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Effects of Accelerators on Mobility of  !4C-2,4-Dichlorophenoxy
Butyric Acid in Plant Cuticles Depends on Type and
Concentration of Accelerator
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Effects of diethyl suberate (DESU), diethyl sebacate (DES), dibutyl suberate (DBSU), dibutyl sebacate
(DBS), and tributyl phosphate (TBP) on diffusion of 14C-2,4-dichlorophenoxy butyric acid (2,4-DB)
across cuticular membranes (CM) was studied. Astomatous CM were isolated enzymatically from
Stephanotis floribunda Brongn. leaves, and diffusion was measured at 20 °C. The alkyl-substituted
dicarboxylic acids constitute a homologous series with carbon numbers increasing from Cy; to Cyg.
Molecular weights increased only moderately from 230.0 (DESU) to 314.5 (DBS), while partition coef-
ficients varied over orders of magnitude from 92 (DESU), to 1213 (DES), to 15 988 (DBSU), to 210 762
(DBS). All the above compounds turned out to be accelerators as they increased 2,4-DB mobility by
up to 40-fold with accelerator concentrations in the CM ranging from only 9.2 to 105 g kg™*. Efficacy
(2,4-DB mobility in the presence/mobility in the absence of accelerators) increased with increasing
concentrations of accelerators in CM or in reconstituted cuticular waxes. Plotting efficacy vs accelerator
concentration in the CM resulted in straight lines, and their slopes increased in the order DBS (0.14),
DBSU (0.31), DES (0.51), and DESU (0.85). Hence, DESU was the most powerful accelerator in
this series as it increased 2,4-DB mobility in the CM about 6 times more than DBSU. Waxes constitute
the major barrier in plant cuticles, and plots of efficacy vs accelerator concentration in Stephanotis
wax were also linear, but compared to CM slopes were steeper by factors of 3.20 (DBS), 2.97 (DBSU),
2.70 (DES), and 1.62 (DESU). TBP was similarly effective as DESU, but plots of efficacy vs
concentration were not linear, and curves approached a plateau at 60—80 g kg~!. These data are
discussed with regard to suitability of these accelerators for formulating systemic pesticides.
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INTRODUCTION and pentafluorophenol (14—16). Thus far, it is not clear which
Effectiveness of systemic pesticides is often limited by the structural features determine accelerator activity in cuticles.

low permeability of cuticles, and adjuvants are employed to im-  Different types of accelerators are available for formulating
prove the performance of active ingredients. Adhesion and re- systemic pesticides, but it is still not known if all types of ac-
tention of spray liquid, wetting of leaves, dissolution or disper- celerators are equally effective with all a.i. and cuticles from
sion of active ingredients, partitioning between spray residues djfferent plant species. Accelerators plasticize both cutin and
and leaf cuticles, and solute diffusion in cuticles can be modified waxes (8), but their effect on waxes is most relevant, as waxes
by adjuvants I—4). Adjuvants that increase solute mobility in  represent the main barriers in cuticld$,(17). Diffusion across
cutin and waxes have been termed accelerators or acceleratoguticles of 2,4-D and a few other model compounds was shown
adjuvants in order to distinguish them from mechanistically ill- to be proportional to concentrations of EA’s in cuticles (

defined “penetration enhancers” or “activator adjuvang'ef. 16,18,19) and reconstituted barley leaf wax (). Effects of
Accelerators increase solute mobility in cutin and amorphous ethoxylated alcohols on diffusion of various pesticides and other
wax matrixes by increasing segmental chain mobility-9), model compounds in reconstituted barley leaf wax has been

thatis, they are typical plasticizersd). Some ethoxylated alco-  studied extensively, but waxes from other plant species were
hols (EA's) are powerful accelerators](—13), but accelerator  rarely investigated0). Diffusion of 2,4-DB acrosStephanotis
activity does not depend on surface activity. Nonamphiphilic com- |eaf cuticles increased with concentrations of diethyl suberate
pounds have been shown to be accelerators, among them diethydr tributyl phosphate in cuticles, but their concentrations in
suberate, diethyl sebacate, tributyl phosphate, chlorfenvinphos,yaxes are not known (15).

*To whom correspondence should be addressed. Pheoried9 +228 ~ For optimum performance accelerators should (i) penetrate
73 4687. Fax:++49+228 73 6811. E-mail: lukas.schreiber@uni-bonn.de. into cuticles very rapidly, (i) remain sorbed in the cuticles until
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Table 1. Properties and Sources of Accelerators Used

Shi et al.

chemical name formula molecular weight [g mol=1] purity [%] cuticle/receiver partition coefficient Kewrec
diethyl suberate (DESU) C12H2204 230.01 >08 922
diethyl sebacate (DES) C14H2604 258.36 >95 1213b
dibutyl suberate (DBSU) C16H3004 286.41 >99 15 988"
dibutyl sebacate (DBS) Ci8H3404 314.47 >97 210 7620
tributyl phosphate (TBP) Ci12H2404P 266.32 >08 3432

aTaken from Schonherr et al. (15). ? Estimated using the equation log Kcwrec = 1.964 + 0.56(nCHj). The constant represents log 92, nCH; is the number of methylene

groups, and the slope 0.56 was taken from Sangster (24).

a.i. have reached the mesophyll, (iii) have a high intrinsic activ-
ity such that only small amounts suffice, and (iv) be biodegrad-

able and not phytotoxic. In our search for optimum accelerators

we investigated the efficacy of a homologous series-afkyl
esters of dicarboxylic acids at increasing lipophilicity as well
as tributyl phosphate in cuticles isolated fr@tephanotiteaves
and related activities to their concentration in cuticles or waxes.

MATERIALS AND METHODS

Plant Material. Astomatous adaxial cuticular membranes (CM) of
mature leaves from greenhouse-grown Madagascar jas8tieygh@notis
floribunda Brongn.) were isolated enzymatically, dried, and stored at
8 °C until used.Stephanoti<CM were selected as model CM for their

based on their cuticle/water partition coefficie@c{yrec), which are
tabulated inTable 1

Cem = CrecKemree (1)
For DESU and TBP partition coefficients were taken from the literature
(15). Partition coefficients(K) for DES, DBSU, and DBS were
estimated assuming that in a homologous serieKlagcreases by a
factor of 0.56 for an increment of one methylene groi§ 24). DBSU
and DBS are very lipophilic, and accelerator concentration in the first
receiver decreased rapidly due to sorption in the CM and the small
volume of the receiver. Using a higher accelerator concentration in the
first receiver compensated for this effect (Seble 2, first receiver).
The necessary concentration of the first receiver was calculated from
the partition coefficient, the mass of the CM exposed to the receiver

availability and easy handling and because solute mobilities resemble(o.257 mg), and the volume of the receiver (600 mg)

those of CM from important crop plants such as apple, pearCitnds
leaves (721, 22, 23).

Chemicals. The following chemicals (source and purity in paren-
theses) were used: citric acid 99%, Merck, Darmstadt, Germany),
L-(+)-lactic acid (Roth, Karlsruhe, Germany), 1,2-propanedi®@g§%,
Fluka, Neu-Ulm, Germany), polydisperse alkyl polyglycoside (APG)

surfactants Plantacare 1200 UP and Glucopon 215 CSUP (Fluka, Neu-

Ulm, Germany), and sodium azide 99%, Merck). [U-phenylC]2,4-

dichlorophenoxy butyric acid (International Isotopes, Miinchen, Ger-

many) with a specific activity of 444 GBq mdiwas selected as model

solute. The five accelerators investigated are listed@ahle 1.
Measurement of'4C-2,4-DB Mobility in StephanotisCM. Effects

of accelerators on mobility in CM were studied using unilateral

desorption from the outer surface (UDOS). The apparatus and

procedures have been described elsewhere in detaill@)6Briefly,

CM were inserted into the desorption chambers with the morphological

inner surface facing outward. A 14L droplet of radioactive donor

solution (500 Bq'4C-2,4-DB) dissolved in lactic acid (2 g&) buffer

of pH 3.8 containing 400 g t* ethanol was placed on the center of

the CM (inner surface). The solvents (water and ethanol) were allowed
to evaporate at room temperature, and the surface was sealed usin

the sticky plastic Tesafilm. This was done to maintain high humidity
on the donor side of the CM and prevent radioactive contamination of

the apparatus in case a CM should break. Next, the chambers were

positioned in the wells of a thermostated aluminum block+20 °C)
where they were left overnight. In the morning 0.6 mL of desorption
medium (aqueous citric acid buffer at 2 giiadjusted with KOH to

pH 6.0 containing 100 g t* 1,2-propanediol, and 1 mmol & NaN)

was pipetted into the receiver chambers. With the CM facing down,

the desorption units were returned to the thermostated aluminum block,

which was rocked at 80 cycles mihto keep the desorption medium

c mas%cc
c™M
masgy + masgedKewrec

)

For instance, for a desired accelerator concentration of DBSU in the
CM (Ccwm) of 50 g kg'* the first receiver concentration must be 28.8
mg kg *. Due to sorption in the CM the DBS concentration decreases
during the firs 4 h t03.13 mg kg™. This is the equilibrium accelerator
concentration of the receiver as calculated from eq 1, and this DBSU
concentration was used in all succeeding desorption steps (marked
receptor inTable 2). This maintains the desired accelerator concentra-
tion throughout the experiment.

Data analysis consisted of plottirgn(1 — M/Mg) versust, where
Mo is the total amount of radioactivity applied to the sorption
compartment of the CMt(= 0) andM; is the amount of radiolabel
desorbed from the outer surface at titn@hese plots are linear, and
the slopes of the plots are the first-order rate constants of desorption
(k*), which are proportional to the diffusion coefficient in the limiting
skin of CM (5, 16, 25). Slopes were calculated for each CM separately,
and 40 replicates were used. As distribution of rate constants is often

%ot normal (26), average rate constants were calculated from log-

transformed data. Geometric means with 95% confidence intervals will
be reported.

RESULTS

Desorption plots for 2,4-DB were linear with all desorption
media testedFigure 1). Slopes of the lines as obtained with
UDOS experiments are the first-order rate constakity éand
for the control they amounted to 26:110~2 h~* for the control
(citric acid buffer). Adding propane-1,2-diol, Glucopon 215

well mixed. Propanediol was employed because the accelerators wereCSUP, or Plantacare 1200 UP to the desorption media did not

not sufficiently soluble in the citric acid buffer. Effects of accelerators
on 2,4-DB mobility were studied by adding various concentrations of

significantly affect slopes.
Typical desorption plots obtained with various concentra-

these accelerators to the desorption medium. Desorption media were;iqns'in CM of DES and DBSU are shown Figure 2. Plots

withdrawn quantitatively in predetermined intervals and replaced by

fresh media. After four successive samples had been taken the CM

was cut out and residual radioactivity was extracted with scintillation
cocktail. Scintillation cocktail was also added to the desorption media,
and radioactivity was determined at a 2rror of 3% using a Wallac
1409 Liquid Scintillation Counter (Wallac Oy, Turku, Finland).

To obtain the desired concentrations of accelerators in CMiXC
as shown inTable 2 the receiver concentration€ec) were selected

of —In(1 — M¢My) vs time were always linear, which shows
that 2,4-DB concentration in the CM decreased exponentially
with time. Good linearity was also observed with DBSU for
which the first receiver concentration in the interval®h was
much higher than the equilibrium concentratidaile 2). Thus,
sorption equilibrium was obtained in less than 4 h. The slopes
of the lines are the first-order rate constants of desorpkth (
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Table 2. Effects of Accelerators at Various Concentrations on Rate Constants of Desorption of 2,4-DB (Means and 95% confidence intervals are
given)

concentration in concentration in concentration in concentration in rate constant
accelerator Kwax/rec? first receiver (mg kg™ receiver (mg kg~1) CM (g kg™ wax? (g kg™1) (h=1) x 108
control 0 0 0 83+12
DESU 56 +5 100 100 9.2 5.6+0.6 66.1+23.5
200 200 18.4 112412 121.4+36.5
300 300 27.6 168+18 207.0 + 46.0
400 400 36.8 224+24 252.6 +26.3
500 500 46.0 28.0+3.0 3257+ 195
DES 447 + 166 10 10 121 45+17 56.7 +13.7
20 20 243 89+33 95.3£20.6
30 30 36.4 13.4+50 149.9+25.7
40 40 485 17.9+6.6 2285+ 310
50 50 60.7 224+83 245.2 +26.5
DBSU 5319 + 1266 5.7 0.63 10.1 3408 39,4+10.7
115 1.25 20.0 6.6+16 70.1+225
173 1.88 30.1 100+ 2.4 86.6 + 23.2
23.0 2.50 40.0 13.3+3.2 116.9 +26.3
288 3.13 50.0 16.6+4.0 1432+ 36.7
DBS 28590 + 1297 5 0.1 211 29+01 300+ 105
10 0.2 422 57+0.3 325+9.0
16 0.3 63.2 8604 524 +16.3
21 0.4 84.3 11.4+05 70.1+20.8
26 0.5 105.38 14307 49.9+16.1
TBP 244 + 35 60 60 20.6 14621 67.0+21.2
120 120 41.2 293+42 131.8+32.2
180 180 61.7 43.9+6.3 284.8 +30.1
240 240 82.3 58.6 + 8.4 3315 +22.2
300 300 102.9 732+105 3374120
aTaken from Simanova et al. (28).
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Figure 1. UDOS first-order plots showing the time course of desorption 25 92
of 14C-2,4-dichlorophenoxybutyric acid (2,4-DB) from Stephanotis CM as DBSU conc. (mg kg™") -
affected by propane-1,2-diol (100 g L1), Glucopon 215 CSUP (0.2 g 20 87 2
L~1) and Plantacare 1200 UP (0.2 g L~1). Means and 95% confidence -~ o
intervals were plotted. = 8 LLF )
= o]
s =)
They increased with increasing concentration of accelerators. g 10 63 %
Comparable plots were obtained with all other accelerators 3
tested, and results are summarizedrable 2. ot %88
When rate constants were plotted against accelerator con- .
centration inStephanotisCM, linear graphs were obtained for e e 4 F DR 9

DESU, DES, DBSU, and DBS~{gure 3, top). However, with .

increasing carbon numbers the slopes decreased. Results Time (h)

obtained with TBP (Figure 3, bottom) differ as graphs were Figure 2. First-order plots showing the time course of penetration of
not linear and rate constants approached a maximum at high*C-2,4-dichlorophenoxy butyric acid (2,4-DB) as affected by the accelera-
TBP concentrations. The maximum rate constant measured withtors DES and DBSU. Accelerator concentrations in receiver solutions are
TBP was around 0.3% 103 h—! when TBP concentration in given in the graphs. Means and 95% confidence intervals were plotted.

the CM was 80 g kg' or higher. A similarly highk* was Slopes of the plots represent the first-order rate constant of penetration.

obtained only with DESURigure 3, top), albeit at a much lower

internal accelerator concentration of about 45 gkg barrier propertiesl(7, 18). This layer is called the limiting skin.
Cuticular waxes associated with cutin constitute this rate-limiting

DISCUSSION barrier in plant cuticles. Removal of these waxes by extraction

Cuticles are asymmetrical barriers, and a thin layer located increases permeability and solute mobility by several orders of
at the morphological outer side of the CM is responsible for magnitude (1718). Reconstituted wax barriers devoid of cutin
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Figure 4. Effects of accelerators at various concentrations in reconstituted
0.40 Stephanotis cuticular waxes on mobility (rate constants) of 2,4-DB in
0.35 | TBP in wax x & Stephanotis CM. Partition coefficients Kiyaxrec Were taken from Simanova
030 —é % % et al. (28), and accelerator concentration was calculated using eq 1.
=
= 025 - ) ) i i
8 i f / of magnitude. This shows that cuticular waxes constitute the
g ' i . major barrier in plant cuticles. IRigure 4 rate constants were
c o015 )ll( bl plotted against accelerator concentrations in reconstituted
B 004 L Stephanotisvax extracted from isolated adaxial leaf CM. Linear
0.05 plots were obtained with slopes of 1144103 (DESU,r? =
- 0.99, 11.24 1073 (DES,r?2 = 0.98), 7.4+ 103 (DBSU, r?2 =
P o 0.99), and 6.3t 102 (DBS, r2 = 0.96). Hence, on the basis of

the concentration in wax, the intrinsic activity of accelerators
is higher and differences are smaller.

Concentrations of accelerators in wax were always smaller
than concentration in the CMI'&ble 2), but this ratio was not
exhibit barrier properties and accelerator effects comparable toconstant. When concentration in wax was plotted against
those of isolated cuticles (92, 17). concentration in CM, straight lines were obtained (data not

The sorption compartment is located underneath the limiting shown). For TBP and DESU the slopes amounted to 0.71 and
skin and makes up the bulk of the mass of the GWM)(In the 0.61, respectively. For these two accelerators experimental
UDOS method radiolabeled solutes initially contained in the partition coefficients (Kwrec) are available. Slopes for DES
sorption compartment diffuse across the limiting skin into the (0.37), DBSU (0.33), and DBS (0.14) are much smaller,
desorption medium, and this is a first-order process as slopessuggesting that with increasing molecular weight (e.g., increas-
of desorption plots were lineaFigures 1and2). These slopes  ing numbers of Clki groups) sorption of plasticizers in recon-
(k*) characterize mobility of 2,4-DB in the limiting skin, and ~ Stituted wax was hindere®8). Wax contents oStephanotis
they are proportional to the diffusion coefficientg| 25). CM amounts to only 510%, and cutin/water partition coef-
Propylene glycol and the wetting agents Glucopon 215 CSUP ficients have been shown to be much higher than wax/water
and Plantacare 1200 UP did not increase slopes of the desorptiofpartition coefficients. Thus, sorption of plasticizers in cutin might
plots, that is they have no accelerator properties. These twohave significantly contributed to the highi€ewrec values (2,
alkylpolyglycosides were included as they will be used as 17,19).
adjuvants in a subsequent experiment. Effectiveness or efficacy of an accelerator is the ratio of the

All accelerators used are lipophilic liquids. DESU is 92 times rate constants measured with and without accelerator. Plotting
more soluble in the CM than in the desorption medium efficacy vs accelerator concentration resulted in linear plots
(receiver). With increasing carbon numbers partition coefficients (Figure 5). The accelerators investigated increased 2,4-DB
increased and reached a value of 210 762 for DB&ble 1). mobility in CM and waxes between 10- and 40-fold. Rates of
TBP is 343 times more soluble BtephanotisCM than in the penetration are proportional to solute mobility, that is the
desorption medium. The concentrations of accelerators sorbeddiffusion coefficient, and a comparable effect on cuticular
in the CM at equilibrium Ccm) depend on partition coefficient — penetration rates is anticipated. Efficacy increased with ac-
(Kemreo) and accelerator concentration in the desorption media celerator concentration, and slopes are steeper when efficacy is
(Cred (eq 1). referred to accelerator concentration in wax rather than in CM.

Mobility of 2,4-DB in CM increased with increasing ac- The ratio of the slopes DESU/wax over DESU/CM was 1.62.
celerator concentration in the CM. This dependence was linear, For the other accelerators the ratio amounts to 2.70 (DES), 2.97
and slopes of the plots shown Figure 3 are 6.9+ 1072 (DBSU), and 3.20 (DBS). With TBP nonlinear plots were
(DESU,r2=0.99), 5.33+ 1073 (DES,r2= 0.98), 2.6+ 1073 obtained, and the plots converge at low and high concentrations.
(DBSU, r2 = 0.99), and 0.5+ 1073 (DBS, r2 = 0.75). These The largest difference was observed at about 40¢,kand it
slopes are the intrinsic activities of the accelerators based onamounted to a factor of 2.2. These data are consistent with the
average accelerator concentration in the CM. Relative to DBS, fact that waxes represent the major barrier to diffusion of organic
the intrinsic activity of DBSU was 5.2 times more effective nonelectrolytesi(7). Accelerators sorbed in the amorphous wax
than DES. Efficacies of DES and DESU were even 10.7 and fraction increase solute mobility more than in cut8).(

13.8 times higher, respectively. Efficacy of DESU and TBP had been studied previod8ly,

Extraction of waxes from CM generally increases perme- and comparing these data with those of the present study shows
ability to water and organic nonelectrolytes by several orders large differences (Figure 6). The efficacy in our present study

concentration (g kg™)

Figure 3. Effects of concentrations in cuticular membranes of accelerators
on rate constants (mobility) of 2,4-DB in Stephanotis CM.
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Figure 5. Efficacy of accelerators at increasing mobility of 2,4-DB in
Stephanotis CM. Efficacy is the ratio of rate constants measured in the
presence and absence of accelerators in CM or cuticular waxes.
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Figure 6. Efficacy of DESU and TBP as affected by year of isolation of
Stephanotis CM. Data for DESU (2001) and TBP (2001) were taken from
Schénherr et al. (15).
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h=1 (2002). In the two studies the same chemicals and
procedures were used, but CM were isolated from different
plants. They had been purchased at the local market and were
grown in a greenhouse. CM were isolated from newly grown
leaves. However, the varieties of the plants purchased were not
specified, and differences in efficacy and 2,4-DB mobility are
likely due to variety. With pear leaf CM large differences in
solute mobilities among varieties have been reporgs]. (

The intrinsic activity of accelerators is important, but it is
not the sole property to be considered in formulating active
ingredients. In the present experiments the accelerator concen-
tration was kept constant and velocity of penetration of
accelerators was not limiting. In the field, active ingredients
and accelerators are applied simultaneously. Accelerators can
be regarded as pace makers and must penetrate rapidly,
especially at low temperatures. This velocity depends on the
size of the accelerator and its intrinsic activity. Rates of
penetration of the accelerators tested were not measured, but
even with the largest accelerators equilibration took less than 4
h. After 4 h ofequilibration plots—In(1 — M¢/Mg) vs time were
linear at all accelerator concentrations aprthtercepts were
close to zero. If equilibration between receiver and CM had
taken more than 4 h, slopes would have increased with time.
This suggests that rates of penetration of accelerators will not
be rate limiting when applied simultaneously with active
ingredients. The accelerators are needed in only small amounts
of up to 5 wt % of CM or wax. These low concentrations are
not expected to be phytotoxic, especially not when partition
coefficients are very high. Furthermore, the ester bonds are likely
to be cleaved rapidly by nonspecific esterases present in all
plants.

Though rapid penetration of accelerators in the wax and
cuticle is desirable, it is just as important that accelerators remain
in the limiting barrier of the CM until the bulk of the solute
has penetrated. The only feasible way of increasing the residence
time of accelerators in the wax is by making the wax/water
partition coefficient very large. This decreases the rate of transfer
of accelerator from the CM into the water of the epidermal wall
due to the low water solubility of highly lipophilic compounds.
For pesticides to enter and move in the xylem their octanol/
water partition coefficients should not be much larger than 1000,
and this can be expected to apply also to accelerators. Among
the accelerators tested DBSU and DBS meet these criteria, and
they are not expected to be systemic.

These considerations suggest that the accelerators should be
useful tools for formulating systemic nonionic active ingredients.
lonic active ingredients are always hydrated and penetrate
cuticles by diffusing across agueous pores rather than in wax
(29, 30). Since ionic species are excluded from the lipophilic
pathway, accelerators do not affect their rates of penetration.
This was recently demonstrated with inorganic foliar nutrients
(29) and glyphosate salt8(). In the present study the rather
lipophilic model substance 2,4-DB was used. The dependence
on polarity of active ingredients on accelerator efficacy will be
reported separately.

ABBREVIATIONS USED

a.i., active ingredient; CM, cuticular membrane(s); 2,4-DB,
dichlorophenoxy butyric acid; DESU, diethyl suberate; DES,
diethyl sebacate; DBSU, dibutyl suberate; DBS, dibutyl seba-

(marked 2002) is much higher. For instance, the slopes for cate; TBP, tributyl phosphate.

DESW01 and DESU%? are 1.37 and 0.35, respectively,
showing that in our present study efficacy of DESU was 3.9

ACKNOWLEDGMENT

times higher. 2,4-DB mobility in the absence of accelerators This study was supported in part by a grant (SCHO 197/13)

differed as well

and was 2.3 1073 (2001) and 8.3x 1072

from the Deutsche Forschungsgemeinschaft.



2212 J. Agric. Food Chem., Vol. 53, No. 6, 2005
LITERATURE CITED

(1) Hull, H. M. Leaf structure as related to absorption of pesticides
and other compound®&es. Re»1970,31, 1-150.

(2) Hartley, G. S.; Graham-Bryce, |. Physical Principles of
Pesticide BehaviourAcademic Press: London, 1980.

(3) Kirkwood, R. C. Uptake and movement of herbicides from plant
surfaces and the effects of formulation and environment upon
them. InPesticides on Plant SurfaceSpttrell, H. J., Ed.; John
Wiley and Sons: Chichester, New York, 1987; pp2b.

(4) Kirkwood, R. C. Recent developments in our understanding of
the plant cuticle as a barrier to foliar uptake of pesticidRestic.

Sci. 1999,55, 69-77.

(5) Schonherr, J. Effects of alcohols, glycols and monodisperse
ethoxylated alcohols on mobility of 2,4-D in isolated plant
cuticles.Pestic. Scil1993,39, 213—223.

(6) Schonherr, J. Effects of monodisperse alcohol ethoxylates on

mobility of 2,4-D in isolated cuticled?estic. Scil993 38, 155—

164.

Baur, P.; Buchholz, A.; Schénherr, J. Diffusion in plant cuticles

as affected by temperature and size of organic solutes: similarity

and diversity among specidélant Cell Environ. 1997, 20, 982—

994.

Buchholz, A.; Schonherr, J. Thermodynamic analysis of diffusion

of nonelectrolytes across cuticles: the effects of waxes and

plasticisers on the lipophilic pathwallanta 2000,212, 103—

111.

Schreiber, L.; Riederer, M.; Schorn, K. Mobilities of organic

compounds in reconstituted cuticular wax of barley leaves:

effects of monodisperse alcohol ethoxylates on diffusion coef-

ficients. Pestic. Scil1996,48, 117—124.

(10) Géchter, R.; Miiller, HPlastics Additives Handbook; Hanser
Publisher: Munich, Vienna, New York, 1990.

(11) Baur, P.; Schénherr, J. Penetration of an ethoxylated fatty alcohol
surfactant across leaf cuticles as a affected by concentration,
additives, and humidityZ. Pflanzenk. Pflanzensch997,104,
380—393.

(12) Burghardt, M.; Schreiber, L.; Riederer, M. Enhancement of
diffusion of active ingredients in barley leaf cuticular wax by
monodisperse alcohol ethoxylatds.Agric. Food Chem1998,

46, 1593—1602.

(13) Schreiber, L. A mechanistic approach towards surfactant wax
interactions: effects of octaethyleneglycolmonododecylether on
sorption and diffusion of organic chemicals in reconstituted
cuticular wax of barley leave®estic. Sci1995,45, 1-11.

@)

®)

9

~

(14) Baur, P.; Grayson, B. T.; Schénherr, J. Concentration-dependent

mobility of chlorfenvinphos in isolated plant cuticld®estic. Sci.
1996,47, 171—-180.

(15) Schoénherr, J.; Schreiber, L.; Buchholz, A. Effects of temperature
and concentration of the accelerators ethoxylated alcohols, diethyl
suberate and tributyl phosphate on the mobility YtC]2,4-
dichlorophenoxy butyric acid in plant cuticlé®est. Manag. Sci.
2001,57, 17-24.

Shi et al.

(17) Riederer, M.; Schreiber, L. Waxes: transport barriers of plant
cuticles. InWaxes: Chemistry, Molecular Biology and Func-
tions; Hamilton, R. J., Ed.; The Oily Press: Dundee, U.K., 1995;
pp 131—-156.

(18) Schénherr, J.; Baur, P. Modelling penetration of plant cuticles
by crop protection agents and effects of adjuvants on their rates
of penetrationPestic. Sci1994,42, 185—208.

(19) Riederer, M.; Burghardt, M.; Mayer, S.; Obermeier, H.; Seho

herr, J. Sorption of monodisperse alcohol ethoxylates and their

effects on the mobility of 2,4-D in isolated plant cuticl@sAgric.

Food Chem1995,43, 1067—1075.

Kirsch, T.; Kaffarnik, F.; Riederer, M.; Schreiber, L. Cuticular

permeability of the three tree speciBsunus laurocerasus.,

Ginkgo bilobalL. andJuglans regial.: comparative investiga-

tion of the transport properties of intact leaves, isolated cuticles

and reconstituted cuticular waxes.Exp. Bot1997,48, 1035—

1045.

Baur, P. Mechanistic aspects of foliar penetration of agrochemi-

cals and the effect of adjuvan®ecent Res. Agric. Food. Chem.

1998,2, 809—837.

Baur, P.; Marzouk, H.; Schonherr, J.; Bauer, H. Mobilities of

organic compounds in plant cuticles as affected by structure and

molar volumes of chemicals and plant specilanta1996 199,

404—412.

(23) Buchholz, A:, Baur, P.; Schénherr, J. Differences among plant
species in cuticular permeabilities and solute mobilities are not
caused by differential selectivitieBlanta1998,206, 322—328.

(24) sangster, Dctanol-Water Partition Coefficients: Fundamen-
tals and Physical Chemistry; John Wiley and Sons: Chichester,
Toronto, 1997.

(25) Schonherr, J.; Bauer, H. Analysis of effects of surfactants on
permeability of plant cuticles. IAdjuvants For Agrochemicals,
Proceedings of the 2nd International Symposium on Aatjts
for Agrochemicals 1989Foy, C. L., Ed.; CRC Press: Boca
Raton, FL, 1992; pp 17—35.

(26) Baur, P. Lognormal distribution of water permeability and
organic solute mobility in plant cuticle®lan. Cell Eniron.
1997,20, 167—177.

(27) Schoénherr, J.; Riederer, M. Plant cuticles sorb lipophilic
compounds during enzymatic isolatidtiant Cell Erviron. 1986
9, 459—466.

(28) Simanova, E.; Shi, T.; Schonherr, J.; Schreiber, L. Sorption in
reconstituted waxes of homologous series of alcohol ethoxylates
and n-alkyl esters of suberate and sebacate and their effects on
mobility of 2,4-dichlorophenoxybutyric acidPest. Manag. Sci.
2004, DOI: 10.1002/ps.979.

(29) Schénherr, J. Calcium chloride penetrates plant cuticles via
aqueous poreflanta2000,212, 112—-118.

(30) Schonherr, J. A mechanistic analysis of penetration of glyphosate
salts across astomatous cuticular membraRest. Manag. Sci.
2002,58, 343—351.

(20)

(21)

(22)

(16) Schonherr, J.; Baur, P. Effects of temperature, surfactants andpeceived for review October 1, 2004. Revised manuscript received

other adjuvants on rates of uptake of organic compound®laimt
Cuticles: An Integrated Functional ApproadRerstiens, G., Ed.;
BIOS Scientific Publishers: Oxford, U.K., 1996; pp 13454.

January 14, 2005. Accepted January 18, 2005.
JF0483640



