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Abstract: Whether fenoxaprop-p-ethyl activity could be affected by the
carrier volume and whether this relationship can be affected by two types of
bio-surfactants, rhamnolipid and surfactin, was assessed under greenhouse
conditions. Treatments consisted of herbicide dose (0, 18.75, 37.5, 56.25, 75,
and 93.75 g ha''), spray volume (60, 120, 240, and 480 L ha'), surfactant type
above, and surfactant concentration (0, 0.125, 0.25, 0.5, 1, 2, 4, and 8x critical
micelle concentration (CMC). The dry matter of sterile oat was regressed over
the doses of fenoxaprop-p-ethyl to obtain a dose causing 50% sterile oat
control (EDsg). Without surfactant, a 38% increase in the EDsg with increasing
the spray volumes from 60 to 480 L ha* (44.7 and 72.1 g ha%, respectively)
revealed a negative relationship between fenoxaprop-p-ethyl activity and
spray volume. In other words, a low-volume spray solution, creating smaller,
more concentrated spray droplets, is necessary to get the optimal action of
fenoxaprop-p-ethyl. This relationship could also be observed when both
surfactants were used at 0.125 to 1x CMC. At 2 to 8x CMC, the relationship
mode changed from negative to neutral for rhamnolipid, while it did not
change for surfactin. This study shows that, unlike surfactin, rhamnolipid
worked better at a low concentration in a low-volume spray solution to get the
optimal action of fenoxaprop-p-ethyl.
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Introduction

The aryloxyphenoxypropionate (APP)
herbicide fenoxaprop-p-ethyl is labeled for use
in wheat and barley to control grassy species,
e.g., the genus oat, Avena (Poaceae). In such a
susceptible species, the enzyme Acetyl-CoA
carboxylase in the fatty acid biosynthesis
pathway is inhibited by the APP herbicides,
disrupting cell division and growth and leading
to their death (Zhang et al., 2017). In soil and
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crop, the ester bond of fenoxaprop-p-ethyl can
hydrolyze to its corresponding acid
(fenoxaprop) by non-enzymatic reactions.
Then, fenoxaprop acid is re-hydrolyzed to form
some metabolites. As a result, no residues of the
parent herbicide and its corresponding acid are
detectable when the crop is harvested (Tandon,
2019). However, Badawi et al. (2015) reported
that fluazifop-butyl metabolites in soil could
leach faster than fluazifop-butyl.
Toxicologically, the hydrolytic products
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derived from fenoxaprop-p-ethyl have higher
toxicity to the aquatic organism (Daphnia
magna) than fenoxaprop-p-ethyl (Jing et al.,
2016). Similarly, Cai et al. (2007) reported that
the hydrolytic products derived from diclofop-
methyl have higher toxicity to the freshwater
microalga Chlorella pyrenoidosa than diclofop-
methyl. Therefore, the aim should be to
optimize the dose of fenoxaprop-p-ethyl,
reducing its visible and hidden costs.
Commonly, water is always used as a
carrier in spraying herbicides. At a preliminary
step, it should be determined how much spray
volume is suitable to apply an APP herbicide
because it is considered a simple way to
achieve and use the reduced doses of foliage-
applied herbicides. The response of APP
herbicides to spray volume is different. In
some studies, decreasing the spray volume
increased the activity of clodinafop-propargyl
(Gauvrit and Lamrani, 2008), fluazifop-butyl
(Chandrasena and Sagar, 1989), and
haloxyfop-r-methyl (Aliverdi and Borghei,
2021). In other studies, it reduced diclofop-
methyl  activity (Knoche, 1994) and
quizalofop-p-ethyl (Sikkema et al., 2008).
Sometimes, no interaction has been observed
between the activity of APP herbicide and
spray volume, for example, fenoxaprop-p-
ethyl (McMullan, 1995) and fluazifop-p-butyl
(Creech et al., 2015). After determining a
suitable spray volume for a foliage-applied
herbicide, the next step is to adjust it. The
spray volume can be adjusted by two methods:
the change in application speed or nozzle size.
If less spray volume is necessary to apply an
herbicide, it is also needed to increase
application speed. It causes the spray droplets
to be more bounced or shattered from the waxy
leaf surface (Jensen, 2012), causing the
herbicide not to achieve optimal efficacy.
Therefore, a smaller orifice nozzle is more
applicable if the spray drift is controlled. The
findings mentioned above from McMullan
(1995) confirm such a situation because the
spray volume for fenoxaprop-p-ethyl has been
adjusted by changing application speed. In
general, advances in nozzle technology have

J. Crop Prot.

142

made the nozzle size change method more
feasible to adjust spray volume.

Tank-mixing a surfactant into the spray
solution of APP herbicides can be considered
another way to reduce their dose. The surface
tension of water, which is used to spray
herbicides, can be slightly reduced after adding
the formulation of APP herbicides (Gauvrit and
Lamrani, 2008). Therefore, the relatively high
surface tension of the spray solution poses three
main problems. First, the spray droplets can
quickly be bounced off the waxy leaf surface,
particularly when sprayed on a grassy species
having upright-growing leaves (Jensen, 2012)
or ones having leaves with dense trichrome (Xu
et al., 2010). Second, those remaining on the
waxy leaf surface after impact have a relatively
spherical shape, resulting in a relatively low
wetted leaf area. That means they are not
effectively successful in wetting the leaf
surface, reducing the absorption efficacy of
herbicide into the leaf tissues (Xu et al., 2011).
Third, the crystalline wax in the cuticles,
particularly in grassy species (Knoche, 1994),
is considered an essential barrier to penetrating
herbicides into the leaf tissues (Schénherr et al.,
2000). In such situations, the herbicide does not
achieve optimal efficacy. It is well-established
that the three main problems mentioned above
may be overcome if a synthetic surfactant is
selected to add to the spray solution, causing the
herbicide to achieve optimal efficacy.

However, the public perceptions of synthetic
surfactants are also ruined due to their low
biodegradation potential, leading to side effects
on non-target organisms, water pollution, and
crop surfactant residues. Therefore, there is an
increasing demand for access to natural
surfactants produced by microorganisms,
known as bio-surfactants, which have high
biodegradation potential in soil. Furthermore,
they are considered a cost-effective and long-
term sustainable way to bioremediate the
herbicides from the environment. The chemical
structure and microbiological derivation of
numerous bio-surfactants identified have been
listed (Raj et al., 2021). However, only the
compatibility of rhamnolipid has been checked
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with glyphosate (Liu et al., 2016). Therefore,
testing their performance and compatibility with
other agrochemicals is necessary.

This study aims to assess whether the effect
of spray volume adjusted by changing nozzle
size on fenoxaprop-p-ethyl herbicidal activity
could be affected by two bio-surfactants:
rhamnolipid and surfactin.

Materials and Methods

A greenhouse experiment was performed as a
dose-response relationship at the Bu-Ali Sina
University, Hamedan, Iran. The seeds of sterile
oat (Avena sterilis subsp. ludoviciana (Durieu)
Gillet and Magne) were de-hulled by hand,
immersed in 0.2% KNOs solution, placed inside
the Petri dishes, incubated at 4 °C for 48 h, and re-
incubated at 20/10 °C with a 16/8 h regime for 48
h. Five germinated seeds with 1 cm root length
were planted at 1 cm soil depth within 1-liter
plastic pots filled with clay loam soil containing
0.7% organic matter. The soil surface of pots was
moistened at least once a day until the seedlings
started to emerge. After that, the plants were
evenly irrigated as required and treated in the
three-leaf stage. Greenhouse environmental
conditions were 21 + 6 °C air temperature with
40% + 12% relative humidity. Outdoor
environmental conditions were 16 + 5 °C air
temperature with 32% + 9% relative humidity.
The experiment was designed as a
completely randomized four-factor (6 by 4 and
2 by 8) design. The first factor was the dose of
fenoxaprop-p-ethyl, including 0, 18.75, 37.5,
56.25, 75 (labeled dose), and 93.75 g hat. The
formulation of Puma Super® EW 7.5%
(Aventis, France) was used. It contains 18.8 g
Lt crop safener mefenpyr-diethyl. The second
factor was spray volume, including 60, 120,
240, and 480 L ha, which were adjusted using
1100075, 110015, 11003, and 11006 flat fan
nozzle, respectively. Based on the catalog, the
61 to 105-p droplets with 1100075 flat fan
nozzle (HARDI, 2022), the 106 to 235-p
droplets with 110015 and 11003 flat fan
nozzles, and the 236 to 340-u droplets with
11006 flat fan nozzle (AGROTOP, 2022) can
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be created at 300 kPa spray pressure. The third
factor was two types of bio-surfactants,
rhamnolipid (90% Cs2Hs3O13, Shanghai Send
Pharmaceutical Technology Co., Ltd., China)
and surfactin  (98% Cs3HgsN7O13, Sigma-
Aldrich, USA). In a pre-test conducted, the
critical micelle concentration (CMC), a
concentration above which micelles form and
the surface tension of distilled water is not
affected, was determined to be 50 mg L™ for
both bio-surfactants. At the CMC, the surface
tension of distilled water was measured to be
29.6 and 27.9 mN m?t using a force
tensiometer model TM-TN-555, respectively.
The concentrations above CMC could not
affect the surface tension of distilled water
(data not shown). The fourth factor was
surfactant concentration, including 0, 0.125,
0.25,0.5, 1, 2, 4, and 8x CMC (a range from %
to 8 CMC, respectively). A portable spray test
chamber with a constant nozzle travel speed
was used to apply the treatments at 300 kPa
spray pressure. The shoots of plants were cut
four weeks after treatment, kept inside an
oven at 75 °C for 48 h, and then weighted to
obtain the dry matter. Each treatment had four
replicates.

The normality of data was checked for each
measured variable (1 > Shapiro-Wilk test > 0.9).
The data were averaged across the two runs and
analyzed based on the methodology described by
Knezevic et al. (2007). Accordingly, a nonlinear
regression analysis was conducted using the
software R after installing the extension package
‘drc’ version 3.5.1 in which the following four-
parameter model was applied to regress the dry
matter of sterile oat, Y, over the doses of
fenoxaprop-p-ethyl, X.

N D-C
1 + exp(B(logX) — logE)

The four parameters of the model above are D,
C, B, and E, which were estimated using the
function ‘summary’. D and C are the maximum
and minimum asymptotes of Y, respectively; E is
where Y is halfway between D and C, donating an
effective dose for 50% sterile oat control (EDso);
and B is the slope of the fitted nonlinear-regression

Y=C
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line around E. The standard error of EDses was
estimated at a 5% significance level and used to

evaluate the inferences among the EDses (Ritz et

al., 2015). At each spray volume, the horizontal

displacement between the fitted nonlinear

regression line related to ‘no bio-surfactant” and

the one related to ‘with bio-surfactant’ was
estimated using the ratio of EDsy without bio-
surfactant to EDsq with bio-surfactant. This ratio is

called relative potency. A relative potency equal to

one denotes the ineffectiveness of adding the bio-
surfactant to the spray solution on fenoxaprop-p-
ethyl activity. A bigger or smaller relative potency
than one means the positive and negative effect of

adding the bio-surfactant to the spray solution on
fenoxaprop-p-ethyl activity, respectively.

Results

The fitted nonlinear-regression lines shifted to the
right as the spray volume increased (Fig. 1). When
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the parameter of EDso for each line was estimated
separately, it was found that by increasing the spray
volume, the EDsp value increased (Table 1). No
significant difference was observed between the
ED50 values of fenoxaprop-p-ethyl applied with
60 and 120 L ha-1. However, when applied at other
spray volumes, a significant difference could be
observed among the ED50 values of fenoxaprop-
p-ethyl. A 38% increase in the EDs value occurred
with increasing the spray volumes from 60 to 480
L ha! (447 and 72.1 g ha?l, respectively),
indicating a negative relationship between
fenoxaprop-p-ethyl activity and spray volume.

At each of the four spray volumes, adding
both bio-surfactants at 0.125x (*/s) CMC could
not affect the EDso value of fenoxaprop-p-ethyl
(Table 1). At each of the four spray volumes,
except at 60 L ha?' with rhamnolipid (EDso =
38.3 g hal), when the surfactants were added at
0.25x (Y4) CMC to the spray solution, the EDso
value decreased significantly.
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Figure 1 The fitted nonlinear-regression lines for the dry matter of sterile oat over the doses of fenoxaprop-p-ethyl
(without bio-surfactant) spraying with 60, 120, 240, and 480 L ha* spray volumes adjusted by nozzle size.
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Table 1 The effective dose (EDso) values of fenoxaprop-p-ethyl against sterile oat when it was applied with

different spray volumes, bio-surfactant types, and bio-surfactant concentrations.

J. Crop Prot. (2023) Vol. 12 (2)

Surfactant ~ Concentration (x CMC)  Spray volume (L ha'!)

60 120 240 480
Control 0 447+44(1.00) 516+26(100)  668+4.1(1.00)  72.1%3.7(1.00)
Rhamnolipid 0.125 453+16(098) 524+3.2(098)  61.2+39(1.09)  69.0=+4.1(1.04)
0.25 383+23(1.16) 156+08(3.31)  327+19(2.04)  33.8%1.3(2.13)
0.50 315+21(141)  131+09(3.93)  257+37(259)  34.0+2.9(2.12)
1 220+0.8(2.03)  121+04(426) 141+12(473)  17.4%1.0 (4.14)
2 234+38(191) 125+16(4.13)  150+15(445)  18.8+2.2(3.83)
4 389+37(1.14)  374+28(137)  380+42(L75)  323+2.4(2.23)
8 471+25(094)  489+3.9(1.05)  493+51(1.35)  55.2+3.9(1.30)
Surfactin  0.125 473+27(094)  484+22(1.06)  559+34(1.19)  73.8+1.9(0.97)
0.25 320+36(1.39)  389+49(1.32)  498+25(1.34)  60.2+5.8(1.19)
0.50 154+09(2.90)  344+30(150) 41.3+38(159) 58662 (1.23)
1 125+05(357)  232+21(222)  387+14(1L72)  59.3+3.7(L21)
2 124+05(3.60)  19.7+1.4(261)  381+3.3(L75  80.7 +5.2(0.89)
4 131+0.7(341)  244+15(211) 550+4.8(121)  81.4+7.1(0.88)
8 119+0.7(375)  25.6+23(201) 589+6.9(L13)  934+52(0.77)

Notes. The EDso is a dose of fenoxaprop-p-ethyl (g h%) causing 50% sterile oat control. The critical micelle concentration
(CMC). The spray volumes were adjusted using 1100075, 110015, 11003, and 11006 flat-fan nozzles, respectively. The EDso
value + standard error (relative potency; estimated using the ratio of EDso without bio-surfactant to EDso with bio-surfactant).

Adding rhamnolipid at 0.25x CMC to 60,
120, 240, and 480 L ha spray volumes caused a
1.16, 3.31, 2.04, and 2.13-fold decrease in the
EDso value compared with no surfactant at their
corresponding spray volumes, respectively.
Meanwhile, adding surfactin at 0.25x CMC to
60, 120, 240, and 480 L ha? spray volumes
caused a 1.39, 1.32, 1.34, and 1.16-fold decrease
in the EDso value compared with no surfactant at
their corresponding spray volumes, respectively.
Adding rhamnolipid at 0.5x (}/2) CMC to 60,
120, 240, and 480 L ha spray volumes caused a
1.41, 3.93, 2.59, and 2.12-fold decrease in the
EDso; compared with no surfactant at their
corresponding spray volumes, respectively.
While, adding surfactin at 0.5x CMC to 60, 120,
240, and 480 L ha spray volumes caused a 2.90,
1.50, 1.56, and 1.23-fold decrease in the EDso
value compared with no bio-surfactant at their
corresponding spray volumes, respectively.
Adding rhamnolipid at 1x CMC to 60, 120, 240,
and 480 L ha? spray volumes caused a 2.03,
4.26, 4.73, and 4.14-fold decrease in the EDsg
compared with no surfactant at their
corresponding spray volumes, respectively.
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Meanwhile, adding surfactin at 1x CMC to 60,
120, 240, and 480 L ha* spray volumes caused a
3.57, 2.22, 1.72, and 1.21-fold decrease in the
EDso value compared with no surfactant at their
corresponding spray volumes, respectively. The
results in the range of 1/, to 1 CMC showed that
adding surfactin to 60 L ha' spray volume
caused more relative potency than adding
rhamnolipid (1.39 vs. 1.16 at 0.25x CMC, 2.9 vs.
1.41 at 0.5x CMC, and 3.57 vs. 2.03 at 1x CMC,
respectively). While at 120 to 480 L ha™ spray
volumes, the relative potency value has changed
in favor of rhamnolipid. On the other hand, the
lowest EDso value was obtained by adding
rhamnolipid at 0.05, 0.1, and 0.2% v vto 120 L
ha?! spray volume (13.1, 12.1, and 12.5 g ha®,
respectively) or by adding surfactin at 0.1, 0.2,
0.4, and 0.8% v v to 60 L ha? spray volume
(12.5,12.4,13.1, and 11.9 g hal, respectively).
The  negative  relationship  between
fenoxaprop-p-ethyl activity and spray volume
can still be observed well when both surfactants
were added at 0.125 to 1x CMC; of course, if 60
L ha? is not being considered for rhamnolipid at
0.1% v v1. However, at 2 to 8x CMC, the mode
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of relationship between fenoxaprop-p-ethyl
activity and spray volume changed from
negative to neutral for rhamnolipid while it was
still in place for surfactin.

Discussion

The negative relationship between fenoxaprop-
p-ethyl activity and spray volume can be
attributed to two reasons. First, the spray
volumes were adjusted by nozzle size in the
current study (1100075, 110015, 11003, and
11006; all flat fan nozzle). As mentioned above,
the atomization quality of the nozzle is affected
by its size; as the nozzle size increases, the
droplet size increases (HARDI, 2022;
AGROTOP, 2022). It is well established that
larger droplets bounce off the leaf surface easier
than smaller droplets (Butts et al. 2018),
resulting in decreased activity of fenoxaprop-p-
ethyl against sterile oat. Second, as the spray
volume decreases, the concentration of spray
droplets increases, creating a concentration
gradient for fenoxaprop-p-ethyl to diffuse better
from the spray droplet to the leaf tissue (Aliverdi
and Borghei, 2021), resulting in increased
activity of fenoxaprop-p-ethyl against sterile oat.
Combining the above two arguments, smaller
and more concentrated spray droplets are needed
to get better action of fenoxaprop-p-ethyl.
However, McMullan (1995) found that if the
spray volume for fenoxaprop-p-ethyl has been
adjusted by changing application speed (not by
changing nozzle size), it cannot affect the
activity of fenoxaprop-p-ethyl. Although the
findings from these studies (McMullan and I) are
different, they show that the effect of spray
volume on herbicide's activity depends not only
on the herbicide but also on how it is adjusted -
by changing application speed or nozzle size.
Previously, the ineffectiveness of surfactants
applied at Y/ to /s CMC on herbicide activity
has been observed (Green, 1996). A reduced
EDso by adding the bio-surfactants indicates an
improved activity of fenoxaprop-p-ethyl against
sterile oat, which can be due to a reduction in the
surface tension of the spray solution, leading to
increased retention (Jensen 2012) and/or

J. Crop Prot.

146

spreading area (Schonherr et al., 2000) of the
spray droplets on the leaf surface, leading to
increased herbicide penetration into the leaf
tissue. The study findings indicate that
rhamnolipid works better when added to a low-
volume spray solution at a low concentration. In
contrast, surfactin works better when added to a
low-volume  spray  solution at  high
concentrations. It can be attributed to the
difference in the wetting properties of
surfactants. However, no remarkable difference
was observed between the surface tension of
distilled water containing both surfactants at the
CMC (24.1 vs. 226 mN m?). It is well-
established by Gaskin and Murray (1997) that at
each concentration of a super wetting trisiloxane
surfactant (Silwet® 408), as the spray volume
increases, the spray retention on the leaf surface
of wheat increases, but the capture efficiency of
spray decreases due to spray run-off. Moreover,
they reported that in a spray volume less than
280 L ha, spray run-off does not occur. As a
result, the capture efficiency of spray is higher in
lower spray volume and higher concentration of
a super wetting trisiloxane surfactant. While
with a non-super wetting trisiloxane surfactant,
there is still the capacity to increase the stomatal
absorption by increasing the spray volume
without the danger of spray run-off (Gaskin et
al., 2000). However, this capacity seems limited
partly due to the adverse effect of spray volume
on fenoxaprop-p-ethyl activity.

The natural relationship between fenoxaprop-
p-ethyl activity and spray volume at higher
concentrations of rhamnolipid may be related to
its phytotoxic effect, resulting in an antagonism
effect on fenoxaprop-p-ethyl activity against
sterile oat (Table 1). Similarly, the antagonism
of the activity of rimsulfuron (Green, 1996) and
glyphosate (Liu, 2004) against grassy species
has already been reported by increasing the
concentration of non-silicone surfactants.
Moreover, it has been reported that a super
wetting trisiloxane surfactant (Silwet® L-77) at
high concentration has an antagonism effect on
the activity of glyphosate against wheat (Gaskin
and Stevens 1993). When surfactant at high
concentrations is used, the cells placed under the
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spray droplets may be injured, resulting in
reduced herbicides' absorption, translocation,
and activity. However, it is believed that the
surfactant at high concentrations can create a
concrete environment for the droplets, reducing
herbicides' absorption, translocation, and
activity (Green, 1996). In the case of surfactin,
the relationship between fenoxaprop-p-ethyl
activity and spray volume was not affected by
surfactant concentration, indicating that this
surfactant lacks a phytotoxic effect. Therefore,
an increased EDso occurred by adding surfactin
at a high concentration to a high-volume spray
solution can be related to a combination of the
adverse effect of spray volume on fenoxaprop-p-
ethyl activity and spray run-off.

The current study revealed a negative
relationship  between  fenoxaprop-p-ethyl
activity and spray volume, adjusted by nozzle
size. Although these findings differ from a
previous study in which spray volume has been
adjusted by application speed, they show that
the effect of spray volume on the herbicide’s
activity depends not only on the herbicide but
also on how it is adjusted. The smaller, more
concentrated spray droplets are necessary to
get a better action of fenoxaprop-p-ethyl
against sterile oat. The negative relationship
between fenoxaprop-p-ethyl activity and spray
volume could also be due to adding bio-
surfactants at 0.125 to 1x CMC to the spray
solution. At 2 to 8x CMC, rhamnolipid
changed the correlation mode from negative to
neutral due to its phytotoxic and/or concrete
effects. However, it was still in place with
surfactin due to the adverse impact of spray
run-off and volume on fenoxaprop-p-ethyl
activity. Bio-surfactant type can alter
surfactant concentration-spray volume
interaction on herbicide activity.
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