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Glyphosate {I_\_T— (phosphonomethyl)glycine] is a translocated
herbicide known to move readily via the phloem into natural assimivlate
sinks. However, reports of its movement in the transpiration stream
suggest possible differences between glyphosate and assimilate
translocation capabilities. This research was conducted to study the
degree of sim‘ilarity between glyphosate and assimilate translocation.

Translocation patterns were compared in tall morningglory

[Igomoea purpurea (L.) Roth] 24 hours after application of 14C—gly-

phosate or 14602 to @ mature leaf. Under normal conditions trans-
located glyphosate moved like 14C-assimilates in a typical source

to sink pattern, accumulating in the roots, stem, new leaves, and



shoot tip. Small amounts of both labeled assimilate and glyphosate
entered untreated mature leaves. 14C distribution patterns compared
on a percentage basis indicated minor differences between glyphosate
and assimilate sink partitioning.

The export of either glyphosate or assimilate from a treated
leaf was prevented by petiole girdling. Girdles were created by
passing a hot copper wire loop along a 2-cm section of stem or
petiole 24 hours prior to treatment. Stem girdling below a treated
leaf essentially stopped all basipetal translocation of both materials.
Stem girdles above the leaf greatly reduced but did not eliminate
acropetal transport. Glyphosate demonstrated greater capacity to
pass acropetally through a stem girdle than did assimilates (3.7%
vs 1.0% of translocated label). Some repartitioning from the apoplast
back into the phloem was evident once glyphosate had passed the
girdle.

Conversion of any mature leaf into a strong assimilate sink
(artificial sink) was accomplished by an application of NG-Benzyla-
denine, and enclosure in an aluminum foil envelope. Labeled assi-
milate or glyphosate was imported by these aftificial sinks regardless
of their location. Greater leakage into the apoplast occurred when
glyphosats was translocated acropetally rather than basipetally to
an artificial sink.

When applied as small droplets on the stem, large amounts of



glyphosate moved symplastically to natural or artificial sinks, and
apoplastically via the transpiration stream into all transpiring tissues
above the site of application. Stem girdling below the treated area
prevented basipetal transport of giyphosate, but girdles located
above the application site appeared to have little effect on acropetal
movement. Of the total herbicide translocated, 26.4% was found to
have passed through upper girdles.

Results of this study suggest that: (a) glyphosate moves readily
via the symplast from assimilate source to sink; (b) a substantial
portion of the herbicide is transported via the transpiration stream
to all transpiring tissues "downstream" from a site of application;

(c) glyphosate transfers from apoplast to the phloem with relative
ease; and (d) glyphosate has a tendency for limited leakage from the

phloem back into the apoplast.
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MANIPULATION OF ASSIMILATE TRANSPORT PATTERNS AS A METHOD
OF STUDYING GLYPHOSATE TRANSLOCATION IN TALL
MORNINGGLORY [IPOMOEA PURPUREA (L.) ROTH]

INTRODUCTION

Effective chemical weed control requires a working knowledge
of herbicide translocation capabilities. In spite of considerable
research, certain questions about glyph:osate translocation have
gone unanswered. For example, glyphosate is generally described
as a phloem-mobile herbicide. But it is not certain how closely
glyphosate follows changes in assimilate translocation patterns.
Uncertainty also exists regarding the amount of glyphosate which
is translocated via the transpiration stream.

The primary objective of this research was to compare glypho-
sate and assimilate translocation patterns under a variety of normal
and dramatically altered translocation conditions. At the same time,
the tendency for glyphosate to move in the transpiration stream would
be studied. Chapters in this thesis are prepared in the general
format of manuscripts for Weed Science.

Tall morningglory was selected as a test species because of
its relatively simple morphology and source-sink patterns. Chapter
One is dedicated to characterizing assimilate translocation in that

species. A large portion of that research involved developing or



adapting techniques which effectively and predictably change assimi-
late distribution patterns. It was of interest to know whether these
techniques affected xylem transport, so the effects of assimilate

flow manipulation on the translocation of a xylem-mobile herbicide
were studied in Chapter Two. A study of glyphosate translocation

is reported in Chapter Three, using the assimilate translocation
patterns established in Chapter One as standards. Comparing the
response of glyphosate and assimilates to various manipulative
techniques proved an effective means of identifying certain differences
in translocation characteristics, while also serving to reemphasize

similarities.



LITERATURE REVIEW

Glyphosate Absorption

Glyphosate [N- (phosphonomethyl)glycine] is a non-selective
herbicide, dependent on foliar absorption and translocation for
effective weed control. Extensive research has been conducted
characterizing its absorptive and translocative properties in efforts
to maximize performance.

Glyphosate is normally a negatively charged acid molecule
formulated as an isopropylamine salt. The polar molecule is quite
water soluble (1.2% at 25 C) and would be expected to have diffi-
culty passing through the lipophilic surface waxes of plant cuticles.
Wyrill and Burnside (68) compared absorption of glyphosate and 2,4-D
through isolated cuticles of hemp dogbane and common milkweed.
2,4-D is a semi-polar molecule which is less water soluble (,09%)
and is readily absorbed by foliage. After 43 hours, up to 58 times
more 2,4-D was absorbed than glyphosate. The authors attributed
the greater 2,4-D absorption to its semi-polar nature which allowed
better diffusion through the lipophilic constituents of the cuticle.
Schultz and Burnside (50) compared 2,4-D and glyphosate absorption
on intact leaves of hemp dogbane. They also noted greater absorp-

tion of 2,4~D, but the difference was not as great. Twenty-four



4
hours after application, 80.5% of the applied 2,4-D had been absorbed,
compared with 29,5% glyphosate absorption.

The total amount of glyphosate absorbed varies considerably.
Marquis et al. (36) observed 14.7% absorption, 14 days after appli-
cation on reed canarygrass. Davis et al. (16), studying absorption
on quackgrass, found that 93% of applied glyphosate was taken up
within 10 days. Gottrup et al. (23) reported 24-hour absorption values
ranging from 7 to 87% on leafy spurge. Jordan (29) recorded absorp-
tion extremes from 10 to 70% in bermudagrass 48 hours after glypho-
sate treatment. Variation in absorption may be explained by many
factors which affect the rate of absorption and/or the length of the
absorptive period. Several of these factors are species related.
Numbers of stomata and trichomes, cuticle thickness, and cuticle
chemistry have all been implicated (36,47,49,68,69). But, probably
of greater influence are environmental factors, especially those
related to the water status of the plant. Relative humidity, soil
moisture, and temperature appear to be most influential.

Glyphosate absorption tends to decrease as available soil
moisture decreases. Ahmadi et al. (1) demonstrated 3-4 times greater
absorption at 40% than 10% soil moisture. McWhorter et al. (39)
reported 33% more absorption at 20% than at 12% soil moisture.

Absorption of glyphosate generally increases with increasing

temperature (50,66,67). Jordan (29) compared glyphosate absorption
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in bermudagrass at temperatures of 22 and 32 C. Uptake was 17-66%
greater at 32 C. McWhorter et al. (40) showed absorption in johnson-
grass to nearly double as temperature changed from 24 to 35 C.
Frost may also promote increased absorption. Davis et al. (16,17)
saw a slight increase in absorption (30%) after quackgrass was exposed
to frost.

Relative humidity is probably the most important environmental
factor influencing glyphosate absorption. Gottrup et al. (23) studied
absorption under conditions of low and high relative humidity. Twenty~-
four hour absorption values of 7.2% and 86.6% were recorded on leafy
spurge plants subjected to low and high relative humidity, respec-
tively. High relative humidity on Canada thistle resulted in 3.1-4.4
times more abscrption. The effect of relative humidity on absorption
was significantly greater than the effect of surfactant. Jordan (29)
compared the effects of relative humidity and temperature on absorp-
tion, and found RH to be most influential. Absorption was 4.5-6.5
times greater at 100% RH than at 40% RH. Wills (67) studied the
effect of temperature, soil moisture, relative humidity and surfac-
tants on the absorption of glyphosate in cotton. He concluded that
absorption was most affected by relative humidity. Variations in
temperature, soil moisture, or the surfactant produced less than a
one fold change in uptake, while an increase in RH from 40 to 100%

resulted in a 3 to 6 fold increase in absorption. Though RH had the



greatest influence on absorption, temperature was most important
in determining phytotoxicity. McWhorter and Azlin (39) studied
glyphosate absorption on johnsongrass and soybeans in response to
relative humidity, soil moisture, temperature, and surfactant varia-
bles. They found relative humidity and soil moisture to have the
greatest influence,

According to McWhorter and Azlin (39), McWhorter et al. (40),
and Willls (67) the optimum conditions for glyphosate absorption
include high relative humidity, soil moisture, and temperature.
These conditions may result in a more hydrated cuticle, which in
turn promotes better diffusion of the hydrophylic glyphosate molecule
across the cuticle,

The relationship between light and glyphosate absorption is
still uncertain. Schultz and Burnside (50) found higher light inten-
sities to reduce glyphosate absorption in hemp dogbane. They
attributed this to increased necrosis of treated areas which they
observed to be associated with higher light intensity. Whitwell et
al. (66) and Kells and Rieck (31) compared glyphosate absorption
under light and dark conditions. Both groups observed significantly
more absorption in the light. Whitwell et al. (66) concluded that
light is involved in the active uptake of glyphosate through production
of ATP and other energy sources. Evidence of active uptake was also

resented by Leonard and Shaner (33).



Surfactants are known to improve glyphosate performance (23,
30,40,56). According to Richard and Slife (47), surfactants increase
the rate of glyphosate absorption but do not extend the absorption
period. The degree of increase is dependent on the type of surfac-
tant and environmental conditions. Wryrill and Burnside (69) studied
74 surfactants and found the cationic variety to be most effective in
improving glyphosate uptake. Of those surfactants tested, Mon 0818
was the most effective. McWhorter and Azlin (39) and Wills (67)
found the effect of surfactant to be more noticeable when plants were
subjected to conditions of low relative humidity, low soil moisture,
or high temperature.

It has been suggested that surfactants improve herbicide absorp-
tion by reducing surface tension and/or enhancing cuticular penetra-
tion (4,21,27). McWhorter and Azlin (39 proposed that surfactants
promote glyphosate absorption by similar means. Others, however,
have presented evidence suggesting that, in the case of glyphosate, =
the primary role of surfactants may be considerably different. Wryrill
and Burnside (68) studied the movement of glyphosate across intact
and isolated cuticies of common milkweed and hemp dogbane. Sur-
factant significantly increased glyphosate absorption in intact leaves,
but neither addition of surfactant nor wax removal increased diffusion
of glyphosate through the isolated cuticles. Wpyrill and Burnside (69)

demonstrated that reduction of surface tension was not associated



with greater glyphosate uptake. Comparing the effect of numerous
surfactants, they found many of the more effective materials had high
contact angles. They concluded that the main influence of surfactant
was on the plasma membrane rather than the cuticle. They cite
evidence by Sutton and Foy (57) that surfactants can alter membrane
permeability, and suggest that movement of the negatively charged
glyphosate molecule through the lipid bilayer may be facilitated by
its association with a cationic surfactant. Richard and Slife (47)
compared absorption of glyphosate by intact leaves and isolated leaf
cells. There were no significant differences in absorption even
though isolated cells had no cuticle. Adjuvants increased absorption
2.7 fold in both test systems., These authors suggest that even though
the cuticle represents a significant barrier, cellular rather than
cuticular absorption is the limiting factor in‘foliar uptake of glypho-
sate.

Variation in experimental techniques used to apply 14G-1abeled
glyphosate also contributes to absorption differences. Researchers
may apply 1‘/‘IC-glyphosate to a leaf surface as a single drop (5-10
ul), or as multiple small droplets. They may or may not use lanolin
to contain the drop(s). Total rates applied also vary considerably.
Each of these factors has been shown to significantly influence
absorption (23,36,51). Neither is there a standard method of formu-

lating glyphosate. There are examples of 14(3-glyphosate applied



in methanol, water, or commercial Roundup. Parent glyphosate may
be used with or without isopropylamine. Surfactants also vary widely,
and some researchers use no surfactant., Undoubtedly such differ-
ences in formulation contribute to variation in absorption.

An abbreviated absorption period and incomplete absorption are
characteristic traits of glyphosate. Most reports indicate an initial
rapid rate of uptake. Richard and Slife (47) recorded significant
absorption in 15 minutes on hemp dogbane. Shultz and Burnside (50),
studying hemp dogbane, saw 13-25% absorption in 30 minutes.
Sprankle et al. {56) demonstrated 34.2% absorption on quackgrass 4
hours after treatment.

Uptake declines rapidly over time. Within a matter of days
absorption approaches zero. Shultz and Burnside (50), comparing
2,4-D and glyphosate on hemp dogbane, concluded that glyphosate
absorption failed to continue beyond 3 days while absorption of 2,4-D
continued for their entire 12-day study. Zandstra and Nishimoto
(70), Segura et al. (52), Marquis et al. (38), and Sandberg et al.

(49) all determined glyphosate absorption to cease within 2 to 4
days of application. In each case a considerable amount of glypho-
sate remained on the leaf surface long after absorption had ended.
Schultz and Burnside (50) recovered 46% of the applied glyphosate
from the leaf surface after 12 days. Marquis et al. (36) recovered

85% after 14 days.
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Reasons for the seemingly premature termination of absorption
are still speculative. One explanation might be inavailability due
to evaporation of carrier, and subsequent glyphosate crystallization
on the leaf surface. Some researchers (30,50,51) support the idea
of physiological isolation of unabsorbed glyphosate as a result of
spot necrosis under the treated areas. Research by Gottrup et al.
(23) is unique in that the authors were able to significantly extend
the period of glyphosate uptake (7 days). They used techniques to
minimize both spot necrosis and droplet evaporation. The actual
cause of incomplete absorption is likely a combination of these and

other factors.

Glvphosate Translocation

Research has established that glyphosate translocates, and
that good translocation is required for effective weed control (i1,
17,18,25,47,56).

The amount of glyphosate translocated varies. Kells and Rieck
(31) reported that 4.7% of applied glyphosate was translocated from
the site of application after 3 days. Wyrill and Burnside (68) noted
translocation of 51% after 24 hours. The time over which transloca-
tion occurs also varies. Wyrill and Burnside (68) found most trans-
location to roots occurs within 24 hours. Chase and Appleby (9)

and Sandberg et al. (42) suggested that 3 days be allowed for best



11
translocation. Kells and Rieck (31) reported continued translocation
of significant amounts of glyphosate 6 days after treatment. Marquis
et al. (36) reported no change in translocation patterns after 4 hours.
Much of the reported variability is the direct result of variation in
absorption. The amount translocated is dependent on the quantity
absorbed, and therefore will be significantly affected by all factors
influencing absorption.

Though much work has been done, there seems to remain a
considerable degree of confusion on the subject of glyphosate trans-
location capabilities. There is general agreement that glyphosate
moves in the phloem. In an early study by Rioux et al. (48), glypho-
sate was translocated from mature quackgrass leaves to rhizomes,
and between shoots connected by a common rhizome. The authors
concluded that glyphosate moved in the phloem in the same manner
as carbohydrate. Sprankle et al. (56) did some of the first transloca-
tion work with 14C—glyphosate. Distribution patterns in Canada
thistle and quackgrass indicated that glyphosate moved primarily in
the phloem, fdllowing established source-sink relationships. The
authors suggested that any conditions affecting the source-sink move-
ment of assimilates would also affect the translocation of glyphosate.
Ahmadi et al. (1) made a similar conclusion. Chase and Appleby
(10), Bingham et al. (6), Whitesides (65), and Jordan (30) all

reported significant movement of glyphosate from exporting leaves
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to assimilate sinks. Richard and Slife (47) and Davis et al. (17)
determined intact phloem to be essential for glyphosate translocation.

Apoplastic glyphosate translocation is not as well understood.
Glyphosate has been shown to move readily in the transpiration
stream, once in the xylem. Richard and Slife (47) and Shaner and
Lyon (5§3) found that glyphosate taken up through cut stems or petioles
was rapidly translocated in an apoplastic pattern throughout all
tissues. However, glyphosate applied exogeneously to intact plants
seems to behave much differently. In the translocation studies by
Rioux et al. (48) and Sprankle et al. (56) where glyphosate was
applied to leaves of Canada thistle, quackgrass, or field bindweed
there was no mention made of any apoplastic translocation. Kells
and Rieck (31) reported that glyphosate translocation in johnsongrass
was via the phloem, but provided no evidence of apoplastic transport.
Haderlie et al. (25) and Sandberg et al. (49) also found glyphosate
to move as the assimilate in the phloem. Again, there was no
indication of apoplastic translocation.

Other researchers have reported some degree of apoplastic
glyphosate transport in intact plants. Though not addressed in their
discussions, Wyrill and Burnside (68) and Schultz and Burnside (50)
presented data indicating 14C label in mature, untreated leaves
below the site of 14C-glyphosate application. Wpyrill and Burnside

found 1 to 3% of the total translocated label in these leaves, while
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Schultz and Burnside recovered 4 to 5%. It was.concluded in both
cases that glyphosate moved in a typical phloem pattern. Either the
authors considered 14C in mature leaves to be a result of typical
phloem transport, or discounted it as insignificant apoplastic move-
ment and not worthy of mention. Other researchers, observing limited
movement of glyphosate into mature untreated leaves, have described
it as apoplastic movement (40,52).

The most easily recognized and most often reported evidence
of apoplastic glyphosate translocation occurs in the treated leaf of
intact plants. Gottrup et al, (23) first reported this in Canada thistle
and leafy spurge. They described glyphosate moving in the apoplast
from the point of application to the margins of the treated leaf, and
in the symplast from the treated leaf to roots and young leaves.
Segura et al. (52) reported the same phenomena in ryegrass and
clover. Large amounts of glyphosate moved acropetally in the
transpiration stream of the treated leaf before symplastic movement
occurred out of the leaf. Translocation throughout the untreated por-
tions of the plant was primarily symplastic with very small amounts
observed in untreated mature leaves after 72 hours. Marquis et al.
(36), Bingham et al. (6) and Whitwell et al. (66) also showed strong
acropetal movement of glyphosate in the transpiration stream of treated
grass leaves, either prior to or concurrent with symplastic export.

Each reported strong symplastic movement of exported glyphosate
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into roots and new leaves with limited transport into mature untreated
leaves.

Leakage of 14C—glyphosate from roots of intact plants suggests
some apoplastic mobility. Marquis et al. (36), 1 week after a foliar
application of 14C—glyphosate to two grass species, found 5-10%
of the applied label in the nutrient solution. Schultz and Burnside
(50), studying herhp dogbane, reported leakage of 10-20% (of the
translocated glyphosate) after 3 days. Coupland and Casely (13)
noted glyphosate in guttation fluid as well as root exudate.

Not all apoplastic movement into mature leaves is minor.
Zandstra and Nishimoto (70) published autoradiographs of glypho-
sate-treated purple nutsedge showing substantial label in old
untreated leaves. Autoradiographs of bermudagrass by Jordan (29)
showed nearly equal amounts of glyphosate in old and new leaves,
and Haderlie (24) reported equal glyphosate concentrations in all
leaves of soybeans., Lunde-Hoie (34) showed very strong accu-
mulation of glyphosate a‘t transpiring surfaces in ash, indicating
transfer into xylem.

Certain environmental factors may affect transport patterns.
McWhorter et al. (40) found glyphosate to translocate into johnson-
grass rhizomes only at 100% relative humidity. According to Wills
(67), higher temperatures resulted in a larger percentage of trans-

located glyphosate moving into cotton roots. Whitwell et al. (66)
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suggested that high transpiration rates in bermudagrass would change
the overall pattern of glyphosate distribution. Kells and Rieck (31)
observed a 20-fold increase in glyphosate translocation to johnson-
grass roots when plants were maintained in light rather than dark
conditions, even though absorption was only increased 2.5 times.

Patterns of 14C--glyphosat:e distribution do not appear affected
by overspraying plants with unlabeled glyphosate (50,70). Metabolism
does not appear to be a factor in reported 14C—glyphosate distribution
patterns. All species tested showed little or no glyphosate metabo-
lism 1-2 weeks after treatment (23,36,49,50,68,70).

The pattern of glyphosate translocation does appear to be very
dependent on the site of application. Schultz and Burnside (50)
observed strong movement to the roots of hemp dogbane plants when
glyphosate was applied to a basal leaf. Treatment of an upper
expanded leaf resulted in little transport to the roots, but strong
upward movement to new leaves and shoot tip. Wills (67) noted
almost no translocation when he applied glyphosate to a young
"importing" cotton leaf, but extensive movement to roots and young
leaves when a mature leaf was treated. Wills also noted considerably
more apoplastic transport into mature leaves when application was
made to the stem rather than a leaf. Root-applied glyphosate gave

even more extensive apoplastic transport (24).
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Assimilate Translocation

Several extensive reviews have been published on the subject
of assimilate transport (14,43, 61, 62,72). Some aspects, such as
the mechanism of phloem transport, are still subject to much debate.
Others, including patterns of assimilate distribution, are rhore de-
finitive. The latter topic is most pertinent to the subject of this
thesis.

Assimilation may be defined as the energy-requiring biosyn-
thesis of organic molecules from more simple precursors. Referring
specifically to plants, it is the transformation or incorporation of
GOy, water, and mineral nutrients into the many organic substances
composing a plant. Photosynthesis may be defined as the photo-
chemical assimilation of COZ into carbohydrates., The term photo-
synthate or photo-assimilate is often used to distinguish this more
specific class of assimilate. Photosynthate.includes sugars, starches,
organic acids, and structural carbohydrate. Assimilate refers to photo-
synthate as well as amino acids, nucleic acids, vitamins, enzymes,
and numerous other 'assimilated’ organic molecules. Crafts and
Crisp (14) list 111 assimilates which have been reported translocated
in the phloem.

Patterns of assimilate distribution are often studied through the

use of 14002. Labeled COZ is initially converted into carbohydrates,
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but will eventually appear in all forms of assimilate. Sucrose is the
primary form in which ldg will be translocated throughout the plant.
However, small amounts of 140 may also translocate in the form of
certain monosaccharides, other disaccharides, amino acids, and
other assimilates (14,62).

Assimilate translocation occurs primarily in the phloem, though
small quantities may also move in the xylem (5,62). Assimilates
found in the xylem include sucrose, certain monosaccharides,
organic acids, and amino acids (62).

Translocation follows a characteristic "source to sink" distribu-
tion pattern, where assimilate moves from areas of synthesis or
remobilization to areas of utilization or storage. A typical l4g
translocation pattern following 14002 assimilation by a mature leaf
would consist of export into underground parts, stem, new leaves,
and new shoots. Other mature exporting leaves would be largely
bypassed (35,37,38,54). Early work by Jones et al. (28) is still
used as a representative model of translocation patterns. These

researchers exposed a single mature leaf of Nicotiana tabacum to

14002 for 2-3 hours, then followed its pattern of translocation for
96 hours. They observed translocation of 3-6% into young leaves
and the shoot apex. A large percentage appeared to be stored in the
stem. The remainder was transported to the roots. Upper leaves

translocated a greater percentage of their total 14G to new leaves
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and the shoot apex, than did lower leaves. Lower leaves transported
more to underground tissues. Mature leaves below the treated leaf
failed to import 14C,

It was also noted that tobacco leaves did not export assimilate
until they had attained approximately one-half of their full size.
Near this stage of physiological maturity the leaf was shown to
import and export assimilate simultaneously. More recently Turgeon
and Webb (59) determined assimilate 