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Apoplastic distribution patterns of atrazine [2-chloro-4-(ethyl-

amino)-6-(isopropylamino)-s-triazine], glyphosate [N-(phosphonom-

ethyl)-glycine], the naturally occurring apoplastic leaf solutes, and

the apoplastic dye PTS (trisodium 3-hydroxy-5,8,10-pyrenetrisulfon-

ate) were compared. Aliquots of sap were expressed from intact

sunflower leaves in a pressure chamber over intervals of 0.2 to 0.4

bars. Three distinct fractions were detected in the expressed sap

volume; these were tentatively identified as a petiole-midrib frac-

tion, a minor vein-cell wall fraction, and a third fraction comprised

of a decreasing minor vein-cell wall fraction and an increasing

fraction of membrane-filtered cell sap.

Atrazine and the naturally occurring apoplastic solutes were in

a slightly higher concentration in the petiole-midrib fraction than

in the minor vein-cell wall fraction. The concentration of apoplas-

tic solutes in the third fraction was decreased with each increment

of pressure to a value close to deionized water. The concentration

of atrazine in the third fraction was the same as the second frac-

tion, indicating that the plasmalemma was not a significant barrier



to atrazine movement.

The apoplastic distribution of PTS and glyphosate were very

similar to each other, showing a marked accumulation in the minor

vein-cell wall fraction. Both compounds were diluted with each

successive pressure increment to a low value in the third fraction,

indicating a resistance to movement into or out of the symplast. The

total concentration of atrazine in the apoplast was much lower than

glyphosate. Both compounds were in similar concentrations in the

symplast. The apparent octanol:water partitioning coefficient for

atrazine and glyphosate was determined. These values were comparable

to the quotients of the symplastic and apoplastic concentrations for

both atrazine and glyphosate. It was suggested that the polar nature

and high water solubility of glyphosate were responsible for its

slower rate of penetration into the symplast and resulting accumula-

tion in the apoplast. These results support the intermediate perme-

ability hypothesis; that compounds which display the apoplastic

transport pattern are freely mobile between the apoplast and sym-

plast. Compounds which are not weak acids and exhibit the symplastic

transport pattern penetrate the. symplast slowly, but once absorbed,

are retained for long-distance transport.
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APOPLASTIC DISTRIBUTION OF ATRAZINE
AND GLYPHOSATE IN INTACT SUNFLOWER LEAVES

INTRODUCTION

The translocation pattern of a herbicide within a plant depends

on the site of application of the compound and also on its ability to

penetrate the plasmalemma. Two major patterns of herbicide transport

have been extensively described (2, 19), namely the apoplastic

pattern and the symplastic pattern. The concept of the apoplast and

the symplast were originally introduced by Munch (1930) and have been

defined by Crafts and Crisp (1971). The symplast as defined is "The

total mass of living cells of a plant constitute a continuum, the

individual protoplasts being intimately connected throughout the

plant by the plasmodesmata . . . it follows that the mesoplasm is

continuous from cell to cell." In contrast, the apoplast "consti-

tutes the total non-living cell wall continuum that surrounds the

symplast" (6). Movement in the apoplast occurs mainly via the xylem

and cell walls while movement in the symplast occurs via the inter-

connected protoplasts of the parenchyma cells and the phloem.

Herbicides which move in the symplastic transport pattern, when

applied to the leaves, stems, or roots of plants, must initially move

into and through the apoplast. These materials are then in position

to penetrate the plasmalemma-bound symplast where they are available

for mobilization and transport, via the phloem, to the sites of

active metabolism. Herbicides which move in the apoplastic transport

pattern, when applied to the leaves, are not exported. When these

materials are applied to stems or roots, they apparently move into



the apoplast and are carried in the transpiration stream to the

leaves. There is virtually no symplastic movement of these compounds

out of the leaves (19). Chemicals which move in both patterns are

termed ambimobile (13).

The question of why some chemicals are transported and others

are not is of considerable importance, and the resolution of this

problem may provide the information necessary to predict the systemic

properties of pesticidal organic molecules. At the tissue level,

clarification would appear to depend upon an understanding of the

penetration of the compound from the water-filled apoplast into the

membrane-bound symplast.

Currently, there are two hypotheses which explain the observed

transport patterns in plants. Both assume that the potential for a

compound to penetrate the symplast, and for the symplast to retain

that compound, can be correlated with the overall pattern of trans-

port it achieves in the plant as a whole. The first hypothesis is

the historical view. Earlier references indicate that compounds

which display the apoplastic transport pattern do not move readily

into the protoplasts of plant cells, and thus are essentially con-

fined to the apoplast, moving with the transpiration stream (see

review in 2). Herbicides which move in the symplastic transport

pattern were thought to be preferentially absorbed into the symplast,

and subject to long distance transport in the phloem (2).

More recent experimental evidence has demonstrated that several

compounds which display the apoplastic transport pattern easily
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penetrate plant cell membranes (7, 8, 11, 27, 29-31, 39, 40, 41, 60,

62).

Peterson and Edgington (29) suggested that chemicals which

penetrate into the symplast but display an apoplastic transport

pattern be called pseudoapoplastic. They suggest that since trans-

port in the transpiration stream is much more rapid than transport in

the symplast, and since the plasmalemma is extremely permeable to

pseudoapoplastic compounds, the symplast cannot retain these com-

pounds for long without their being leached into the apoplast and

carried away with the transpiration stream. This theory has resulted

in the development of the intermediate permeability hypothesis (50),

a complementary theory for symplastic and ambimobile compounds which

penetrate the plasmalemma by passive diffusion and do not act like

weak acids (e.g. 2,4 -D).

According to the intermediate permeability mechanism, a sub-

stance which can penetrate the symplast, but to which the plasmalemma

is not so permeable that the substance can easily leak out, will be

retained in the symplast long enough to be transported to the carbo-

hydrate sinks. A herbicide would display ambimobile translocation

if, as symplastic transport occurs, the compound continuously leaks

out of the symplast into the apoplast to be recirculated in the

xylem. The degree of ambimobility would depend on the rate of

leakage from the symplast, with symplastic transport representing a

high membrane resistance to leakage, and apoplast transport repre-

senting a very low membrane resistance to leakage.

These two theories of transport predict very different inter-
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cellular environments. The historical view predicts higher concen-

trations of apoplastically transported compounds in the cell walls

and xylem, with a lower concentration of these materials within the

leaf protoplasts. Conversely, there should be a lower concentration

of symplastically transported compounds in the apoplast than in the

symplast. The intermediate permeability hypothesis predicts the

opposite situation, with ambimobile and symplastically transported

compounds existing in higher concentrations in the apoplast than

compounds which follow the apoplastic transport pattern.

The objective of this study was to determine the distribution of

two model herbicides, atrazine [2-chloro-4-(ethylamino)-6-(isopropyl-

amino)-s-triazine] and glyphosate [N-(phosphonomethyl)glycine], in

the apoplast of intact sunflower leaves. Results of this study were

used to distinguish between the historical and intermediate perme-

ability transport theories for herbicide translocation. Atrazine and

glyphosate were chosen for study because both compounds have been

shown to move into cells by passive diffusion (14, 17, 29, 30).

However, atrazine follows the apoplastic transport patterns (2),

while glyphosate follows the symplastic transport pattern with a

tendency to be slightly ambimobile (9, 17). The apoplastic distribu-

tion of these compounds was compared to the apoplastic distribution

of naturally occurring leaf solutes, and the fluorescent dye, PTS

(trisodium 3-hydroxy-5,8,10-pyrenetrisulfonate). PTS is known to be

confined to the apoplast of the plant (12, 45).
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MATERIALS AND METHODS

Plant Material. Sunflower plants (Helianthus annus L. '894')

were grown in 1-L containers for 21 d in a mixture of 33% sand, 33%

peat moss, and 33% clay loam soil. Plants were watered with Long

Ashton's Solution (20) every 2 d for the first 14 d and daily for the

remaining 7. The plants were maintained in a growth chamber with a

14-h photoperiod, 27°C day temperature, and 10-h dark period at 21°C.

Photon flux density at the leaf blade level was 800 pE m
-2

s
-1

(cool

white fluorescent plus incandescent light). Leaf midrib lengths of

the first true leaf were measured daily. All experiments were

performed on leaves 2 to 3 d after midrib elongation ceased.

Pressure-Volume Determinations. The setup and general procedure

for the pressure-volume experiments were similar to those described

by Scholander et al. (1964, 1965), Tyree and Hammel (1972), and Tyree

and Dainty (1973); potential sources of error have been discussed by

Cheung et al. (1976).

Leaves were sampled before dawn in the growth chamber from whole

plants which had been kept overnight in a saturated atmosphere. To

minimize both leaf temperature fluctuations during pressure altera-

tions, and tissue water loss (57), the leaf to be sampled was excised

and immediately placed in a small plastic bag which had been prehu-

midified by breathing into it until moisture condensed on the sides,

and which contained a small amount of water ( <2 ml) in the bottom.

The bag was then wrapped around the leaf such that air was expressed

and the opening could be sealed by the latex gasket in the pressure

vessel lid. The bag was then tightly wrapped in a second bag in a



6

similar manner and placed in the pressure vessel (Soil Moisture

Equipment Corp., P.O. Box 30025, Santa Barbara, Calif.). The petiole

length in all experiments was 5 cm. After the leaf was placed in the

pressure vessel, a small amount of water (<1 ml) was placed at the

base of the petiole, and the pressure in the vessel was increased to

0.2 bars. The vessel lid was then tightened to the point where no

gas bubbles escaped from around the petiole base, after which the

water was removed by blotting with tissue paper. This measure

insured an air-tight seal with a minimum of mechanical compression of

the petiole. A gas mixture of 98% nitrogen and 2% oxygen was used

throughout the study.

For clarification, the term "balancing pressure" is defined as

the pressure required to bring the water in the leaf back to the

surface of the cut petiole after the leaf was detached from the

plant. As such, it approximately represents the total leaf water

potential of the leaf. Small increases in pressure after the balance

pressure had been attained caused the leaf water potential to become

greater than zero and water to flow out of the living cells. This

caused sap to flow out.of the leaf, through the cut petiole, in

response to a water potential gradient.

After an initial balance pressure was determined, the pressure

in the chamber was increased in steps of 1 to 2 bars over the pre-

vious balance pressure. A period of 15 min was sufficient for

collecting a suitable volume of expressed sap, after which a new

balance pressure was established for the leaf. Expressed sap was

absorbed by a preweighed collecting device that consisted of a 10-cm
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long glass tube filled with tissue paper. The inside tube diameter

was slightly larger than the petiole diameter. The collecting device

was weighed immediately after each collection.

The relative water content (RWC) was computed from the following

formula:

RWC
Wo - Wd -

Wo-Wd
(102)

where Wo is the fresh weight of the leaf at full hydration (4' = 0)

obtained by the extrapolation method of Ladiges (1975), Wd is the dry

weight of the leaf after oven drying at 60°C for 24 h, and Ve is the

weight of sap expressed from the sample at various balance pressures.

At the initiation of each experiment, leaf T was typically between

-1.2 and -2.0 bars. At the end of each experiment, the final weight

of the leaf was measured. When complete pressure-volume (P-V) curves

were developed, the total weight of sap expressed from the leaf, Ve

(total) differed by less than 5% from the initial fresh weight of the

leaf minus the final fresh weight; in subsequent experiments, where

sap was expressed to -5 bars the difference was less than 2%.

Data were plotted as 11T versus RWC. A linear regression was

performed on the four or five points of the P-V curve that, by in-

spection, appeared to be in the linear region. From this linear

regression, the apoplastic water content of the leaf was determined

as the intercept at 1/T = 0 on the RWC-axis. P-V analysis was done

for five plants, one leaf each.

Apoplastic Distribution of Soluble Solutes. Because natural

distribution of the model herbicides in the leaf was important in

this study, nondisruptive techniques to sample the midrib and cell



wall apoplastic sap from intact leaves were developed. The Scho-

lander pressure vessel was found suitable for this use. The apo-

plastic concentrations of naturally occurring leaf solutes, PTS,

atrazine, and glyphosate were studied by analyzing xylem exudate

expressed from the leaves as they dehydrated under pressure.

Leaves were sampled, prepared, and placed in the pressure

chamber in the same manner used in the pressure-volume determina-

tions. Before a leaf was placed in the pressure chamber, the cut end

of the petiole was rinsed for 30 s in distilled water. After an

initial balance pressure was determined, pressure in the chamber was

increased in steps of 0.2 to 0.6 bars over the previous balance

pressure. A period of 3 to 5 min was sufficient for collecting a

suitable sample of expressed sap, after which a new balance pressure

was established for the leaf.

In determining the new balance pressure, the chamber must be

depressurized just to the point where sap has receded from the cut

xylem surface; this was 0.1 to 0.2 bars below the new balance pres-

sure. Greater changes will cause internal mixing of the xylem sap

and preclude an accurate determination of the distribution of the

apoplastic solutes. Expressed sap was absorbed on a 0.32 cm2 filter

paper disk (Wescor, Inc., 459 S. Main Street, Logan, Utah), which had

been placed on the cut end of the petiole protruding from the cham-

ber, until the disk was fully saturated. At saturation, the disk

held approx. 8.0 pl of sap. A small vial packed with saturated

tissue paper at the bottom was inverted over the petiole and disk to

form a humidified chamber and retard evaporation from the filter
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paper disk. Upon full saturation of the filter paper disk, the disk

was immediately transferred to the sample chamber of a vapor pressure

osmometer (Wescor Inc., model 5110C) and a reading was taken. Slight

volumetric errors in estimating full saturation of the sample disk

did not reduce measurement accuracy (±2 mos /kg), as the osmometer

accommodated sample volume variations in excess of 10% without

noticeable variation in the indicated osmolality. The distribution of

apoplastic solutes with applied pressure was determined for five

plants, one leaf each.

Transpiration Inhibition by Atrazine and Glyphosate. Plants

were grown as above. Before plants were sampled, they were kept in a

darkened, humidified growth chamber for 12 h at 21°C. At the end of

the dark period, plants were removed from the growth chamber and all

but the fully expanded first true leaves were removed. The plants

were then excised under water at the soil surface. Shoots were

transferred to flasks containing 100 pM Ca(NO3)2 and placed in the

dark growth chamber for 90 min. Shoots and flasks were then weighed

and placed in a lighted growth chamber (300 pE m
-2

s
-1

at leaf blade

level). After 90 min:shoots, were transferred to flasks containing

100 pM Ca(NO3)2 plus 100 pM atrazine or glyphosate, or herbicide-free

100 pM Ca(NO3)2 solution for 9 h. The total weight of the shoot and

flask was recorded every 1.0 or 1.5 h. Leaf area was measured by the

end of the experiment, using a Li-Cor area meter (model Li-3000,

Lambda Instrument Corp., Lincoln, Nebraska). Transpiration was

measured by dividing the change in weight of the flask and shoot by

the total leaf area of the shoot. The experiment was conducted as a
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completely randomized design with three replications per treatment.

Distribution of PTS, Atrazine, and Glyphosate. Sunflower shoots

were prepared as in the transpiration inhibition study. After a

90-min equilibration period in a dark chamber, followed by a 90-min

equilibration in a lighted growth chamber, excised shoots were

transferred to vials containing 5 ml of 100 pM Ca(NO3)2 plus either

100 pM [U-ring-
14
C] atrazine, 100 pM [methyl-

14
C] glyphosate, or 200

mg/L PTS. Shoots and vials were weighed, and plants were maintained

in the lighted growth chamber to allow absorption of the treatment

solution.

Following a 90-min exposure, shoots and vials were reweighed to

determine the amount of uptake, sealed in pre-humidified plastic

bags, and placed in a dark growth chamber. After 1, 4, 7, or 10 h,

shoots and vials were removed from the plastic bags and reweighed to

determine any further uptake. One leaf was then excised, and xylem

sap was expressed and collected in a similar manner as in the soluble

solute study. The remaining leaf and stem were immediately mounted

on blotter paper and frozen between sheets of dry ice. Xylem sap

from the excised leaf was expressed for 5 min so that each successive

balance pressure was 0.2 to 0.4 bars greater than the previous

balance pressure. Xylem sap was collected on a filter paper disk

under a humidified chamber as described previously, after which the

filter paper was sealed in a scintillation vial. To determine Ve,

the filter paper disk and vial were weighed before and immediately

after collection of xylem sap. After sap was expressed to -5 bars,

the pressure in the chamber was released, the petiole was quickly
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excised, and weights of the petiole and leaf blade were recorded.

Leaf parts were then mounted on blotter paper and frozen between

sheets of dry ice. Plant parts were subsequently lyophilized and

autoradiographs were made from the leaves of each treatment, one set

per experimental compound examined. When the shoots were treated

with PTS, photographs of the leaves under UV light were made.

Results from the efflux analysis of expressed sap after 1, 4, 7, or

10 h dark equilibration were pooled unless significantly different at

the 5% level.

Dried shoots were analyzed in parts, i.e., stem below the

leaves, growing point above the leaves, petioles, leaves, and a strip

of tissue 2 mm wide adjacent to the main veins of the leaf. Radio-

activity in the leaf and tissue strips were combined for analysis of

the distribution of label among plant parts. Each plant part was

weighed and stem parts, petioles, and leaves were ground in a Wiley

Mill fitted with a 20-mesh screen. Radioactivity in the plant parts

was determined by combustion in a Packard 305 sample oxidizer with

subsequent counting of the liberated 14CO2 by scintillation spectro-

metry. Samples combusted comprised greater than 30% of the leaves

and greater than 50% of the other plant parts; all of the excised

leaf tissue strips were combusted.

Herbicides in the expressed xylem sap were extracted from the

filter paper disks in the scintillation vial with 1 ml of methanol or

water (for atrazine and glyphosate, respectively) for 24 h. The

radioactivity for each sample was determined by scintillation spec-

trometry. When the treatment solution contained PTS, the samples
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were first extracted with 2 ml water, and the concentration of PTS

was measured using a Varian Cary 219 spectrophotometer at a wave-

length of 404 nm. The concentration of experimental material in the

apoplast was determined graphically from the expressed sap efflux

curves between 3 and 4 bars applied pressure. The concentration of

experimental material in the symplast was calculated from the excised

tissue adjacent to the main veins of the opposite leaves of the same

shoot which had not had xylem sap expressed, using the following

equation:

moles of material in tissue - moles in apoplast
total water in leaf strip in grams - % water in apoplast

The total weight of water in the leaf strip sample was calculated as:

weightweisample dry gwater in sample =
samp

(leaf fresh weight - Wd)
Wd

A symplast-apoplast partitioning quotient for atrazine and

glyphosate was calculated by dividing the concentration of material

in the symplast by the concentration in the apoplast.

Experiments consisted of one shoot per treatment and were

repeated four times for atrazine and three times for glyphosate and

PTS.

Identity of Transported Molecules. Thin-layer chromatography

was used to verify that the
14

C-atrazine was intact atrazine. The

leaves of shoots which had been allowed to take up
14
C-atrazine for

90 min, sealed in prehumidified plastic bags, and incubated in a dark

growth chamber for 10 h were used. Leaves were extracted by homogen-

ization in 10 volumes (approx. 20 ml) of 80% (v/v) methanol:water

[10:1 (v/w) ratio of 80% methanol to fresh weight leaves]. The
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homogenate was filtered through Whatman No. 1 filter paper. The

residue was filtered twice more with the same volume of methanol.

The three methanol extracts were combined. Methanol was removed, and

the aqueous extract was reduced in volume to 5 ml, in vacuo by rotary

evaporation at 40°C. The extract was frozen and stored at -70°C

until used.

Aliquots (1 ml) of the extract were lyophilized, and the residue

was resuspended in 150 ul of water for spotting onto 20 by 20 cm

silica gel thin-layer plates. Two different solvent systems were

used: (a) benzene:acetic acid:water (60:40:3, v/v/v), air-dried for

30 min at room temperature, and (b) n-butanol:acetic acid:water

(120:30:50, v/v/v). Zones containing radioactivity were located by

autoradiography, scraped into scintillation vials, and the radio-

activity associated with each zone was determined. This procedure

follows that of Frear and Swanson (15), and resulting Rf values of

14
C-atrazine and radioactive metabolites were compared to their

values. Thin-layer chromatograms with only
14
C-atrazine also were

prepared for comparison. This analysis was performed for three sets

of two leaves each.

A glyphosate metabolism study was not conducted because numerous

studies have shown that glyphosate metabolism does not occur during

very short-term experiments (16, 23, 33, 36, 58, 59).

Partitioning Coefficient. Labeled atrazine or glyphosate was

added to 22-ml scintillation vials containing 5 ml of 2-octanol and

buffer. Buffer (Hydrion, Micro Essential Laboratory, Brooklyn, N.Y.)

solutions ranged from pH 3 to pH 12 in pH units of 1.0. The vials
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were placed in a reciprocating shaker for 8 h and the aqueous and

organic phases were sampled 24 h later. After correcting for

counting efficiency, the partitioning coefficient was calculated by

dividing the number of dpm's in the organic phase by those in the

aqueous phase. The experiment was conducted as a completely random-

ized design with five replications per treatment.
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RESULTS AND DISCUSSION

Pressure-Volume Analysis. A typical pressure-volume curve for a

fully expanded sunflower leaf is shown in Figure 1. Such curves show

the relationship between the inverse of the balance pressure (1/T)

and the cumulative weight of sap expressed (Ve) or the relative water

content (RWC) of the leaf (49). Curves of this type typically exhibit

an initial rapid linear decline and a subsequent asymptotic approach

to linearity followed by a slow linear decline. The initiation of

the curved portion of the pressure-volume relationship, following the

initial rapid linear decline, is the point where some of the cells in

the leaf begin to reach incipient plasmolysis; the curve begins to

slow linear decline after all the cells in the leaf have lost their

turgidity (5).

Initiation of incipient plasmolysis for sunflower leaves, grown

under the conditions described, occurred at 4.76 ± 0.41 bars (Point

A, Fig. 1). Extrapolating the second linear portion of the pressure-

volume curve to the abscissa (Point B, Fig. 1) estimates the volume

which would be expressed at infinite balance pressure. This point is

interpreted as the fraction of osmotically inactive water or the

apoplastic water volume (4, 49). For the first fully expanded true

leaves of sunflowers, the apoplastic water volume was found to be

11.16 ± 0.93% RWC.

Soluble Solute Distribution. The concentration of soluble

solutes was determined for exudate samples which had been collected

on filter paper disks at balance pressures increasing in steps of 0.2

to 0.4 bars as leaves dehydrated under pressure (Fig. 2). The efflux
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FIGURE 1. A typical pressure-volume curve for a single fully
expanded sunflower leaf. Error bars for points A
and B represent the standard error for five plants,
one leaf each.
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+-Humidified Chamber

Filter Paper Disk

4--Sealing Knob

+-Nitrogen Inlet

Chamber

FIGURE 2. Pressure bomb apparatus used to obtain sap efflux

from leaves under pressure.
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of solutes showed a biphasic pattern, with two distinct plateaus,

with respect to applied pressure (Fig. 3). The first plateau was at

a concentration of 20.5 ± 3.7 Ws/kg and extended from the initial

balance pressure to 2.4 ± 0.2 bars of applied pressure. The volume

of sap expressed from the petiole alone after it had been excised

with two simultaneous cuts from the stem and leaf and subjected to a

pressure of 1 bar, accounted for about 20% of the total volume of the

first plateau. The first plateau was followed by a decline in osmo-

larity to a second plateau at 12.0 ± 3.4 mOs/kg, and which extended

from 3.3 ± 0.2 to 4.2 ± 0.2 bars applied pressure. The concentration

of xylem sap expressed following the second plateau was successively

diluted with each increment of applied pressure to a value close to

that of distilled or deionized water (3.3 ± 2.0 mOs/kg).

The pathway of water movement through mesophyll leaf tissue is

thought to be through the cell walls (25, 46, 54, 55). While this

may be the predominant pathway during transpiring conditions, the

path of water movement in the pressure chamber may be different.

Tyree and Cheung (5) and Strochine et al. (44) have suggested that,

after a pressure increment,- water driven out of living cells would

likely flow from cell to cell, across the membranes and the thin part

of the common cell walls, to the nearest vascular bundle, and then

out of the leaf through the vascular elements. This would have the

effect of flushing solutes out of the cell walls adjacent to the

minor veins as water is forced out of living cells under pressure.

Since the plasmalemma is believed to be a near-perfect semipermeable

barrier (32), water forced out of living cells should have the
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FIGURE 3. Natural apoplastic solutes in exudates of sunflower
leaves subjected to pressure dehydration. The pres-
sure in the chamber was increased in steps of 0.2 to
0.6 bars over the previous balance pressure to ob-
tain exudates. Samples were collected over a period
of 3 to 5 min. Data for one replication only.
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composition of distilled or deionized water. As water is moved from

the mesophyll cells and into the xylem elements of the minor veins,

the sap in the minor veins would be displaced and forced into in-

creasingly larger vascular elements and ultimately out of the petiole

to the atmosphere, following a path of decreasing resistance.

Stroshine et al. (44), modeling water movement out of wheat leaves

under pressure, showed that the larger vascular bundles represent

paths of low resistance through which water can travel rapidly

through the leaf, while the smaller intermediates have a larger

resistance. Based on calculations of the expected velocities needed

to express sap from xylem at observed experimental rates, Stroshine

et al. (44) calculated a Reynolds number for flow through the xylem

to be 0.068. This value is well within the range of nonturbulent or

laminar flow, and thus very little mixing between expressed volumes

should occur as sap is expressed under pressure. This model of water

movement out of a leaf under pressure suggests that the first frac-

tion of sap expressed from sunflower leaves, to approximately 2.4

bars applied pressure, would contain solutes from the petiole and

midrib of the leaf. This would be followed by a second fraction of

water from the minor veins and cell walls. This sap fraction is

represented by the second plateau of the soluble solute efflux curve

(Fig. 3). Further expression of plasmalemma filtered cell sap should

result in a reduction of the solute concentration of the expressed

sap, approaching that of deionized water. These expected results

have been observed in this study, and support the concept of differ-

ential permeability of the plasmalemma to water and solutes.
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These data are consistent with the observations of Scholander et

al. (34) who measured the freezing point depression of expressed sap

in 26 species of flowering plants. In that study, Scholander et al.

(34) noted that "The first portion that comes out is contaminated

with normal xylem sap." A similar observation was made by Ackerson

(1), studying ABA movement in leaves. He noted that the initial

volume of expressed sap contained approximately ten times as much ABA

as sap obtained during later stages of dehydration, and that the

osmotic potential of the expressed sap depended on the balance

pressure at which it was collected.

The solute composition of the xylem sap is largely made up of

mineral ions, though many other substances occur (24). Figure 3

indicates that the concentration of solutes in the leaf is highest in

the petiole-midrib fraction and that the concentration in the minor

vein-cell wall fraction is significantly less. This is the distri-

bution of ions which would be expected if the xylem stream were

depleted by active and facilitated removal of ions from the apoplast

by the living cells (28). This view of ionic distribution in the

apoplast is supported by the observation that if sunflower plants

remained in conditions which allowed no transpiration for 48 h (100%

humidity in the dark) prior to sampling, the concentration of the

first plateau was reduced to approximately 12 mOs/kg and the second

plateau did not occur (data not shown). This indicates that under

conditions of no light and no transpiration, the leaf cells can

deplete the apoplast of solutes almost entirely.
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PTS Distribution. Shoots were xylem-fed 200 mg/L PTS for 90 min

and allowed to equilibrate in the dark at 100% humidity for 1, 4, 7,

or 10 h. Photographs of the non-expressed leaves which were opposite

those used for subsequent xylem sap analysis indicated that PTS is in

highest concentration in the major and minor veins of the leaf (Fig.

4a). PTS was distributed throughout the leaf. This pattern of

distribution did not change over the course of the experiment.

Two concentration plateaus were observed in the efflux analysis

of PTS in exudates collected during the dehydration of sunflower

leaves under pressure (Fig. 5). The first plateau was at 215 ± 16

mg/L and extended from the initial balance pressure to 2.2 ± 0.4 bars

of applied pressure. The second plateau extended from 3.1 ± 0.3 to

3.4 ± 0.3 bars applied pressure and averaged 906 ± 267 mg/L.

While the PTS efflux curves had plateaus at approximately the

same positions as the soluble solute efflux curve, the pattern of PTS

efflux from the leaf was quite different. The first fraction ex-

pressed was approximately the same concentration as the original

experimental solution applied to the excised shoots. This indicates

that none of the PTS was removed from the transpiration stream as the

treatment solution moved into the leaves. This is consistent with

the work of Strugger (1949) and Dybing and Currier (1961), who showed

that PTS is completely excluded from the symplast.

The second plateau is approximately 5 times more concentrated

than the first plateau. As more sap was expressed, the concentration

of PTS in the xylem sap was successively diluted with each increment

of applied pressure to a low value. There were no significant
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FIGURE 4. Sunflower leaves after 90-min uptake of PTS,
14 C-atrazine, or 14C-glyphosate treatment
solution followed by 10 h dark equilibration
in 100% R.N. (a) PTS xylem-fed at 200 mg/L;
photographed under u.v. light. (b) Auto-
radiograph, 100 mM xylem-fed 14c -atrazine.
(c) Autoradiograph, 100 pM xylem-fed
14 C-glyphosate.
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FIGURE 5. PTS in exudates of sunflower leaves subjected to
pressure dehydration. The pressure in the chamber
was increased in steps of 0.2 to 0.4 bars over the

previous balance pressure. Samples were collected

over a period of 5 min. Data from one replication.
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differences in efflux patterns or plateau concentrations between

shoots allowed to equilibrate in the dark for 1, 4, 7, or 10 h (Fig.

5).

These results suggest an accumulation of material in the minor

vein-cell wall fraction due to an inability of this material to pene-

trate the plasmalemma. The rapid dilution following the second

plateau is interpreted as the result of plasmalemma-filtered cell sap

displacing the minor vein-cell wall solution as sap is expressed from

the leaf. These results also support the contention that this

technique can be used to collect three distinct fractions of expres-

sed sap, i.e., an initial petiole-midrib fraction, followed by a

minor vein-cell wall fraction, and a third combined fraction which is

comprised of a decreasing minor vein-cell wall component and an

increasing component of membrane-filtered symplastic sap.

Inhibition of Transpiration by Atrazine and Glyphosate. Since

uptake and translocation of herbicides can be affected by the dose

applied (6, 52), it was important to determine if the dose received

by excised sunflower shoots was in the physiologically active range.

Atrazine is known to inhibit photosynthesis (3, 61), which leads to a

buildup of CO2 within the leaf and, in turn, causes closure of the

stomates, thus inhibiting transpiration (42). The transpirational

response of sunflower to glyphosate has been shown to be one of the

earliest indications that leaf tissue has received a lethal dose of

the herbicide (37, 38). The site of transpiration inhibition by

glyphosate may be in the guard cells (37). Both atrazine and glypho-

sate caused an inhibition of transpiration at the concentration and
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herbicide solution to herbicidefree 100 pM Ca(NO3)2.
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period of exposure utilized in this experiment (Fig. 6). The time

course for initiation of transpiration inhibition by atrazine and

glyphosate was similar to that reported for corn (21) and sunflower

(37), respectively.

Distribution of Atrazine and Glyphosate in the Shoot. Shoots

were xylem fed 100 uM atrazine or glyphosate for 90 min and allowed

to equilibrate in the dark at 100% humidity for 1, 4, 7, or 10 h.

Both atrazine and glyphosate were absorbed and translocated through-

out the shoots. However, the distribution of these herbicides in the

shoots was quite different (Fig. 7 and 8). Most of the atrazine in

the shoot (Fig. 7) was found in the stems below the leaves (60 to

70%); very little atrazine was translocated into the portion of stem

above the leaves (2.5 to 4%). The petioles and leaves contained

approximately equal amounts of atrazine (14 to 19% and 10 to 17%,

respectively). No significant differences in atrazine distribution

occurred with longer dark equilibration periods.

Accumulation of
14
C-atrazine in the tissues resulted from

accumulation of atrazine rather than metabolites of atrazine. Two

radioactive compounds were found on thin-layer plates with Rf values

of 6.6 and 9.8. The first compound, at Rf 6.6, was hydroxyatrazine

[2-hydroxy-4-(ethylamino)-6-(isopropylamino)-s-triazine] and repre-

sented 3% of the extracted radioactivity. The second compound at Rf

9.8, was intact atrazine which co-chromatographed with the atrazine

standard and represented 97% of the extracted radioactivity. These

Rf values agree with those of Frear and Swanson (15). Because only a
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FIGURE 7. Distribution of atrazine in excised sunflower shoots.
Values represent average of four experiments. Re-

covery of total absorbed radioactivity per plant
was greater than 96%.
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FIGURE 8. Distribution of glyphosate in excised sunflower shoots.
Values represent average of three experiments. Re-

covery of total absorbed radioactivity per plant was
greater than 97%.
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small amount of atrazine was metabolized, 14
C-label accumulated in

the tissue primarily as unaltered atrazine.

These results are consistent with the observations of Graham and

Buchholtz (18) who reported that when roots of intact plants were

exposed to atrazine solution and subsequently placed in herbicide-

free solution, the roots and stem acted as a reservoir for continued

atrazine movement to the leaves. This pattern of distribution, in

which a large fraction of the herbicide is retained in the stem

tissue below the transpiring leaves could be due to the adsorption of

atrazine in the stem apoplast. However, atrazine has been shown not

to bind to the cell walls of potato tuber tissue (29), oat roots

(30), setaria roots (27), or purified cellulose (53). Thus, the

large fraction of atrazine retained in the stem tissue may be ex-

plained by penetration of the molecule into the symplast. Atrazine

has been demonstrated to freely and reversibly penetrate the symplast

of potato tuber tissue (29), corn root tissue and protoplasts (7),

barley roots (39, 41), and velvet leaf (Abutilon theophrasti) roots

(30, 31). Simazine [2-chloro-4,6-bis(ethylamino)-s-triazine] was

shown to resemble tritiated water in moving rapidly across cell

membranes and vacuoles (41).

Van Bel (51), investigating the apparent free space of the xylem

translocation pathway of the tomato stem, estimated that the cross-

section of tissue actually involved in the apoplastic longitudinal

flow of organic molecules to be at least 2.5 times the cross-section

of the xylem vessels. This indicates that materials transported in

the xylem move freely in a lateral manner into the apoplasmic
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compartments of the phloem and medulla parenchyma cells, and that a

rapid, reversible transfer of organic molecules from the xylem to

symplast is possible via an apoplastic route. This explanation also

suggests that the small fraction of atrazine translocated to the

shoot tip is due to the inability of the stem symplast to retain

atrazine as water in the transpiration stream moves into the leaves.

When glyphosate was xylem-fed to sunflower shoots, 71 to 78% of

the compound was found in the leaves, 9 to 11% was in the lower stem,

7 to 13% in the shoot tip, and 4 to 5% was in the petioles (Fig. 8).

Glyphosate was redistributed from the leaves to the shoot tips during

the 10-h dark equilibration period (Fig. 8). This indicates that the

shoot system employed in this study was not a static system and that

transport from the leaves to the shoot tips in a source-to-sink

manner was occurring. These results are consistent with the work of

Gougler and Geiger (17) who demonstrated that glyphosate was readily

transported in the phloem to sink leaves in the first several hours

when applied to source leaves of sugarbeet plants. The amount of

glyphosate in the lower stem and petioles did not significantly

change with larger dark equilibration periods. While glyphosate can

bind to organic matter in soils, it does not bind to ethyl cellulose

(43). This suggests that the glyphosate associated with lower stem

tissue was not bound in the apoplast. The large differences in the

amount of atrazine and glyphosate in the lower stem tissue suggest

that these two compounds, which were xylem-fed in equal molar concen-

trations, penetrated different volumes of the tissue. These data

indicate that atrazine was able to diffuse throughout the stem
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tissue. Glyphosate appeared to have limited access to the stem

symplast, a large fraction remaining in the apoplast for subsequent

transport to the leaves. Glyphosate which did penetrate the lower

stem symplast was retained and transported past the leaves to the

shoot tips. These observations are supported by the work of Dewey

and Appleby (9) in Ipomoea purpurea. In that study, glyphosate was

shown to exhibit significant apoplastic distribution into all trans-

piring tissues following a stem application. In addition, some

glyphosate entered the symplast of the stem and moved via the phloem

in a source to sink pattern. Glyphosate moved from the xylem to the

phloem in Ipomoea stems; however, movement from phloem to xylem was

quite limited, which suggested glyphosate retention in the phloem.

Distribution of Atrazine and Glyphosate in the Leaf. The

distribution of atrazine and glyphosate in the non-expressed leaves

which were opposite those used for xylem sap analysis was determined

by autoradiography. In each case, radioactivity was found in the

leaf; however, the distribution of atrazine and glyphosate in the

leaf was markedly different (Fig. 4b and c). Atrazine was associated

with the leaf vascular'system and the tissues adjacent to the veins.

Movement of atrazine through the tissues adjacent to the veins was

evident during the 10-h dark equilibration period. This distribution

pattern is consistent with the triazine translocation patterns

reported in several studies (see review in 19). In contrast,

glyphosate was distributed throughout the leaf, in a similar manner

to PTS (Fig. 4). Vein loading of glyphosate was observed after 4 h

dark equilibration.
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Earlier observations on atrazine distribution in whole shoots

indicated that the transpiration stream can be depleted of atrazine

by diffusion into surrounding tissues. This suggests that the

observed pattern of atrazine distribution in leaves was due to the

diffusion of atrazine out of the xylem vessels and into the adjacent

tissues, depleting the transpiration stream of atrazine before it was

distributed throughout the minor vein system of the leaf. Conver-

sely, we suggest that glyphosate and PTS both achieved rapid distri-

bution throughout the leaf because of limited or no depletion of the

transpiration stream by lateral diffusion into the symplast. Since

PTS was found in the xylem sap in the same concentration as in the

uptake solution, we assumed that none of this material was depleted

from the transpiration stream in the leaf.

This interpretation is supported by the results of Darmstadt and

Balke (7) in a study of triazine absorption by excised corn root

tissue and isolated corn root protoplasts. In that study, they

observed that atrazine concentration in isolated protoplasts reached

that of the external solution in 10 s, and that the atrazine concen-

tration in excised tissue reached that of the external solution in 10

min. These results indicate that the plasma membrane is freely

permeable to atrazine. Darmstadt and Balke (7) also observed that

hydroxyatrazine absorption by protoplasts did not plateau until 5

min, and the concentration of hydroxyatrazine in excised tissue

reached only 15% of the external concentration by 30 min. Hydroxy-

atrazine is similar to both glyphosate and PTS in its high water

solubility. The limited penetration of these compounds may be
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explained by the strong negative correlation of membrane permeability

with the water solubility of a solute (10).

When sap was expressed under pressure from the leaves of the

shoots which had been xylem-fed atrazine, two concentration plateaus

were observed (Fig. 9). The first plateau was at (3.7 ± 0.6) x 10-7

M and extended from the initial balance pressure to 3.0 ± 0.6 bars of

applied pressure. This was followed by a second plateau which

extended through the remaining measurements and averaged (2.0 ± 0.5)

x 10
-7

M. There were no significant differences in efflux patterns

or concentrations between shoots allowed to equilibrate in the dark

at 100 R.H. for 1, 4, 7, or 10 h (Fig. 10).

At less than 4 bars applied pressure, the atrazine efflux

pattern was similar in form to that obtained for the natural leaf

apoplastic solutes (Fig. 3). The first petiole-midrib fraction was

slightly more concentrated than the second minor vein-cell wall

fraction. This indicates that atrazine was not accumulated in the

apoplast.

The pattern of atrazine efflux after 4 bars applied pressure was

quite different from that obtained for the leaf apoplastic solutes.

Previous studies of the efflux pattern of leaf apoplastic solutes and

PTS have indicated that at approximately 4 bars of applied pressure,

expressed sap is comprised of a decreasing minor vein-cell wall

fraction and an increasing fraction symplastic membrane-filtered cell

sap. Since there was no decrease in atrazine concentration following

4 bars applied pressure, then atrazine must be moving across the

plasmalemma with the water as the cells lose volume under pressure.
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FIGURE 9. Atrazine in exudates of sunflower leaves subjected

to pressure dehydration. The pressure in the
chamber was increased in steps of 0.2 to 0.4 bars
over the previous balance pressure. Samples were
collected over a period of 5 min. Data for one
replication only.
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APOPLAST SYMPLAST
TISSUE SYSTEM

FIGURE 10. Distribution of atrazine between the apoplast
and symplast of intact sunflower leaves. Con-
centration of atrazine in the apoplast was
determined graphically from expressed sap ef-
flux curves between 3 and 4 bars applied pres
sure. Concentration of symplast was calculated
from excised tissue samples adjacent to the main
veins of the leaf, as described in "Materials
and Methods". Vertical bars represent the
standard error of each plotted mean.
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This indicates that the plasmalemma is not a significant barrier to

atrazine movement in sunflower.

When sap was expressed under pressure from the leaves of shoots

which had been xylem-fed glyphosate, an efflux pattern very similar

to that obtained for PTS was obtained (Fig. 11). Two concentration

plateaus were observed. The first plateau extended from the initial

balance pressure to 2.2 ± 0.3 bars applied pressure and averaged (1.5

± 0.3) x 10
-6

M. This was followed by a second plateau which ex-

tended from 3.2 ± 0.3 bars to 3.5 ± 0.3 bars. The concentration of

the second plateau was reduced significantly with increasing dark

equilibration period (Fig. 12), from (7.3 ± 0.6) x 10
-6

M at 1 h dark

equilibration to (5.1 ± 0.8) x 10
-6

M at 10 h dark equilibration.

The glyphosate and PTS curves differ in that the amount of

glyphosate in the initial fraction expressed from the leaf was less

than that in the uptake solution (Figs. 5 and 11). This was probably

due to movement into the symplast and transport to the shoot tip.

However, in all other respects, the efflux patterns of glyphosate

(Fig. 11) and PTS (Fig. 5) are very similar. Both compounds show an

accumulation of material in the second minor vein-cell wall phase of

the efflux curve. This indicates a resistance to movement into the

symplast compared to atrazine (Fig. 9) and the natural apoplastic

solutes (Fig. 3).

The second plateau glyphosate concentration was reduced with

increasing dark equilibration time (Fig. 12). A regression analysis

conducted to compare concentrations of the minor vein-cell wall

fraction (Fig. 12) and total glyphosate concentration in the same
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FIGURE 11. Glyphosate in exudates of sunflower leaves sub
jected to pressure dehydration. The pressure
in the chamber was increased in steps of 0.2
to 0.4 bars over the previous balance pressure.
Samples were collected over a period of 5 min.
Data for one replication only.
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FIGURE 12. Distribution of glyphosate between the apoplast and
symplast of intact sunflower leaves. Concentration
of glyphosate was determined graphically from ex-
pressed sap efflux curves between 3 and 4 bars ap-
plied pressure. Concentration of symplast was cal-
culated from tissue samples adjacent to the main
vein of the leaf, as described in "Materials and
Methods." Vertical bars represent the standard
error of each plotted mean.
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leaf (Fig. 8) was conducted. Reduction in the glyphosate concentra-

tion of the second plateau was highly correlated (r
2

= 0.949) with

export of glyphosate from the leaf. These data indicate that glypho-

sate was moving from the apoplast into the leaf symplast, and was

subsequently transported to the shoot tip via the symplast.

Glyphosate and PTS both demonstrated a rapid decrease in concen-

tration with each increment of applied pressure following the second

plateau. This trend indicates that glyphosate in the leaf symplast

is unable to quickly penetrate the plasmalemma, and is retained as

the cells lose volume under pressure.

These results support the intermediate permeability hypothesis

(50); that compounds which display the apoplastic transport pattern

are freely mobile between the apoplast and symplast. Compounds

exhibiting the symplastic transport pattern penetrate the symplast

slowly, but once absorbed, are retained for long-distance transport.

Atrazine and Glyphosate Partitioning. The apparent partitioning

coefficient, a measure of the lipid solubility and charge character-

istic of a molecule, was determined for atrazine (Fig. 13a) and

glyphosate (Fig. 13b) in a 2-octanol/water system. These data

indicate that atrazine partitions into the lipid phase of the system

to a much greater extent than glyphosate. The apparent partitioning

coefficient for both atrazine and glyphosate remained essentially

unchanged from pH 4 to 8, the range of physiologically significant

pH. These partitioning coefficients strongly reflect the water

solubility of the two herbicides; water solubility for atrazine and

glyphosate is 33 ppm and 12,000 ppm, respectively (56).
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FIGURE 13. Apparent octanol/water partitioning coefficient as a
function of pH of the aqueous phase for (A) atrazine
and (B) glyphosate. Vertical bars represent the
standard error of each plotted mean.
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TABLE 1. Symplast/apoplast partitioning quotientsa for atrazine

and glyphosate.

Dark equilibration Partitioning quotient

time Atrazine Glyphosate

h

1 533 ± 268 76 ± 34

4 544 ± 287 96 ± 25

7 710 ± 62 99 ± 21

10 569 ± 278 102 ± 26

a
Apoplast concentrations were determined graphically from expres-

sed sap efflux curves between 3 and 4 bars applied pressure.

Symplast concentrations were calculated from excised tissue sam-

ples adjacaent to the main veins of the leaf as described in

"Materials and Methods." Data are expressed as the mean ± SE for

4 experiments for atrazine and 3 experiments for glyphosate.
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FIGURE 14, Fully. expanded first true leaf of sunflower. Tissue
sections adjacent to main veins were excised and used
to calculate symplast concentration of atrazine and
glyphosate as described in "Materials and Methods."
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The symplast/apoplast partitioning quotients of atrazine and

glyphosate (Table 1) in tissue adjacent to the main veins of the leaf

(Fig. 14) were determined. Since glyphosate and atrazine were

present in the whole leaf in such different concentrations (Figs. 7

and 8) and were distributed differently (Fig. 4), the symplastic

concentration was determined only for the tissue near the veins, as

these tissues contained somewhat comparable concentrations of the

herbicides. The tissue strips contained (4.1 ± 1.0) x 10-6 mol/g dry

wt of glyphosate and (2.3 ± 1.3) x 10-6 mol/g dry wt of atrazine.

The partitioning quotients for atrazine for a 1, 4, 7, or 10 h

dark equilibration period were approximately 7 times greater than

those for glyphosate. These data indicate that atrazine partitions

into the symplasm to a greater extent than glyphosate. These data

reflect the approximately equal amounts of glyphosate and atrazine

which were present in the symplast, and that atrazine was found in a

much lower concentration in the apoplast than was glyphosate (Fig. 10

and 12).

Since the rate limiting step in membrane penetration is passage

through the water-membrane interface (10), the symplast/apoplast

partitioning quotients are comparable to the partitioning coeffici-

ents for atrazine and glyphosate. The activation energy for crossing

this interface will be determined by the same intermolecular forces

which govern lipid:water partitioning coefficients, namely, the

forces between solute and water which must be broken and the forces

between solute and lipid, or membrane, which must be gained. Solute-

water forces have been shown to be considerably stronger than solute:
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lipid forces (10) and dominate both partitioning coefficients and

partitioning quotients. This suggests that glyphosate's polar nature

and resulting high water solubility are primarily responsible for its

slower rate of penetration into the symplast and resulting accumula-

tion in the apoplast.
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APPENDIX TABLE 1. Pressure-volume analysis for five fully expanded first true leaves of sunflower. A
horizontal line is placed by those values used to calculate a least squares regression
fit for the linear portion of the curve.

Leaf 1
% RWC 1/ '11

Leaf 2
% RWC 1/T

Leaf 3
% RWC 1/T T

Leaf 4
% RWC 1/ T T

Leaf 5
% RWC 1/T

3.0 97.6 0.333 2.0 98.4 0.500 2.0 98.7 0.500 2.4 98.5 0.417 2.3 98.4 0.435
3.7 97.1 0.270 2.5 98.1 0.400 2.5 98.3 0.400 3.1 98.1 0.323 3.0 97.9 0.333
4.6 96.3 0.217 3.0 97.7 0.333 3.0 98.1 0.333 3.7 97.6 0.270 3.7 97.4 0.270
5.5 95.2 0.182 3.6 97.2 0.278 3.6 97.6 0.278 4.5 97.0 0.222 4.5 96.7 0.222
6.5 93.2 0.154 4.4 96.3 0.227 4.5 96.7 0.222 5.4 95.8 0.185 5.4 95.6 0.185
7.2 90.6 0.139 5.3 95.1 0.190 5.3 95.6 0.189 6.2 94.2 0.161 6.2 94.0 0.161
8.2 83.0 0.122 6.3 92.8 0.159 6.3 93.0 0.159 7.0 91.7 0.144 7.1 90.2 0.141
9.8 72.3 0.102 7.5 86.9 0.133 7.5 85.9 0.133 8.0 85.5 0.125 8.3 82.4 0.121

11.4 63.1 0.088 9.1 74.9 0.110 9.1 74.4 0.110 9.6 74.7 0.104 9.8 72.6 0.102
13.1 56.0 0.076 10.7 64.9 0.093 10.7 64.3 0.094 11.7 63.8 0.085 11.8 62.4 0.085
14.5 51.8 0.069 12.6 56.7 0.079 12.3 56.2 0.081 12.7 59.5 0.079 12.9 58.3 0.078
16.4 47.2 0.061 14.3 52.0 0.070 14.5 49.6 0.069 14.1 55.0 0.071 14.4 54.2 0.069

15.9 50.3 0.063 15.8 51.3 0.063
10.8 0 10.6 0 co 10.2 0 c° 12.5 0 11.7 0

Least squares regression fit for linear
portion of the P-V curve

leaf 1:
leaf 2:
leaf 3:
leaf 4:
leaf 5:

1/T = 0.0017 x -0.0182 R2 = 0.999
1/' = 0.0017 x -0.0181 R2 = 1.000
1/T = 0.0017 x -0.0178 R2 = 0.996
1/T = 0.0017 x -0.0209 R2 = 0.999
1/T = 0.0017 x -0.0195 R2 = 1.000



APPENDIX TABLE 2. Effect of a 90-min pulse of 100 M atrazine on transpiration (+ and - refer to pre-
sence or absence of atrazine, respectively).

Time
Transpiration
mg water/cm2/min % Control

R1 R2 R3 CK1 CK2 CK3 R1 R2 R3 Aug SE

1 247 252 275 250 245 294 99 103 93 98 5

(+) 1.5 272 293 295 264 294 298 103 100 101 101 2

(-) 3 284 272 304 281 284 317 95 98 96 96 2

4 267 262 298 278 285 331 96 92 90 93 3

5 231 223 294 271 275 372 85 81 79 82 3

6 234 214 264 264 268 338 89 80 78 82 6

7 218 207 246 258 262 332 84 79 74 79 5

8 216 202 233 255 256 319 85 79 73 79 6

9 190 198 242 247 250 323 77 80 75 77 3

10 186 183 222 248 248 317 75 76 70 74 3

11 186 166 216 239 241 318 78 71 68 72 5

12 173 163 208 222 234 311 78 70 67 72 6



APPENDIX TABLE 3. Effect of a 90-min pulse of 100 M glyphosate on transpiration (+ and - refer to pre-
sence or absence of glyphosate, respectively).

Time
Transpiration
mg water/m2/min % control

R1 R2 R3 CK1 CK2 CK3 R1 R2 R3 Aug SE

1 210 215 208 224 211 218 108 90 89 96 11

(+) 1.5 235 236 235 230 238 235 109 96 99 101 7

(-) 3 248 235 251 232 245 238 107 96 105 103 6

4 251 256 .265 232 257 279 108 100 95 101 7

5 270 279 293 267 284 286 101 98 102 100 2

6 256 263 287 249 272 299 103 97 96 99 4
7 215 210 208 211 218 224 102 96 93 97 5

8 205 198 207 192 199 213 107 99 97 101 5

9 193 182 197 193 198 206 100 92 96 96 4

10 187 178 192 204 202 209 90 88 92 90 2

11 170 164 183 208 214 206 82 77 89 83 6

12 158 150 182 207 220 214 76 68 85 76 9



APPENDIX TABLE 4. Atrazine tissue concentrations and symplast/apoplast partitioning quotients.

Dark equilibration
time
(h)

R1

Symplast
concentration

(x 10-4)

Apoplast
concentration

(x 10-7)

Symplast/apoplast
partitioning quotient

1 3.07 4.17 735
R2 2.98 3.87 769
R3 1.41 3.38 418
R4 3.16 1.51 209

Avg. 2.66 3.23 533
SE 0.83 1.19 268

4 R1 1.13 3.39 334
R2 2.59 2.77 935
R3 2.11 3.62 581
R4 1.27 2.44 325

Avg. 1.78 3.06 544
SE 0.69 0.54 287

7 R1 2.83 3.68 769
R2 1.51 2.05 741
R3 2.81 3.41 625
R4 2.38 4.50 704

Avg. 2.38 3.41 710
SE 0.62 1.02 62

10 R1 2.35 3.63 645
R2 2.03 2.18 926
R3 1.04 2.63 397
R4 1.52 4.95 306

Avg. 1.74 3.35 569
SE 0.58 1.23 278

CO



APPENDIX TABLE 5. Glyphosate tissue concentrations and symplast/apoplast partitioning quotients.

Dark equilibration
time
(h)

R1

Symplast
concentration

(x 10-4)

Apoplast
concentration

(x 10-6)

Symplast/apoplast
partitioning quotient

1 7.03 6.59 107
R2 3.41 8.60 40
R3 5.48 6.64 83

Avg. 5.31 7.28 76
SE. 1.82 1.15 34

4 R1 6.29 5.18 121
R2 4.24 6.03 70
R3 6.77 6.96 97

Avg. 5.77 6.06 96
SE 1.34 0.89 25

7 Rl 5.19 5.13 101
R2 4.41 5.63 78
R3 6.35 5.32 119

Avg. 5.32 5.36 99
SE 0.98 0.25 21

10 R1 4.62 3.50 132
R2 4.19 5.04 83
R3 6.08 6.70 91

Avg. 4.96 5.08 102
SE 0.99 1.60 26
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APPENDIX TABLE 6. Atrazine 2-octanol/water partitioning coefficients.

pH R1 R2 $3 R4 R5 Avg. SE

3 14.39 13.33 15.13 15.70 16.21 14.95 1.13

4 16.08 14.60 15.06 15.87 17.27 15.78 1.03

5 16.47 16.81 16.39 16.86 17.42 16.79 0.41

6 16.58 16.92 16.69 16.92 18.45 17.11 0.76

7 16.69 16.86 16.58 17.92 17.57 17.12 0.59

7.9 15.87 16.45 16.26 16.98 18.32 16.78 0.95

8.8 16.75 17.21 16.78 17.15 17.39 17.06 0.28

9.7 19.31 19.38 18.28 19.80 20.75 19.50 0.89

10.6 16.92 16.98 16.12 16.89 18.05 16.99 0.69

11.4 15.95 16.13 15.95 16.34 16.45 16.16 0.23



APPENDIX TABLE 7. Glyphosate 2-octonal/water partitioning coefficients.

pH R1 R2 R3 R4 R5 Avg. SE

3 3.92 x 10
-4

4 6.54 x 10
-4

5 1.53 x 10
-3

6 1.31 x 10
-3

7 2.21 x 10
-3

8 2.28 x 10
-3

9 9.90 x 10
-3

10 5.38 x 10
-2

11 1.08 x 10
-2

12 1.81 x 10
-2

5.03 x 10
-4

5.81 x 10
-4

1.96 x 10
-3

1.31 x 10
-3

2.44 x 10
-3

2.03 x 10
-3

8.47 x 10
-3

4.44 x 10
-2

1.26 x 10
-2

1.75 x 10
-2

6.06 x 10
-4

6.13 x 10
-4

2.07 x 10
-3

1.06 x 10
-3

2.16 x 10
-3

2.36 x 10
-3

8.55 x 10
-3

5.21 x 10
-2

1.14 x 10
-2

1.39 x 10
-2

5.13 x 10
-4

6.41 x 10
-4

1.75 x 10
-3

1.09 x 10
-3

1.94 x 10
-3

2.35 x 10
-3

9.09 x 10
-3

4.94 x 10
-2

1.10 x 10
-2

1.16 x 10
-2

7.25 x 10
-4

0.09 x 10
-4

1.23 x 10
-4

1.17 x 10
-3

1.71 x 10
-3

1.88 x 10
-3

4.29 x 10
-3

5.11 x 10
-2

1.16 x 10
-2

1.99 x 10
-2

5.48 x 10
-4

6.80 x 10
-4

1.71 x 10
-3

1.19 x 10
-3

2.09 x 10
-3

2.18 x 10
-3

8.06 x 10
-3

5.02 x 10
-2

1.15 x 10
-2

1.62 x 10
-2

1.25 x 10
-4

1.31 x 10
-4

3.38 x 10
-4

1.18 x 10
-4

2.78 x 10
-4

2.14 x 10
-4

2.18 x 10
-3

3.59 x 10
-3

7.01 x 10
-4

3.37 x 10
-3
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NOTES ON TECHNIQUE

The techniques employed in this study are very precise and

exacting. Great patience and care must be used in expressing fluid

from leaves in order to prevent equilibration of the expressed fluid

with symplastic solutes. The flow of sap out of the leaf must be

stopped for no longer than the minimum time possible to obtain the

balance pressure for that measurement. Any greater pause in the flow

of sap out of the leaf will allow equilibration of the xylem fluid

with the surrounding cells. This results in unexpectedly high

concentrations of experimental materials in the xylem stream. When

studying apoplastic solutes, this effect can cause a saw-toothed

pattern in the efflux curves with an endpoint considerably more

concentrated than deionized water.

Sunflower leaves were selected for use in this study because of

their size and leaf positioning. However, sunflower may not be the

best choice for future work. Sunflower leaves have a very open

network of hydathodes, a characteristic of many mesic plants. This

allowed pressurized gas to be forced through the intercellular spaces

of the leaf and out of the petiole. This effect caused drying of the

sample disk, and in some cases was actually strong enough to blow the

sample disk off of the petiole.

A better choice of plant material would be a more zeric type of

plant, such as cotton. Cotton has large leaves with strong petioles

and a favorable veination pattern. In addition, the leaves of cotton

are very adaptable to pressure-volume analysis; indicating that this

would be a superior choice of plant material.


