary node as 0. :

% First, second,-and third reler to holl retention on the first, second, and third fruiting branches, respectively. Total is the
mean boll retention avernged over the first three Fruiting branches,

M Least significant difference af the 0.05 level of probability, NS = not significant at the 0.05 level of probabitity,
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Table 3. Lint yield, first fruiting branch, and holl retention a
opplied a1 various stages of cotton development in 1996 a

23

t first sympodial branch lecations in response o glvphosate
t Stoneville, MS. Values are averaged over six rullivars,

Glyphosatet Lint First fruiting — Lol retention ot first position sy mpodia___
treatment vield branchi Firs13 Sevond Third ‘Fotal
kg ha! ne.- & .
Untreated 1264 51 542 &0.0 59.2 STR
Three leaf stage 1248 5.2 36,7 46.7 517 45.0
Fuur leaf stape 1260 50 250 442 434 3n.s
Five leal stoge noi 50 [l&) 23.4 ars 24.7
LEDINASY NS NS 12.8 10.4 12.8 0.2

T Glyphosate applied at 1.0} kg a.e. ha' plus Induce at 0.53% v v,

¥ First fruiting branch measured in ascending order with the cotyledonary node as i),

& First, second, and third refer to holl retention on the first, second, and third fruiting branches, respectively. Total is the
mean holl reention avernged over the first three fruiting branches.

1 Least significant difference ot the .05 level of probability. NS = not significant at the 0.05 level of probability.

respectively (Table 3). The location of the firs
fruiting branch ranged between nodes 5.0 and 6.3
over the 2 years.

Delayed glyphosate applications decreased holl
retention at first position sympodial fruiting sites
(Tables 1,2, and 3). Untreated plamts retained 65.7.
61.4, and 54.2% of their firsi position bolls Incated
on the first fruiting branch in the two 1995 studies
and 1he 1996 siudy, respectively. Percent boll
reiention on the first fruiting branch declined
incrementally as the timing of glyphosate application
was delayed from the three-leaf 1o the six-leaf stage.
The greatest decrease in boll retention occurred on
plams treated topically with glyphosate at the six-
leal stage, with average boll retentions of 12.9 and
15.7% on the first fruiting branch in 1995 (six-leaf
freaiments were nol evaluated in 1996).

Reductions in boll retention at firgt position
sympadial locations similar 1o that obscrved on the
first fruiting branch occurred on the second and third
fruiting branches in both years (Tables 1,2, and 3).
Total boll retention for the first three fruiting
branches for plants treated topically at the three-,
four-, five-,and six-lcaf stages was reduced by 25.5,
24.4,45.1,and 67.8%, respectively, compared 1o the
untreated control plants. Total boll retention for the
first three fruiting branches displayed a negative
lincar relationship with the actual leaf-stage when
glyphosate was (opically-applied (¥ = -0.74),
regardiess of cultivar or year (Fig. 1). Therefore, it
appeared that the reproductive development of
glyphosate-toleranl cotion was highly sensitive to
delayed topical applications of &lyphosate, Since
{ruitretention and boll numbers are highly correlated
with lint yield (Jones et al., 1996a; Wells and
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Meredith, 1984), caution should be exercised by
producers when considering mid- and late-season
(i.c., after the four-leaf stage to pre-harvest) over-
the-top salvage applications of glyphosate, especially
after reproductive devetopment has initiated.

The patential of cotton 1o compensate for early-
season boll loss may be important in deciding
whether or not to use alyphosate over-the-tup afier
square development has occurred. There were no
differences in lint yield (Tables 1.2, and 3) among
treatments in this study despite reductions in carfy-
season fuit reteniion, indicating that considerablc
compensation following carly-season [fruit loss
occurred. Because of their indeterminale, perennial
growth habit, cotton plants have several mechanising

ap

BO Tatal Boll RatentlonafB.6-10.4{X)
80 r2m0.74 o
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[
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w
Q

Leaf—stoge (no.)

Fig. 1. Relationship of total boll retention on the first three
fruiting branches at the first position sympaodial
locations to leaf-stage at the time of topical glyphosate
applications. Each data point represents the actual
measured leaf-stages at the time of glyphosate
application for each sprayed plot for 1wo studies
{(seven glyphosate-tolerant cultivars) in 1995 and e
study {four glyphosate-tolerant cultivars) in 1996
averaged across replications, ** Indicates that the
slope is significant at = 0,01.
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that promote compensalory lale-season  boli reproductive compensation to occur in corton, the
production. Early fruit removal studies have shown amaunt and duration of reproductive compensation
that cotton plants can compensaie for carly-season after earfy-season fruit toss is highly dependeni on a
fruit loss with increased fowering (Ehlig and sufficiently long growing scason with adequane
LeMert, 1973; Kletter and Wallach, 1982; Patterson environmental conditions tomature later-season fruig
et al, 1978; Ungar ct al., 1987), flowering rates development.

(Kennedy et al., 1986), fruit retention (Ehli ¢ and There are numerous studics documenting yield
LeMert, 1973; Kleterand Wallach, 1982; Parterson losses when carly-season square tass occurs {Brown,
ct al., 1978} and boll setting rates (Kennedy et al., 1965; Kennedy et al., 1986; Pettigrew e al., 1992:
1986). Moreover, cotton plants exposed to early- Ungarel al., 1987). Therefore, some caution should
season fruit removal shift their boll development be used when dealing with situations tha may induce

locations to positions higher on the main stem and a1 early-season square loss. Also, the slighr delay in
mare distal fruning branch positions (Jones et al., maturity associated with delayed applications in this

19964). study could increase production costs associated
The loss of early-season fruil in these studies with prolonged inscet and weed management, as wel|
may have also delayed maturity as evidenced by a a8 reduce the effectiveness of harvest-nid mmerials

stighi increase in nodes above white flower values as and the harvesting process. In Mississippi. the
the tming of topical glyphosate apphications was numberof days suitable for ficld work dectines from

delayed from the third leaf-siage to the sixth leaf- 10.310 3.3 days foreach 15 day period beginning 26
stage (Fig. 2. Tables 4 and 3). Early muturity is Septemberand continuing until 9 December (Cooke
oficn associated with low first fruiting branch nodal et al. 1972). Detays in maturity Jeopardize
positions. rapid early node production, and arcater harvesting aperations and comtribute 10 late-season
lruit retention on these carly fruiting sites (Kerby et weather related yield and quadity losses.

al., 1990). Although it is possible for cansiderable No differences in plant height, number of main

Table 4. Height ¢ht), number of nodes, first fruiting brunch (FFB), and nodes nbove white Mower {NAWF}at 83 days after
planting in response to glyphosate applied at various stages of cotton development in 1995 at Stoneville, MS. Values
arc avernged over seven cultivars.

Clyphosatey Strain one Struin two
treatmaent Hi Nodes NAWF FFR: Hi Nodes NAWF FFB
cm JR— no. : [« T [ [

Untreated [0 20.2 58 63 9% 19.6 A 59
Four leaf singe 103} 204 59 6.2 101 20.0 5.4 58
Five Jeaf stage 107 0.5 57 6.1 103 20.2 L 5B
Six leaf stage 106 0.5 6.0 6.1 i06 204 5.8 60
LD 5% K| NS 03 NS 4 NS 04 NS

T Glyphosate applied ut 1.0 kg a.e. ha” plus Induce at 0.3% v v,
1 First fruiting brunch measured in ascending order with the cotyledonury node as 0.
& Least significant difference at the 0.05 level of probability. NS = not significant at the 0.05 level of probability.

Table 5. Height, number of nodes, first fruiting branch, and nodes ahove white Mower in response 1o glyphosate applied
al varigus slages of cotton development in 1996 at Stonevilie, MS. Values are averaged over six cultivars,

Glyphosatet 38 DAP 63 DAP 84 DA
treatment He Nodes  FFRi Ht Nodes  FFB  NAWF M Nedes  FFB  NAWE
M e [T Fpee— cm no, om o, - -

Untreated kX] 38 51 8 1.4 53 7.1 100 18.1 58 37
Thres leaf stape M 87 52 91 15.1 52 74 1 192 58 18
Four leaf stuge 33 87 50 90 15.2 53 72 105 85 57 335
Five Jeaf stage 13 86 50 87 15.0 54 7.5 109 193 58 42
LSIX(0.05 §) NS N$ NS 4 NS NS 0.4 5 0.6 0. 05

T Glyphosate applied at 1.0 kg a.e. ha' plus induce 0t 0.5% v v,
} First fruiting branch measured in ascending order with the cotyledonary node as 0.
§ Least significant difference at the 0.05 jevel of probability. NS = not significant at the 0.05 leved of probability,

AnnnTesA b

24



1S00CHD: <XP

JOURNAL OF COTTON SCIENCE, Volume 3. Issue |. 1999

NAWF=3,4+0.4(x)

2 e .
Fi reud 39 o ‘:Ep
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Leaf-stage (na.)

Fig. 2. Relationship of nodes ahove white flower cnunts to
leal-stage ot the time of topical glyphosaie
applications. Kuch data paint represents the actual
measured leaf stages at the time of glyphosate
application for each sprayed plot for two studies
{seven glyphosate-tolerunt cultivarsy in 1993 and one
study (four plyphogate-tolerant cultivars) in 1996
averaged aernss replications. *Indicotes that the slupe
is sipnificant ot P = 0.05,

slem nodes. or bacation of the first fruiting branch
were found among cultivars or application timings at
38 days after planting in 1996 (Table 3). Also, no
differencesin visualinjury syinptoms were observed
among cultivars or application timings (data not
shown). Giyphosate-iolerant cultivars appearedtobe
resistant (o vegetative injury  from topical
applications of glyphosatc. Plants that received
topical glyphosate applications showed increased
plant height at 83 days afier planting in 1995 and a
63 and 84 days after planting in 1996 and showed
increased node numbers at 84 days aflter planting in
1996 compared to the unireated plants (Tables 4 and
5). It appeared thai the loss of early fruit caused by
the topical glyphosate applications may havc
redirected assimilales within the plant toward
vegelative  development a1 the cxpense of
reproductive  structures. Similar increases in
vegetative plant development after loss of early-
season fruit were also reported by Jones et al,
(1996b) after hand-remaval of early-season flowers.

CONCLUSIONS

Topical applications of glyphosate herbicide to
glyphosate-tolerant cotton cultivars decreased early-
season boll retention at first position sympodia.
Leaf-stage was negatively correlated with baoll
retention and positively correlated with nodes above

2292746A | »
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white flower values; howcver, topical applications of

glyphosate to transgenic cotton did not significantly
reduce total lint yield. The ability of cotton plants o
compensate for the loss of early-season fruit after
topical applications of glyphosate appeared 10 be
extremely important in the ability of this new
technology to work effectively in cotion production
systems. The loss of carly-season fruil can he
tolerated in most years when the enviranmen perns
reproductive development to be extended later into
the season. However, harvesting and weather related
yield losses may be encounicred as a result o fdelays
in maturity.
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Summary

A strategy for a line specific GMO detection is presented The method makes use of the
anchored-PCR and can be used to screen foods for unauthorised GMOs. It is demonstrated that the
proposed strategy is useful 1o develop a primer pair that can detect RoundUp Ready ™ (Monsanto}
soybean DNA in a line specific way.

Introduction

More and more foods are containing genetically modified organisms (GMOs) or GMO derived
products. In the European Union such foods are regulated by regulation 30/220/EC and the directive
Nove] Food. These regulations stipulate a premarket approval and Jabelling requirements for foods
derived from or containing GMOs. In this context, it is obvious that the authorities involved should
have an adequate methodology for the identification of GMOs.

Up to now most DNA-based detection methods use the Polymerase Chain Reaction (PCR) to
amplify parts of the inserted transgene. These PCR-based detection methods focus on frequently
used genetic elements in GMOs, such as promoters, terminators, marker genes, etc. (Meyer, 1995;
Pietsch et al., Y997, Hupfer ef al., 1998). The disadvantage of such detection methods 1s that they
are not line specific. This implies that it is impossible to discriminate between events that were
obtained, using the same or simjlar transformation vectors.

Here we present a strategy to develop a line specific GMQ detection procedure without
preknowledge of the DNA sequence of the inserted fragment. The technique is based on the
anchored-PCR (Theuns ef ai., in preparation). This transgene display, used to amplify the junction
between the insert and the plant-DNA, starts with digestion of the isolated DNA. By using a
radioactively labelled anchor-primer, that is homologous with the border region of the inserted
DNA, and an adapter-primer, that is specific for the adapter that is ligated at the end of each
restriction fragment, the junction is specifically amplified. Subsequently the junctions are separated
on a polyacrylamide gel after which the desired junction can be isolated from the gel. A method for
the rapid isolation and subsequent sequencing of insert junctions is described. The obtained
sequence data of the flanking plant-DNA of a particular T-DNA enabled us to design event-specific
primers. Thereupon the newly designed event-specific primer together with the above mentioned
anchor-primer is used in a regular PCR reaction to amplify an unique fragment spanning the
Junction between plant-DNA and the inserted DNA.

The technique is successfully being used to isolate and characterise the insert junction with
plant-DNA of Monsanto’s soybean line 40-3-2, a glyphosate tolerant soybean line, commercialised
as RoundUp Ready (RR) soybeans. A line specific detection for RR soybeans is developed.

Materials and Methods

Anchored-PCR

_ The anchored-PCR was conducted as described by Theuns er ol (in preparation), using 3
different restriction enzymes — 1 hexacutter (EcoR1) and 4 tetracutters (Msel, Mbol, Bfal and Taql)
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- and the matching adapters and adapter-primers in combination with two anchor-primers: one
homologous to the 35S promoter region (355-primer) and one homologous 10 the nos 3° terminator
region (3’ nos-1-primer).

Isolation of junctions

In order to isolate the comrect junciion from the dried polyacrylamide gel, we superimposed the
autoradiogram upon the gel. In this way the autoradiogram could be used as a template 1o find the
fragment of interest on the gel. The desired Junction was excised out of the gel using a sharp
scalpel. The junction-DNA was eluted out of the gelslice by incubating the slice in 200 pl of water
during 1 hour on ice. During this incubation the solution was mixed 3 10 4 times. After a
centrifugation of 10 min. at maximum speed, 150 pl of the eluate was collected and could be used
for further processing.

Reamplification and sequencing of junctions

Before reamplification the eluate had to be purified. For this purification the QlAquick PCR

Purification Kit (Qiagen) was used.
The reamplification of each junction was done using the same primers as the primers that were used
during anchored-PCR 1o generate the junction. The PCR was conducted using following conditions
- Tul of purified eluate, 1 X PCR-buffer (Perkin Elmer, USA), 250 uM dNTP’s (Pharmacia Biotech,
USA), 0.4 pM anchor-primer and 0.4 pM adapter-primer. Water was added to a final volume of 50
pl. The PCR cycle profile used was the same as used during anchored-PCR. Cycle 1: 255 at 93°C,
30s 2t 65°C and 60s at 72°C; cycle 2-13: 255 at 93°C, 30s at an annealing temperature 0.7°C {ower
than for each previous cycle, starting at 64.3°C, 55s at 72°C; cycle 14-37: 255 at 93°C, 30s at 56°C
and 35s at 72°C.

After completion of the PCR programme, the 50 pl reaction volume was loaded on a 1.5 %
agarose gel. After electrophoresis the gel was stained with ethidium bromide and the rcamplified
fragments were visualised using an UV transilluminator. The reamplified fragments were excised
from the agarose gel and the junctions were eluted from the gelslice using the QlAquick Gel
Extraction Kit (Qiagen). The concentration of the excised fragments was determined on a 1.5 %
agarose gel, and the solution was concentrated to 25 ng/ul by means of ethanol precipitation.

Subsequently the junctions were sequenced using the ABI Prism™ Big Dye Terminator Cycle
Sequencing Kit (PE Applied Biosystems) according to the handbook provided with the kit. The
junctions were sequenced in both directions by using on the one hand the anchor-primer and on the
other hand the adapter-primer as the sequencing primers. An ABI Prism 377 DNA Sequencer and
matching software were used to scparate the sequencing reactions and to analyse the sequence
information. '

Recent results obtained with other junction fragments, show that it is possible to reamplify the
junctions without performing a pre-purification step on the elvate.

Line specific RR soybean PCR

The line specific amplification of the DNA was carried out in a total volume of 25 pl using
following conditions: 1X PCR-buffer (Perkin Elmer, USA), 200 uM dNTP’s (Pharmacia Biotech,
USA), 0.5 uM 35S-primer (5’ GATAGTGGGATTGTGCGTCA 3), 0.5 pM event-specific-primer
(5" CCTTCAATTTAACCGATGC 3’} and 25 ng of DNA. The PCR reactions were performed
using the following cycle profile, Step 1 : initial denaturation at 95°C for 3 min. ; step 2 (34
cycles) : 20s at 95°C, 40s at 53°C and 40s at 72°C; step 3 : 3 min. at 72°C. After the amplification
5 pl of the reaction mix was separated on a 1.5 % agarose gel and stained with ethidium bromide
and visualised using a UV transilluminator.

Results and discussion

The propo‘sed Strategy was tested on a glyphosate tolerant soybean line that was constructed by
Monsanto using the particle acceleration method. This RoundUp Ready soybean line 40-3-2 was
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characterised at the molecular level (Padgetie er al.,, 1995). The results of this characterisation
showed that line 40-3-2 contains part of the CaMV 35S promoter, the EPSPS chloroplast transit
peptide from Petunia hybrida, the CP4 EPSPS gene and a portion of the 3’ nontranslated region of
the nopaline synthase gene terminator. Line 40-3-2 was selected because this line carried a single
genetic insert (Fig. 1).

Plani-DNA

A o 3 icominator
IR  CP: EPSPS genc

L """ ] EPSPS chioropfast transit peptide
]

Pe-358

355/ coR) junction fragmeny

i [ref«aty,
Tagl \ ‘."
jnos 3 nosd “.‘ 355~Erimer "\‘
Mse] Mbol Bfal Msel Msel Mbol Bfal  EcoR)

Fig. I. Schematic diagram of inserted DNA present in RR soybeans (Padgette ef al., 1995).

To test our strategy we focussed on the 358 promoter region and the nos 3’ terminator region
because these two genetic elements flank the transgene and form the boundaries with the plant-
DNA. In this way anchor-primers homologous to these two regions in combination with one of the
5 restriction enzymes and the matching adapter-primers would in all probability give us an
anchored-PCR fragment that spans the border plant-DNA/inserted DNA. Because all tetracutters
used had a recognition site between the 3’nos-1-primer and the insert border our work initially
concentrated on the 358 junction fragment. Eventually the isolation of 4 different junction
fragments spanning the junction 358 promoter/plant-DNA: 355/Msel, 3558/Mbol, 35S/Bfal and
358/EcoRl, was successful. As could be expected the 35S/EcoRl fragment was the longest
frapment. This 383 bp long 35S/EcoRlI fragment, was made up of 173 bp plant-DNA and 210 bp
insert-DNA. We used this sequence information to design a primer that was situated in the plant-
DNA. This newly designed event-specific primer and the 35S-primer make up a primer pair that
should give a 360 bp amplicon when used 1o identify RR soybean DNA. Indeed the new primer pair
was tested and gave a 360 bp fragment (Fig.2).

In the future this new primer pair will be tested on different foods containing soy (Messens er al.,
in this volume). Also, the sequence of the 355/EcoRI fragment will be used to develop a new line
specific primer pair that will give a shorter amplicon (+/- 180 bp) to be able to identify RR SOy
DNA in processed foods in which the existing DNA could be fragmented (Hupfer et al., 1998).

In the near future we will characterise and sequence also the 3’nos plant junction fragment. A
new primer, the 3'nos-2 primer, homologous 10 the 3'nos terminator region, is being designed. As
there is no Msel restriction site between the border and this new primer it should be possible 10

NEDOCID: <XP 10328758 | »




SEVVIES vl

482

amplify a 3'nos junction fragment. Once this junction fragment is isolated and sequenced, a primer
specific for the plant-DNA adjacent to the nos 3’ terminator will be developed. A combination of
both event-specific-primers will be used in the future to amplify the pre-insertion locus in the wild
type soybeans. A comparative analysis between the pre-insertion locus and the locus structure of the
transgene locus could give us valuable information concerning the substantial equivaience between
wild type and GMO.

11497 bp

5077 bp

2838 bp

;::i)zp Fig. 2. Agarose gel analysis of line gpeciﬁc RR
soy PCR products. Lane 1, line specific RR soy

418 bp PCR on non-transgenic soy DNA. Lane 2, line

360 bp specific RR soy PCR on transgenic RR soy DNA.

Lane 3, negative control: line specific RR soy
PCR on sample without DNA.
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