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Surfactants Influence Foliar Absorption of
Gibberellic Acid by Sour Cherry Leaves
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Abstract. The effects of selected surfactants and surfactant blends, frequently used in spray application, on deposit
formation and foliar absorption of GA,by sour cherry (Prunus cerasus L. cv. Montmorency) have been investigated.
Globular deposits were observed on droplet drying from solutions without surfactants or when the surfactants Acti-
vator 90, Tween 20, or Silwet L-77 were present, while annular-shaped deposits wer e observed with Regulaid, Ortho
X-77, and Triton AG-98. Absorption of GA,without surfactant was 5- and 17-fold higher by the abaxial (8.5% and
20.2% of applied in 1988 and 1989) than adaxial surface (1.6% and 1.2% of applied in 1988 and 1989). Over 24
hours, Ortho X-77 and Activator 90 (45.7% vs. 33.7% in 1988, 42.5% vs. 41.7% in 1989) were most effective in
enhancing GA,penetration through the abaxial surface, followed by Triton AG-98 (38.6% in 1988), Tween 20 (28.6%
in 1989), and Regulaid (23.6% in 1988, 16.8% in 1989). Silwet L-77 significantly reduced GA,uptake (10.7% in
1989) compared with the nonsurfactant control (18.2% in 1989). GA,uptake increased at a decreasing rate during
a 96-hour absorption period when GA,was applied alone or with Ortho X-77. However, uptake increased linearly
with time in the presence of Regulaid, yielding significantly higher GA,penetration 96 hours after application (44.8%)
compared with GA, alone (11.3%) or GA,with Ortho X-77 (27.7%). GA,penetration was independent of Tween 20
concentration in the range from 0.0313% to 0.25% but increased with increasing Ortho X-77 concentration (0.0313$%0
to 0.25%) over a 24-hour absorption period. Chemical names used: alkylpolyoxyethylene ether, free fatty acids,
isopropanol (Activator 90); alkylarylpolyoxyethyleneglycols, free fatty acids and isopropanol (Ortho X-77); polyoxy-
ethylenepolypropoxypropanol, alkyl 2-ethoxy-ethanol (Regulaid); polyalkyleneoxide modified polydimethylsiloxane
copolymers (Silwet L-77); alkylarylpolyethylene glycol (Triton AG-98); polyoxyethylene (20) sorbitan monolaurate

(Tween 20); gibberellic acid (GA,).

Surfactants are frequently used in pesticide formulations to
increase efficacy of foliar-applied agrochernicals. Generaly, the
increasein efficacy is, related to an increase in the amount of
ali. reaching the site of action. This difference may be related
to an increase in the dose retained by the leaf and/or to an
increase in the amount of the a.i. that penetrated the tissue.
Whereas spray retention (i.e., dose) is related to the physioc-
hemical characteristics of the spray solution and wetting char-
acteristics of the leaf surface, the mode of action of surfactants
on absorption of the a.i. is not well understood. Holloway and
Stock (1990) concluded that promotion of a.i. uptake by sur-
factants is a complex interactive process among the a.i., sur-
factant, and plant. Surfactant enhancement of a.i. uptake currently
cannot be predicted and has to be determined experimentally.
Thisis particularly true for plant growth regulators, where an
acceptable response is usually achieved over a narrow concen-
tration range. In theory, for consistent response, the amount of
al. reaching the site of action should remain the same regardless
of whether surfactants are added to the spray solution. Conse-
quently, the dose applied must be reduced if surfactants enhance
foliar penetration.

GAS applied to cherry-yellows-infected sour cherry trees in-
hibits flower initiation and promotes spur formation (Bukovac
et al., 1986a; Parker et d., 1969), and annual foliar applications
are recommended for increasing fruiting potential and cropping
efficiency (Bukovac et al., 1986a). Recent data on foliar uptake
of GA,in Citrus suggest marked differences in efficacy among
surfactants (Coggins et al., 1989; Greenberg et a., 1984, 1987).
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However, we know of no published data on effects of surfac-
tants on uptake of GA,by sour cherry leaves.

The purpose of this study was to investigate the effects of
surfactants that are commercially available and frequently used
by growers on the uptake of GA by sour cherry leaves. Further,
physical properties of the spray solutions and their interaction
with the sour cherry leaf surface were determined and are dis-
cussed in relation to GA, performance.

Materials and Methods

Plant material. Leaves were obtained from ‘Montmorency’
sour cherry trees grown without pesticide application at the Hor-
ticulture Research Center, East Lansing, Mich. Leaves were
detached as they attained full expansion (between 1 June and
30 July 1988 and 1989) from the third to the fifth node (counted
from the apex) of current season’s shoot growth. Environmental
conditions were considerably different during the two seasons
(Fig. 1). Above average temperatures and extremely low rainfall
occurred in Spring and Summer 1988, while moderate temper-
atures with higher precipitation occurred in 1989. All experi-
ments were carried out using leaf disks as a model system except
for the time-course study. Disks (21 mm diameter) were punched
from the lamella on both sides of the midrib and floated on
distilled water in petri dishes kept at 25C in a water bath. Pho-
tosynthetically active radiation (PAR) was provided at 230
pmol-m s *during a 16-h photoperiod. For the time-course
study, detached leaves were placed in glass vias with petioles
immersed in deionized water. Vias with leaves were transferred
to a growth chamber providing the following conditions: 25/
20C, day/night PAR, 150 pmol-m “:s™; photoperiod, 16 h.

Chemicals. Spray solutions were prepared at a concentration
of 0.5 mm GA,using [1, 7, 12, 18-"“C]-labeled GA,(251
MBg-mmol *specific activity, 99% radiochemical purity,
Amersham, Arlington Heights, 111.). Solutions were buffered
with 20 mM citric acid titrated to pH 3.0 with NaOH. Surfac-
tants were commercial preparations and use rates were based
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Fig. 1. Daily minimum and maximum temperature and precipitation
records during development of sour cherry leaves (1 May -31 July
1988 and 1989). Data were obtained at the Horticulture Research
Center, East Lansing, Mich.

on manufacturer's recommendations: Activator 90 (O. 125%,
Loveland Ind., Greeley, Colo.), Ortho X-77 (0.0625%, Chev-
ron Chemical, San Francisco), Regulaid (0.25%, Kalo Labo-
ratories, Kansas City, Me.), Silwet L-77 (0.1%, Union Carbide,
Tarrytown, N.Y.), Triton AG-98 (0.0625%, Rohm and Haas,
Philadel phia), and Tween 20 (0.125%, ICI Americas, Wil-
mington, Del.). Unless otherwise stated, spray solutions were
prepared 12 h before use.

Treatment and sampling. Spray solutions were applied as fif-
teen 0.24-yl droplets with a microsyringe fitted with a teflon-
coated needle and an automatic dispenser (Hamilton, Reno, Nev.).
Most of the data presented were limited to the abaxial surface,
since previous studies indicated very little GA,(<3.5% of ap-
plied) penetration through the adaxial surface (Knoche et d.,
1989). Treatments were applied within 2 h of leaf collection.
Except for the time-course and concentration response studies,
uptake was determined 24 h after treatment.

Droplet residues were removed by rinsing the treated area
(leaf disks with 5 ml and leaves with 10 ml) with acetone :
water (3:2 viv). A |-ml aliquot was used for determination of
radioactivity. Epicuticular wax and associated radiolabeled GA,
were removed by cellulose acetate stripping (Silcox and Hol-
loway, 1986). The cellulose acetate strippings were dissolved
in a dioxane-based scintillation cocktail. The remainder of the
leaf tissue was oxidized in a biological oxidizer gModeI OX-
400, Harvey Inc, Hillsdale, N.J.) and the evolved “CO,trapped
in scintillation cocktail containing Carbo-Sorb (2:1 v/v). Radio-
activity was determined by liquid scintillation spectrometry. Up-
take was calculated as percent of total applied from the sum of
the radioactivity in the cellulose acetate stripping and the oxi-
dized leaf tissue. Average recovery of radioactivity was 98.4%.

GA ,absorption experiments. The effect of selected surfac-
tants on GA,absorption was determined using sour cherry leaf
disks. Disks were radioassayed 24 h after application. Experi-
ments were performed twice in 1988 and three times in 1989
with 10 replications per treatment. Data presented are means
for all experiments.

The time-course study was conducted using detached leaves.
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Sampling times were 1, 6, 12,24, 48, and 96 h after treatment.
Ten single-leaf replicates were used for each treatment.

In the concentration-response study, spray solutions of Ortho
X-77 and Tween 20 were prepared at concentrations of 0.0313%,
0.0625%, 0.125%, and 0.25%. Leaf disks were harvested 24
and 96 h after application. Ten replications (disks) were used
for the 24-h and five for the 96-h sampling time.

Measurements of spray solution properties. For measurement
of surface tension, 10 ml of surfactant solution was transferred
into glass petri dishes and equilibrated for 1 h. Surface tension
was determined using a Fisher Model 20 surface tensiometer
(Fisher Scientific, Pittsburgh). Each determination was repli-
cated five times.

Contact angles formed by 1-pl droplets of the treatment so-
[ution with the abaxia leaf surface were determined during the
1988 and 1989 growing seasons. Base width and height of drop-
lets were measured and contact angles calculated according to
Mack’s equation (Mack, 1936). A minimum of five determi-
nations was made on each of 10 leaves.

The effect of surfactants on drying time of the spray droplets
was determined in 1989. Ten 0.24-ul droplets were applied to
the abaxial surface of each leaf disk. Disks were held in petri
dishesin awater bath at 25C. Drying time of the first and the
last droplet for each disk was determined visualy. A mean
drying time was calculated, each disk representing one obser-
vation. All determinations were replicated 10 times.

Deposits of dried droplets of spray solutions containing GA,,
citrate buffer, and surfactant were examined by scanning elec-
tron microscopy (SEM). Excised leaf tissue was mounted on
aluminum stubs with carbon adhesive, and discrete droplets (0.24
W) were applied to the abaxial leaf surface using a microsyr-
inge. Specimens were then placed in a chamber maintained at
25C and 45% relative humidity. After droplet drying ( =15 rein),
the samples were used for SEM (ISl 40, International Scientific,
Pleasanton, Cdlif.) without further preparation.

Satistics. A completely randomized design was used for the
GA, absorption experiments. Data were subjected to analysis
of variance where appropriate. Since not all surfactants were
tested in both growing seasons, experiments were analyzed with
surfactants being the only factor. Means were compared using
Duncan’s multiple range test at P = 0.05. Standard errors are
included in all graphs except where smaller than data symbols.

Results

Surfactants significantly decreased surface tension, contact
angle, and drying time of spray droplets, Triton AG-98 and
Ortho X-77 being more effective than Regulaid, Tween 20,
Activator 90, and Silwet L-77 (Table 1). Contact angles were
consistently lower in 1989 than in 1988. Drying time was sig-
nificantly reduced by all surfactants except Silwet L-77.

Surfactants had a marked effect on deposit formation from
spray droplets (Fig. 2). Globular deposits were observed with
solutions containing no surfactant (Fig. 2A), Activator 90 (Fig.
2B), Tween 20 (Fig. 2C), or Silwet L-77 (Fig. 2D), while
solutions containing Regulaid (Fig. 2E), Ortho X-77 (Fig. 2F),
and Triton AG-98 (Fig. 2G) formed annular deposits with much
larger interface areas. Deposits were often associated with veins.

Uptake of GA,by sour cherry leaves was markedly affected
by growing season and leaf surface (Table 2). During the warm,
dry growing season of 1988 (Fig. 1) average uptake, calculated
from all experiments conducted under comparable conditions .
(i.e.,, 0.5 mm GA,, pH 3.0, 25C, 230 pmol-m*s*PAR),
was about five times higher through the abaxial than the adaxial
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Table 1. Effect of selected surfactants at manufacturers’ recom-
mended concentrations on surface tension of the spray solution, con-
tact angle formed between 1-pl droplets and the abaxial surface of
sour cherry leaves and droplet drying time.

Surface Contacit angle Drying
Concn tension S b B time
Surfactant (%) (mN-m-!) 1988 1989 (min)
Control - 70.8 a* 81.5a 558a 13.6a
Triton AG 98 0.0625 27.1g 32.7d -y -y
Ortho X-77 0.0625 27.8f 29.3d 27.0e 9.7b
Activator 90 0.125 323e¢ 43.7b 39.2c¢ 1020
Tween 20 0.125 33.2d -—X 340d 109b
Regulaid 0.25 35.4c 38.7¢ 31.0d 9.1b
Silwet L-77 0.1 50.9b -—X 494b 1362

‘Mean separation within columns by Duncan’s multiple range test,
P = 0.05.

’Not determined in 1989.

"Not determined in 1988.

surface. In 1989, uptake by the abaxial surface of leaves, which
developed during cool and wet growing conditions (Fig. 1), was
17 times greater than adaxial uptake (Table 2). This difference
was mainly the result of increased absorption by the abaxial
surface (from 8.5% in 1988 to 20.2% in 1989), whereas pen-
etration through the adaxial surfaces remained nearly constant
(Table 2). Variation in uptake was less pronounced in 1989 than
1988. When uptake was calculated on a droplet/leaf interface
area basis, differences between leaf surfaces within years re-
mained nearly the same (6-fold in 1988 and 15-fold in 1989).
However, differences in abaxia GA,uptake between the two
growing seasons decreased from 2.4-fold greater uptake (per-
cent of applied basis) in 1989 to 1.6-fold greater uptake in 1989,
when uptake was calculated on an interface area basis.
GA,absorption varied with surfactant (Table 3). In 1988,
GA ,penetration in the presence of Ortho X-77 was 45.7% in
comparison with 8.7% for the control, followed by Triton AG-
98, Activator 90, and Regulaid. In the following year (1989),

f
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Ortho X-77 and Activator 90 were most effective in enhancing
GA,uptake, followed by Tween 20. No significant change in
absorption was observed when Regulaid was added. Silwet L-
77 depressed GA,uptake. The effect of growing season was
greatest in the absence of surfactants (8.7% in 1988 vs. 18.2%
in 1989); the average uptake in presence of the surfactants tested
in both years was similar (34.3% in 1988 vs. 33.7% in 1989).

Enhancement of GA,absorption by Regulaid and Ortho X-
77 differed markedly in level of uptake and kinetics (Fig. 3).
Rates of GA,absorption decreased over time when GA,only
(control) and GA,combined with Ortho X-77 were applied, but
Ortho X-77 significantly increased uptake. In the presence of
Regulaid, GA,absorption increased linearly over the entire ex-
perimental period [(uptake in %) = 0.32 + 0.45 (time in hr),
r’= 0.99**]. After 96 h, uptake was significantly higher than
for the control or for Ortho X-77 (Fig. 3).

In the concentration-response study (Fig. 4), Tween 20 and
Ortho X-77 enhanced GA,uptake at al concentrations. Differ-
ences in GA,uptake between the various Tween 20 concentra
tions (0.0313% to 0.25%) were not significant, while Ortho X-
77 was more effective at the highest than at the lowest concen-
trations (0.0313% vs. 0.25%). Differences in penetration be-
tween the 24- and 96-h sampling time were greater for GA,
applied with Tween 20 than with Ortho X-77.

Discussion

Inconsistent performance of foliar-applied agrochemicals can
be a serious limitation to field use. Variation in efficacy of
systemic pesticides, growth regulators, and foliar fertilizer may
be partly related to variation in foliar absorption of the active
ingredient (Bukovac et al., 1986b). Foliar absorption depends
on physical and chemical properties of the spray solution, mor-
phological and physiological characteristics of the plant, and
environmental conditions during spray application. In our study,
environmenta conditions during and after spray application re-
mained constant, since experiments were carried out in a con-
trolled environment. Nevertheless, previous environmental

Fig. 2. Effect of selected surfactants on form of deposit on sour cherry leaves from spray droplets containing GA, and citric acid buffer. (A)
Control, no surfactant. (B) Activator 90. (C) Tween 20. (D) Silwet L-77. (E) Regulaid. (F) Ortho X-77. (G) Triton AG-98 (arrows denote

localized residue).
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Table 2. Means and coefficients of variation of GA,absorption by
sour cherry leaves during the 1988 and 1989 growing seasons. Data
are means calculated from al control treatments (no surfactant) con-
ducted under similar conditions (0.5 mm GA,, pH 3.0, 25C, 230
umol-m*s*PAR, 24-h uptake period).

GA3.uptaké 7

Leaf % of applied % of applied/mm?®
surface 1988 1989 1988 1989
Adaxial 1.6% (59.2) 1.2v (41.3) 0.6 0.4
Abaxial 8.5% (41.8) 20.2% (24.0) 3.7 5.8
‘n = 80.
n = 30.
'n = 100.
“n = 40.

Table 3. Effect of selected surfactants at manufacturers recom-
mended concentrations on GA,uptake by the abaxial sour cherry
leaf surface.

GA,; uptake
Concn % of applied % of control

Surfactant (%) 1988 1989 1988 1989
Control - 8.7 d 18.2 ¢ 100 100
Triton AG98 0.0625 38.6b -y 441 -y
Ortho X-77 0.0625 45.7a 42.5a 522 233
Activator 90 0.125 33.7b 41.7a 385 229
Tween 20 0.125 --X 28.6b X 157
Regulaid 0.25 236¢c 16.8 ¢ 270 92
Silwet L-77 0.1 --x 10.7 d - 59

‘Mean separation within columns by Duncan’s multiple range test,
P = 0.05.

"Not determined in 1989.

‘Not determined in 1988.
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Fig. 3. Effect of Regulaid (0.25%) and Ortho X-77 (0.0625%) on

time-course of GA,penetration into the abaxial sour cherry leaf

surface. Concentrations used were based on manufacturers’ recom-
mendation.

conditions may influence leaf characteristics. Growing condi-
tions differed greatly between the 1988 and 1989 seasons, and
this was reflected in nettability of the leaf surfaces (Table 1).
The abaxial leaf surface was easier to wet in 1989 than 1988;
this difference was consistent for all treatment solutions applied.
Wetting characteristics of aleaf surface are related to surface
fine-structure and chemistry (Fogg, 1947; Holloway, 1969). While
the qualitative composition of epicuticular wax is not signifi-
cantly affected by growing conditions (Baker, 1974; Taylor et
al., 1981), temperature, humidity, and radiation, in particular,
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Fig. 4. Effect of Tween 20 and Ortho X-77 concentration on GA,
penetration into the abaxial sour cherry leaf surface 24 and 96 h
after application.

can alter the quantity and modify the morphology and distri-
bution of epicuticular wax on the surface (Baker, 1974). High
radiation, low humidity, and low temperature favor wax depo-
sition on leaf surfaces (Baker, 1974; Leece, 1978). However,
plant response to temperature may vary depending on species
(Leece, 1978).

The change in wetting behavior of the leaf surfaces accounted
for part of the difference in uptake between the two growing
seasons (Table 2). The effect of growing season was less when
uptake was calculated on a droplet/leaf interface area basis rep-
resenting the effective area for diffusion. If surfactant effects
on GA, uptake were compared on a unit interface area basis,
differences among treatments also decreased. Regression analy-
sis revealed that 5170 of the uptake component can be attributed
to the change in droplet/leaf interface area associated with sur-
factant and season [(uptake in percent) = — 11.0 + 9.7 (area
in mm?), r’= 0.511*]. Nevertheless, there still was about a
2-fold difference in enhancement of GA,absorption between
the most effective surfactant, Ortho X-77, and Regulaid or Tween
20. Additionally, uptake per unit area in 1988 remained lower
than in 1989. Increased wax deposition, expected under envi-
ronmental conditions of 1988, increases diffusive resistance of
the cuticle (Bukovac et al., 1979; Norris and Bukovac, 1972)
and most likely resulted in the lower uptake per unit area. If
droplet spreading (wetting) had been the only factor, then uptake
per unit interface area would have been identical in both grow-
ing seasons and for all surfactants. By expressing uptake per
unit droplet/leaf interface area we assume that uptake occurs
primarily during the liquid phase of the droplet. However, the
time-course study suggested that absorption continued from the
“dry” residue (Fig. 3). Thus, the deposit/leaf interface area
needs to be considered.

Droplet spreading is and deposit formation appeared to be
related to the surface tension of the spray solution. Solutions
with a surface tension >30 mN-m “(i.e., control without sur-
factant, Activator 90, Tween 20, Silwet L-77) formed globular
deposits, whereas solutions with surface tension lower than 30
mn-m “(i.e., Ortho X-77, Triton AG-98) formed annular de-
posits. The only exception was the deposit from solutions con-
taining Regulaid, which, based on the surface tension of 35.4
mn-m ', would have been expected to be globular instead of
annular. The reason for this deviation is not known but may be

related to the higher surfactant concentration interfering with

complete receding of the droplet into a globular form. Other
factors critical in deposit formation are solvents, which are fre-
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quent constituents of commercial surfactant preparations and
surfactant blends. Evaporation, which depends on the vapor
pressure of the solvent, may cause a continuous shift in the
composition of the solution of the drying droplet. Since most
solvents are surface active, surface tension of the solution is
likely to change during evaporation. Whereas the initialy low
surface tension would increase spreading of the droplet,. the
higher surface tension after solvent evaporation may result in
localized deposition as the droplet recedes. Additionaly, vis-
cosity of the solution in the droplet would be expected to in-
crease as the solvent evaporates. Both events would favor annular
deposition: Further, deposit formation would be affected by ad-
sorption of the surfactant to the leaf surface, thereby altering
the polarity of the surface. Thus, as the droplet advances during
spreading, leaf surface polarity would differ from when it re-
cedes during droplet drying. Although the precise mechanisms
involved in deposit formation are not known, surface tension of
the solution and polarity and fine-structure of the leaf surface
are assumed to be critical factors. There was no clear relation-
ship between shape of deposit and enhancement of uptake, al-
though larger droplet/leaf and deposit/leaf interfaces appeared
to be advantageous, but clearly other factors were involved.

Surfactants may also have direct effects on cuticular perme-
ability that are not completely understood. The poor perform-
ance of Silwet L-77 was probably the result of surfactant
degradation, for silicone-based surfactants are hydrolyzed in acidic
solutions (Knoche et al., 1991), resulting in a marked increase
in surface tension and higher contact angles.

When inhibition of flower initiation by various GA /surfac-
tant combinations was evauated in the field, Regulaid markedly
increased biological response to GA,. Ortho X-77 was among
the least effective surfactants, having no significant effect com-
pared with the control (GA,only) (M. J. B., unpublished data).
One would predict the opposite from the data for absorption
over 24 h (Table 3). However, the long-term time-course of
Regulaid and Ortho X-77 shows that Regulaid increased GA,
uptake linearly with time, while without surfactant or with Ortho
X-77; GA,uptake leveled off within 12 h after treatment (Fig.
3).
Stomatal pore penetration does not appear to be a factor be-
cause the kinetics of uptake in the control (minus surfactant)
and in the Ortho X-77 treatment were similar (Fig. 3). Stomatal
infiltration is unlikely to occur from agueous solutions having
asurface tension of 70.8 mn-m ™ (Schonherr and Bukovac,
1972). Deposits from droplets of solutions containing Regulaid
and Ortho X-77 were similar (Fig. 2 E and F). However, the
physical/chemical microenvironment of the ai. in the deposit
may be quite different. The decrease in the rate of GA,pene-
tration for control and Ortho X-77 treatments could be explained
by a rate limiting resorption of GA,from the dry deposit (e.g.,
due to limited mohility of the a.i. in the deposit matrix). Char-
acterigtics of the Regulaid deposit my allow for continuing pen-
etration by maintaining a higher mobility of GA,in the deposit
matrix (e.g., by creating a gel-like residue). In this type of
residue, one would expect the a.i. to be mobile, hence permit-
ting continuous resorption and long-term penetration.

In the surfactant-concentration response study with Ortho X-
77 at concentrations > 0.0313%, the high uptake after 96 h may
have been related to surfactant-induced phytotoxicity. In these
treatments, as with 0.25% Ortho X-77 tested 24 h after appli-
cation, the leaf tissue showed discoloration in the droplet area
upon air drying.

Uptake in the leaf disk system was consistently higher (about
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two times) than in the time-course study with entire leaves.
Although the magnitude of the response was different, the qual-
itative relationships were similar and thus we believe that the
leaf disk system provides a convenient and effective model sys-
tem for uptake studies under controlled environments often not
possible with intact systems.

In conclusion, surfactants affect the amount of the a.i. ab-
sorbed and the kinetics of uptake. To our knowledge, no con-
clusive information is available on the relationship between uptake
kinetics and biologica response. Detailed field experiments are
needed to show whether the differences in surfactant-enhance-
ment of GA,absorption by sour cherry leaves observed in our
studies translate into differences in biological response at the
whole-plant level.
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