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Phloem Mobility of Xenobiotics
II. BIOASSAY TESTING OF THE UNIFIED MATHEMATICAL MODEL
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ABSTRACT

Two bioassays were used to test phloem mobility of selected xenobiotic
compounds: (a) excised bean leaf assay; (b) rooted bean leaf assay. Com-
pounds assayed were N-alkylpyridiniums with systematic variation in oc-

tanol-water partition coefficients (log K..), substituted benzoic acids with
about the same log Kow. value but variable acidities. Results of the assays
strongly conform, quantitatively, to the predictions of the unified math-
ematical model. Results also indicate that the membrane permeability
value of a compound, which depends directly on log Kow value, is the
overriding factor in determining phloem mobility. When the weak acid
functionality of a compound confers increased phloem mobility, it does
so principally by making the log K.o value, and consequently the mem-
brane permeability of the compound more optimal.

For a variety of reasons it is desirable to make xenobiotics
phloem translocatable. The necessary physicochemical proper-
ties for a xenobiotic to be phloem mobile have attracted research
attention for many years. The first conceptual treatment of the
topic, the weak acid theory, was provided by Crisp (4). It worked
for some compounds, i.e. attaching the weak acid functionality
to them conferred better phloem mobility, but not for others.
Furthermore, some newly developed xenobiotics were not weak
acids but were apparently phloem mobile. Clearly, the weak acid
functionality was not the sole determinant of phloem mobility.
This void was filled by an alternative theory proposed by Tyree
et al. (18). This theory, formulated through extensive mathe-
matical derivations, specifies that any compound (regardless of
its acidity) possessing an intermediate membrane permeability
should be phloem mobile. The optimal value of the intermediate
membrane permeability varies depending on a given set of dy-
namic plant parameters. Subsequent experimentation confirmed
that some nonweak acid, phloem-mobile xenobiotics do possess
the range of membrane permeabilities predicted by the theory
(6, 18).
The two theories are not mutually exclusive; instead, they

should be complementary to each other. This is the very thought
that stimulated the development of the unified model (11). The
unified model simultaneously acknowledges the importance of
intermediate permeability and the trapping of acids in the basic
phloem. Furthermore, it expresses the membrane permeability
of a compound as a function of its log K0w.I This obviates the

'Abbreviations: log Ko,^ octanol-water partition coefficient; pKa, log
('/Ka); AIB, a-aminoisobutyric acid; ACN, acetonitrile; BA, benzoic
acid; CPMV, calculated phloem mobility value; MPMV, measured phloem
mobility value.
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tedium associated with the empirical determination of membrane
permeabilities of compounds. In short, the chemical information
input for the unified model is reduced to log K0,o and pKa values;
both are relatively easy to obtain.

This paper presents data on the bioassay testing of the unified
model. Two phloem mobility assays were used. The excised bean
leaf assay entailed the collection of phloem exudate from the cut
end of petiole by chelating agents (10). This kind of assay is the
most widely used due to its ease. However, the unified model is
based on the translocation on the whole plant, with recycling of
solutes between phloem and xylem (11). This solute recycling
between the two vascular systems does not occur in the one-way
phloem sap trapping system such as the excised leaf assay. To
rectify this shortcoming, and also to test whether data generated
from the excised leaf assay can be validly applied to the whole
plant, a rooted bean leaf system was developed and used for
phloem mobility assay.
The rooted bean leaves are essentially miniaturized 'plants,'

with solute recycling between phloem and xylem. Unlike seed-
lings which have apical buds, young maturing leaves and roots
as photosynthate sinks, rooted leaves have roots as the only sink
tissue. Since the same bean leaves are used in both the excised
leaf and rooted leaf assays, general system commonalities, such
as phloem loading, unloading, and sieve tube membrane lipid
composition, can be expected. This would make the two systems
strongly complementary to each other.

Since the unified model uses a compound's log K01,. and pK,
values to predict its phloem mobility, the most desirable com-
pounds for the bioassay testing would be ones with very similar
values on one parameter but with systematic variations on the
other. For this study five N-alkylpyridiniums (pKa > 14 and
assumed independent of chain length, log K0w = -1.2 to - 3.28)
and four substituted benzoic acids (log KO,>+ = 2.05 to 2.87, pK,,
= 1.75 to 4.80), and 3-phenoxy benzoic acid (log K. = 3.91,
pKa = 3.95) were used.

MATERIALS AND METHODS
Plant Materials. Pinto bean seeds (Phaseolus vulgaris cv Fiesta)

were purchased from Idaho Seed Bean Co. Seeds were sown in
6-inch pots in 40% Cornell mix (1), 40% top soil, and 20% perlite
in Conviron growth chambers. The growth chamber was set with
full light intensity, 28°C/20°C (day/night) temperatures and 70%
relative humidity. After seedling emergence, fertilization was
twice a week with Peter's 10-10-10 (N-P-K) commercial fertilizer.
Fully expanded primary leaves were used for all assays. It usually
took about 2 weeks between seed-sowing and the full expansion
of primary leaves.

Excised Leaf Assay. To the attached, fully expanded primary
leaves, the cuticle of two spots (on both sides of the midrib) on
the upper side of the leaf was gently abraded with carborundum
and soft paint brush. Each abraded spot was a round area with
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a diameter of 1 cm. The center of the spot was 3 cm from the
base of the leaf. An aliquot of 25 ,ul solution containing the test
compound and the internal standard was applied onto each abraded
spot. The solution was allowed to air dry (in 30-45 min). Then,
two pieces of 3/4-inch wide Scotch tape were taped over the abraded
spots.
The under side of the leaf was sprayed with fine water mist

to reduce transpiration. The leaf was cut off at the base of the
petiole and quickly transferred to a beaker of water. The petiole
cut end was transferred into a solution of 100 mm EGTA (pH
7) to be recut by a sharp blade. After recutting, the leaf was

sealed into a 140 x 15 mm (diameter x height) plastic dish,
with the petiole cut end immersed in a cryotube (tightly fitted
through a hole on the dish) containing 2 ml 100 mm EGTA (pH
7) solution. Inside the Petri dish, the leaf blade was sandwiched
by water-saturated filter paper. The Petri dish was sealed with
parafilm and then placed into a Percival incubator at 25°C, no
light and 90% RH. The period of phloem exudate collection was
between 15 to 18 h.

For radiolabeled compounds, phloem sap samples (in EGTA
solution) were dried at room temperature and combusted by a

sample oxidizer. Radioactivity was counted by a liquid scintil-
lation counter. For nonradioactive compounds, 20 to 30 phloem
sap samples were pooled. It was then acidified with HCT to pH
2.8 on ice to precipitate most EGTA. After centrifugation, the
supernatant was processed for HPLC analysis of test compounds
(see below).
Rooted Leaf Assay. For rooting, 2-week-old fully expanded

primary leaves were cut off at the base of the petiole and inserted
into darkened 16-ounce glass jars containing one-eighth strength
Hoagland solution with 10-7 M NAA (1-naphthaleneacetic acid)
and IBA(indolebutyric acid). Root initiations around the cut end
of the petiole were visible within about a week. After this, leaves
were transferred into one-quarter strength Hoagland solution
without auxins. Hoagland solution was topped up when needed
and changed regularly. Throughout the rooting period, leaves
were kept in a growth chamber at 24°C, 80% RH, and 14/10 h
light/dark cycles. The light intensity at the leaf top was shaded
to about 80 to lOO,mol m-2 S-1.
The photosynthesis rate of rooted leaves was monitored with

a LI-6000 portable photosynthesis meter (Licor Instrument Co.)
with an adjustable 1 L leaf chamber. After the inception of
rooting, leaf photosynthesis rate was closely correlated with root
development (8) (Table I). It started out low before root initi-
ation (1 week), and it rose gradually to reach a peak around the
4th week. Rooted leaves between 3 to 4 weeks old were used
for experiments.
The rooted leaf assay was only used for radiolabeled com-

pounds. Compound application was identical to that for the ex-

cised leaf assay. All assays were conducted in the same growth
chamber where rooted leaves were kept. Twenty-four h after
compound application, the petiole and roots were harvested sep-
arately. Radioactivity in tissues was extracted by sample oxidizer
combustioning, and measured by liquid scintillation counting.
Phloem Sap Flow Rate and Sieve Tube Cross-Sectional Area.

In the rooted leaf, phloem sap flow rate was measured by using
[86Rb]Cl as a phloem marker. The aliquot of [86Rb]Cl was applied
to the abraded leaf surface. A few long roots were lifted out of
the Hoagland solution and placed onto the surface of Hoagland
solution-wetted paper towel in a narrow trough. Two GM tubes
(type N222 from TGM Detectors, Inc., with 6.35 mm window
diameter) were placed along the long axis of roots, with the
window opening gently touching the root surface. The distance
between the centers of two GM tubes was 5 cm. The GM tubes
were driven and regulated by a 3-channel electronic ratemeter.
The radioactivity of [86Rb]Cl detected by the GM tubes was

transformed into analog electronic signals by the ratemeter and

Table I. Rate of Photosynthesis of Leaves at Different Stages of
Rooting

Time after Photosynthesis
Rooting la II III

d mgCOM-2S- + SE

1 0.16 ± 0.02 (10)b
3 0.12 ± 0.03 (10) 0.11 ± 0.02 (10)
8 0.14 ± 0.02 (10)

11 0.29 ± 0.06 (8)
14 0.15 ± 0.05 (10)
15 0.14 ± 0.02 (10)
18 0.13 ± 0.01 (9)
19 0.11 ± 0.02 (5)
22 0.33 + 0.03 (5) 0.15 + 0.04 (4)
24 0.36 ± 0.10 (5)
26 0.26 + 0.03 (5)
29 0.37 ± 0.02 (4)
33 0.19 ± 0.01 (3)
35 0.40 ± 0.13 (4)

a Leaves in groups I, II, and III were rooted on different
dates. b Numbers of observations are in parentheses.

was recorded by a 4-channel Linseis chart recorder. The time
lapse between the initial detections of [86Rb] between the two
GM tubes was taken as the time for the phloem sap to travel 5
cm, the distance between two GM tubes. The phloem sap flow
rate was thus calculated as: 5 cm/time lapse (min). Because all
roots on the rooted leaves were isodiametric from tip to base,
tissue absorption of radiation over a 5 cm distance should be
nearly identical. Thus, the issue of differential radiation absorp-
tion between measuring points was not considered.

Vascular tissues from midrib, petiole, and root were fixed in
FAA (formalin:glacial acetic acid:70% ethyl alcohol = 5:5:90,
v/v). After washing and dehydration, tissues were infiltrated and
embedded in JB-4 plastic medium (Polyscience, Inc.). After sec-
tioning, sieve tubes in phloem tissue were measured under a
microscope.

Internal Standard and Other Chemicals. In order to deal with
the inherent variability in phloem translocation, AIB was used
as the internal standard in all assays. AIB is highly phloem mobile
and not naturally occurring in plants. The delivery of AIB through
an excised (or a rooted) leaf reflects the inherent phloem trans-
port of an exogenous compound in that leaf. The expression of
a test compound X's phloem mobility as X/AIB would compen-
sate for variabilities of phloem translocation among different
leaves. AIB was mixed with test compounds at the ratio of 1
Amol AIB:0.1 ,mol test compound in 50 ,ul aliquots. Tritiated
AIB [methyl-3H] (New England Nuclear, specific activity of 22.2
mCi/,umol) was used with 14C-labeled test compounds.

N-Alkylpyridinium(ring-2,6-'4C) bromides were prepared by
refluxing [2,6-'4C]pyridine (Amersham, Inc.) with various al-
kylbromides. The resulting salts were purified by TLC to greater
than 95% purity. Specific activities (,Ci/,Amol) of N-alkylpyri-
dinium bromides were: methyl, 10.34; ethyl, 8.01; butyl, 6.30;
hexyl, 5.41; octyl, 4.38.

Pentafluoro, 2-chloro, 3-bromo, and 4-ethoxy benzoic acids
were purchased from Aldrich Chemical Co. 3-Phenoxybenzoic
acid (ring-U-'4C) was purchased from Pathfinder Laboratories
Inc. It had a specific activity of 25.6,Ci/,umol. Benzoic acid
(ring-U-'4C) was purchased from Amersham, Inc.

Analytical Methods. Alpha-aminoisobutyric acid was deter-
mined by use of a LKB 4151 Alpha Amino Acid Analyzer
programmed for analysis of physiological fluids.

Concentrations of benzoic acid derivatives were determined
by use of reversed phase chromatography under isocratic con-
ditions with UV detection. The chromatographic system included
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either a Perkin-Elmer (Norwalk, CT) Series 4 Liquid Chro-
matograph, with Perkin-Elmer ISS-100 autoinjector, Microme-
trics (Norcross, GA) model 788 dual wavelength detector, and
Nelson Analytical (Cupertino, CA) model 4420 Multi-Instru-
ment Data System, Series 7.1 or LKB (Gaithersburg, MD) model
2150 HPLC Pump with model 2152 HPLC controller, SSI sample
injector with 10 Al loop, Kratos (Ramsey, NJ) model 783 variable
wavelength spectrophotometer, and Nelson Analytical model 4436
Multi-Instrument Data System, Series 6.2.
Zorbax ODS column, 25 cm x 4.6 mm i.d., with 5 micron

particle packing (Du Pont) was the stationary phase. The hy-
droorganic mobile phase was prepared from deionized water
prepared by use of a Milli-Q Reagent Water System (Millipore
Corp.) with addition of acetonitrile (Burdick & Jackson,
Muskegon, MI) and trifluoroacetic acid (Aldrich Chemical Co.,
Milwaukee, WI) as specified below.
The organic composition (v/v) of the hydroorganic mobile

phases, observed retention times, and detection wavelengths were
as follows: 3-bromobenzoic acid, 20% ACN and 0.1% TFA, 18.4
min. 210 nm; pentafluorobenzoic acid, 5% ACN and 0.02%
TFA, 12.3 min, 220 nm; 2-chlorobenzoic acid, 30% ACN and
0.1% TFA, 24.2 min, 220 nm; 4-ethoxybenzoic acid, 30% ACN
and 0.1% TFA, 7.2 min, 220 nm.

Mathematical Modeling. The parameters used in the modeling
were the same as those used for the standard short plant de-
scribed in the accompanying paper (11) except that the actually
measured phloem sap flow rate in the rooted leaves, 7.5 x 10-5
ms-I, was used. The log Kow values of pyridiniums and benzoic
acids were either experimentally measured or calculated accord-
ing to, respectively, Hansch and Leo (7) and Master File Da-
tabase, Medicinal Chemistry Project, Pomona College, Clare-
mont, CA. Calculated log Kow values for both classes were
extremely close to measured values. The pKa value of pyridi-
niums was assumed to be 14, and those of benzoic acids were
measured ones (12, 17).

RESULTS

The efflux of phloem mobile compounds into EGTA solution
in the excised leaf assay is shown in Figure 1. It is clear that after
about 10 h the phloem efflux of ['4C]benzoic acid and [3H]AIB
into EGTA solution has reached a maximum level. Thus the
usual assay time of 15 to 18 h in this study truly represented an
'end-point' assay in which the maximum delivery of both AIB
and test compound was achieved. In the rooted leaf assay system,
three individual measurements of the phloem sap flow rate were
5.22, 6.08, and 11.36 x 10-5 ms-1 (7.56 + 3.3 x 10-5 Ms-')
at midafternoon. The cross-sectional areas of the sieve tube at

700 4

6000

4300E 2.5E30m .

HOURS OF PHLOEM SAP TRAPPING

FIG. 1. Phloem exudation of AIB and BA into EGTA solution.
Amounts represent cumulative total + standard errors for n = 3.

midrib, petiole, and roots were 3.5 x 10 -, 6.9 x 10-5, and
6.6 x 10-5 mm2, respectively. The translocation experiments of
['4C]benzoic acid and [3H]AIB, applied to leaf surface, indicated
that the highest benzoic acid/AIB ratio was reached in the root
in about 24 h (data not shown). This was chosen as the experi-
mental period for all rooted leaf assays.

In the excised leaf assay, MPMV of 5 N-alkyl pyridiniums are
shown in Figure 2. The ranking of the MPMVs is: ethyl > butyl
> methyl >> hexyl > octyl. In the rooted leaf assay, in both
petiole and root tissues, the ranking of MPMVs for 5 pyridiniums
is consistent with that from the excised leaf assay (Fig. 3). The
CPMVs of these pyridiniums, along with the MPMVs from the
excised leaf assay (Fig. 2), are presented in Table II. It is clear
that the rank ordering of the MPMVs matched with short plant
(15 cm, a distance close to that of compound translocation in
assays) CPMVs quite well.
Both MPMVs (from excised leaf assay only) and CPMVs of

5 derivatized benzoic acids are presented in Table III. Again,
MPMVs generally confirmed the short plant (15 cm) CPMVs;
3-phenoxy benzoic acid was too immobile to be detected in the
assay.

DISCUSSION AND CONCLUSIONS

Data presented in this paper constitute strong experimental
verification of the unified mathematical model (11) in its ability
to predict xenobiotics' phloem mobility. As has been shown by
others (2, 3, 13, 14, 16, 18), the phloem mobility of a compound
is determined by both its log Kow and pKa values. However, the
impact of these two physicochemical parameters on a com-
pound's phloem mobility has so far only been treated separately.
The uniqueness of the current model lies in its ability to treat
these two parameters simultaneously as determinants of phloem
mobility. For example, if only the weak acid theory is invoked,
pentafluoro benzoic acid would be judged to be too acidic (pK,
1.75) to be phloem mobile (Table III). Furthermore, the log K,,.
value of 2.6 is considerably higher than the optimum value ex-
pected if the compound were nonionizable. This is a case where
an extremely large log K0w value is effectively reduced by an
extremely low pKa to achieve good net phloem mobility. On the
other hand, on the basis of acid trapping, 4-ethoxy and 3-phenoxy
benzoic acids might be predicted to be most phloem mobile with
pKas of 4.80 and 3.95 (Table III). Both model prediction and
experimental results indicate that 4-ethoxy benzoic acid is only
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FIG. 2. Phloem translocation of N-alkylpyridiniums in excised bean
leaf assay. Bars represent standard errors for n = 7.
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FIG. 3. Phloem translocation of N-alkylpyridiniums in rooted bean
leaf assay. Bars represent standard errors for n = 12.

slightly phloem mobile whereas 3-phenoxy benzoic acid is not
mobile at all (Table III). Here, the mobility of these otherwise
ideal weak acids is apparently weakened by their high log Kow
values.

Figures 2 and 3 indicate that the phloem mobility of N-alkyl
pyridiniums is governed solely by log Kow values since they cannot
protonate under physiological conditions.
An in-depth analysis on the nature of the interaction of these

two physicochemical parameters on phloem mobility reveals that
log Kow is the leading factor, and pKa exerts its impact by mod-
ulating log Ko.. This is explained in the following.
The underlying principle of the weak acid theory is the dif-

ferential membrane permeability between an electrically neutral
compound and its charged counterpart (4, 5, 9, 15). The theory
states that weak acids are in a relatively undissociated form in
the apoplast (pH 6) and therefore fairly membrane permeable.
But once inside the sieve tube (pH 8), the compound becomes
charged by deprotonation, and its membrane permeability greatly
decreases. It is, therefore, 'ion trapped' in the sieve tube cyto-
plasm. The fact that permanently charged molecules can possess
optimal membrane permeability for phloem translocation is clearly
demonstrated by our pyridinium data (Figs. 2, 3; also data in
Ref. 16). Clearly, the principal governing factor of phloem mo-
bility is a molecule's membrane permeability, a dependent of log
Kow value. In some cases, when a molecule gets charged, its log
K.., value is modulated in the direction that makes it more phloem
mobile. An example of this is pentafluorobenzoic acid (Table
III). The reason pentafluorobenzoic acid is phloem mobile, de-
spite its nonoptimal log Ko,,, is probably due to its relatively
strong acidity (pKa 1.75). This kind of acidity would make it
present in mostly charged (dissociated) form in both the phloem
apoplast (pH 6) as well as within the sieve tubes (pH 8). As
shown in Table III, the log Kow of the charged molecule is much
more optimal for good phloem mobility than that of the undis-
sociated molecule. On the other hand, the lack of good phloem
mobility of 4-ethoxybenzoic acid (Table III) can be explained in
the same way. This compound possesses a pK (4.80) which
should impart excellent phloem mobility according to proponents
of the weak acid theory (4, 5, 9, 15). However, the acidity is not
strong enough to lower its effective log Kow to the optimum for
phloem mobility (Table III). To make this compound more phloem-
mobile, it would require a pKa less than 2.5. This could be ac-

complished by replacing the carboxyl group with a sulfonic acid
group. However, this same approach would not work if the log
Kow is too high, such as 3.97 for 3-phenoxy benzoic acid (Table
III).
One other way to explore the role of 'ion trapping' in phloem

mobility is to run model calculations under identical pH (no pH
diffential) between phloem apoplast and sieve tube cytoplasm.
This would totally eliminate any possible ion trapping effect im-
plicated in the weak acid theory. As shown in Table IV and in

Table II. CPMVs and MPMVs of N-Alkylpyridiniums
CPMVb MPMVC ± SE

Compound log K,0,a pKa log Cf (lng) log Cf (sht) X/AIB x 1000
N-met Pyr -3.28 14 -1.15 -0.74 24.7 ± 6.5
N-ethPyr -3.22 14 -1.15 -0.68 59.3 ± 17.3
N-but Pyr -2.70 14 -1.89 -0.33 58.8 ± 13.5
N-hex Pyr -1.98 14 - 12.22 - 1.48 12.9 ± 2.4
N-oct Pyr -1.20 14 -108.50 -16.24 5.5 ± 3.8

AIB -2.76 9.74 -1.68 -0.34
a Log Kow, values are calculated for the bromide salts. For comparison experimental values for the N-

methyliodide, N-butylbromide, and N-hexyliodide are - 3.30, - 2.69, and - 1.79, respectively. b The long
(lng) and short (sht) plants have sieve tube radii of 5 ,um and a leaf size of 5 cm. The pH inside the sieve
tubes is assumed to be 8 while the surrounding apoplast has pH 6. The long plant is 1 m long, while the short
plant is 15 cm long. The sap velocity in the long plant is 10-4 ms- I and 7.5 x 10-5 ms -in the short plant.
The log Cf is defined in the companion paper (11). c Only MPMVs from excised bean leaf assays are used.
n = 7.

814 HSU ET AL.
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Table 111. CPMVs and MPMVs of Substituted Benzoic Acids

CPMVsb MPMVs ± SEA
Benzoic Acid log (Kow)aa log109 Jb PK. log Cf (Ing) log Cf (sht) XIAIB x 1000

Pentafluoro 2.23 -1.47 1.75 -51.6 -1.14 102.8 ± 2.8
2-Chloro 2.05 -1.65 2.90 -36.5 +0.22 18.6 ± 4.3
3-Bromo 2.87 -0.83 3.81 -840 -30 11.9 ± 2.9
4-Ethoxy 2.39 -1.31 4.80 -1477 -55 3.7 ± 2.6
3-Phenoxy 3.91 0.21 3.95 -21897 -715 NDd
a Log (Kow)a is the value of the undissociated compound whereas log (Ko.)b is the value of the dissociated

compound. All log (K0,,,) values except pentafluoro are experimental ones. b The long (lng) and short
(sht) plants have sieve tube radii of 5 ,um and a leaf size of 5 cm. The pH inside the sieve tubes is assumed
to be 8 while the surrounding apoplast has pH 6. The long plant is 1 m long, while the short plant is 15 cm
long. The sap velocity in the long plant is 10-4 ms-I and 3.0 x 10-4 ms- in the short plant. cn =
2. d Not detectable.

Table IV. Log Cf Values for Two Long Plants which Differ in Their pH Profiles
Log Cfis defined in the companion paper (11).

pH Profile Log K0w pKa = 9 PKa = 7 PKa= S PKa = 3 PKa = 1
pHia = 8; pHo = 6 4 -2 x 108 -2 x 108 -196465 -8785 -6908
pHi =pHo=- 6 4 -2 x 108 -2 x 108 -2 x 108 -196467 -8787
pHi = 8; pHo = 6 2 - 686823 -68705 -779 -33.1 -26.9
pHi = pHo = 6 2 -754748 -686824 -68706 -781 -34.4
pHi = 8;pHo = 6 0 -2733 -271 -1.12 0.01 -1.31
pHi = pHo = 6 0 -3004 -2733 -272 - 3.07 -1.34
pHi = 8; pHo = 6 -2 -10.5 -0.43 -0.31 - 2.25 - 3.59
pHi = pHo = 6 -2 -11.5 -10.5 -1.43 -2.26 -3.59
pHi = 8; pHo = 6 -4 -1.71 -1.71 -2.70 -4.64 -5.99
pHi = pHo = 6 -4 -1.71 -1.75 -2.71 -4.64 -5.99
a pHi and pHo denote pH values of the sieve tube cytoplasm and its apoplast, respectively.

the accompanying paper (11), acid trapping usually improves the
mobility of weakly acidic compounds, but much of the improve-
ment is due to the reduction of the effective permeability upon
acid functionalization.
The validity of using an excised leaf assay to predict the phloem

mobility on the whole plant is substantiated by closely matched
results generated by rooted leaf assays (Figs. 2 and 3). The ex-
cised leaf assay, due to its merit of simplicity and adaptability to
many plant species, is the system of choice for routine phloem
mobility assays. It is particularly valuable for the study of non-
radioactive compounds. The rooted bean leaf system, however,
lends itself for studying environmental impacts on compounds'
phloem mobility (14). For example, environmental manipula-
tions that result in changes of phloem sap flow rate, transpiration
rate can be imposed and their effects on phloem mobility studied.
The model indicates that the phloem mobility of a xenobiotic

is sensitive to sieve tube cross-sectional area, the distance of
translocation, and the speed of phloem sap flow. The effects of
these parameters are essentially the same as predicted by the
model of Tyree et al. (18).

It is important to point out that the current model (11), as
well as its predecessor (18), is a steady state model. It is designed
to describe the steady state, once it has been reached and main-
tained, distribution of a xenobiotic in the vascular tissue in dif-
ferent parts of the plant. It does not address issues such as phloem
unloading of xenobiotics in the sink tissue, uptake, sequestration
and/or metabolism of xenobiotics in the sink tissue, diurnal varia-
tions of phloem and xylem sap flow rates, variations of sieve
element dimension, etc. Such differences between the assump-
tions in the model and what really happen in the plant may
account for the lack of complete agreement between calculated

and measured phloem mobility values (Tables II and III). The
ultimate phloem delivery of a xenobiotic to a sink is governed
primarily by the compound's inherent phloem mobility (pK&, and
log Kow values), but it is also likely to be modulated by all these
biological parameters.
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