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W Abstract

Pesticide seed treatments effectively protect crops early in the
seeding process, allowing for less use of fungicide later.
Consequently, it is implemented in significant agricultural
products such as corn, soybeans, wheat, and cotton. Different
distributions of pesticides on treated seeds can be visualized
depending on the seeds’ structures and physical properties,
which have been not well studied. In this application note,
mass spectrometry imaging using iMScope QT was performed
to visualize the distribution of a fungicide (ethaboxam) within
coated corn and soybean seeds. Contrasting distribution
patterns were observed in corn and soybean at the pre-sowing
stage, which were thought to depend on those seed structures.
Information on the distribution of ethaboxam after sowing is
also expected to provide data that will contribute to a better
understanding of fungicide delivery pathways in plants. This
new analytical method will enable us to obtain time-dependent
and dynamic information on fungicides that have not been
available before and will be a useful tool that can be widely

applied in the development and use of pesticides in the future V.
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1. Introduction

Matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI-MSI) is used in various fields
as a Label-free imaging method. Until now, most of the
studies using MALDI-MSI have been conducted in the fields of
medicine and pharmacology 23). Recently, however, MALDI-MSI
has also been applied to research fields in plants, such as
visualization of secondary metabolite distribution*® and
evaluation of pesticide kinetics?. The usefulness of this
technique has attracted much interest in the visualization of
pesticide distribution, which has so far relied on the limited
method of autoradiography with the use of 14C-labeled
pesticides, and in the time-dependent dynamic movement of
pesticides within plants, for which there is currently only limited
information'® . Since the introduction of penetrating
fungicides for seed treatments in the United States in the
1970s, seed treatments such as seed coatings, film coatings,
and pellet treatments have provided efficient crop
protection in the early seeding period and have enabled the
reduction of pesticide application to crops. This seed
treatment technology has been commercialized for major crops
such as corn, soybean, wheat, and cotton'2'4, Many pesticide
seed treatment methods have been studied and optimized for
each crop. It is believed that pesticides coated on seeds are
either transferred directly into the plant body, transiently into
the soil, or finally into target plant tissues by reabsorption after
transfer into the soil'. Currently, however, there is limited
information on the mechanisms by which chemical ingredients
used in seed treatments are translocated within plant tissues.
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This information on the transfer mechanisms of medicinal
components could contribute to a better understanding of their
actual effects on plants. In this study, we attempted to use
MALDI-MSI to gain insight into the distribution of active
ingredients used in seed treatments. For this purpose, we
coated dried corn and soybean seeds with the fungicide
ethaboxam'6'® and visualized their distribution in the seeds
before and after sowing. Note that ethaboxam is a pesticide
that is particularly effective against egg fungus and is used for
spraying and seed treatment. In this experiment, seeds were
sectioned and transferred using cryotape for MALDI-MSI.

. Using these methods, we have demonstrated that MALDI-MSI
is a useful tool for evaluating the distribution of chemical
components in seeds after seed treatment.

2. Method

2-1. Reagents

a -cyano-4-hydroxycinnamic acid (a-CHCA) was purchased
from Merck (Maryland, USA). Methanol, acetonitrile, formic acid,
2-propanol, and ultrapure water were purchased from Fujifilm
Wako Pure Chemical Industries (Osaka, Japan). All reagents were
of LC-MS grade.

2-2. Treatment of soybean and corn seeds with ethaboxam. Test
solutions for seed treatment were prepared by diluting
ethaboxam 34.2% (w/v) solution (INTEGO solo fungicide,
Nufarm, Calgary, Canada) with water. Soybean (variety:
Hatayutaka) seeds were treated at a dose of 75.0 g a.i. (a.i.: active
ingredient)/100 kg seed as a final concentration of ethaboxam.
On the other hand, corn (variety P1547) seeds were treated with
a final concentration of ethaboxam at a dose of 37.5 g a.i. / 100
kg seed. For the seed treatments, 50 g each of soybean and
corn seeds were mixed in 0.5 L plastic bags containing 260 uL
and 490 L of the test solution, respectively, to coat the seeds.
Seeds treated with an empty formulation were also prepared as
a negative control.
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2-3. Seed germination.

Plastic cups (0.75 oz capacity) with holes in the bottom were
filled to about 80% soil content and coated soybean or corn
seeds were sown to a depth of about 1 cm below the soil
surface. After sowing, the cups were placed in trays filled with
water to a depth of about 2 cm and allowed to grow for 5 days
inaroom at 25 °C.

2-4. Preparation of seed sections.

Pre- and post-seeding seeds were flash-frozen in liquid nitrogen
and then sectioned at -20 °C using a cryostat (CM1950; Leica,
Nussloch, Germany). Frozen sections were prepared by
embedding in 4% carboxymethylcellulose (SECTION-LAB,
Yokohama, Japan). Cryofilm (SECTION-LAB, Yokohama, Japan)
was used for sectioning. All frozen tissue was sectioned at 15
pum thickness, and the Cryofilm from which the sections were
collected was attached to indium tin oxide (ITO)-coated glass
slides (100 O/m2 without anti-peel coating; Matsunami Glass,
Osaka, Japan) using conductive double-sided tape (conductive
nonwoven tape; 3M Corporation, Minnesota, USA).

2-5. Matrix application.

Matrix deposition equipment (Figure 1A, iMLayer™; Shimadzu
Corporation, Kyoto, Japan) was used to deposit a-CHCA at 250
°C to a thickness of 0.7 um on ITO glass loaded with seed
sections.

2-6. MALDI-MSI Analysis.

MALDI-MSI analysis was performed using an atmospheric
pressure matrix-assisted laser desorption/ionization quadrupole
time-of-flight mass spectrometer iMScope QT (Shimadzu
Corporation, Kyoto, Japan) (Figure 1B). Mass spectrum were
obtained in the m/z 300-330 range in both positive and
negative ion modes. Product ion spectrum were obtained in
the m/z range of 100-330 in the positive ion detection mode.
The laser intensity was set to 65 and the laser irradiation
diameter was set to 2 (both in arbitrary units). These analysis
conditions are summarized in Table 1.  After analysis, image
reconstruction and peak intensity extraction were performed
using the data analysis software IMAGEREVEAL™ MS (Shimadzu
Corporation, Kyoto, Japan) (Figure 1C).

IMAGEREVEAL MS Workflow

Check
results  Setparameters

Data analysis Save/output results

Run

The results can be checked after each analysis, so
that e.g. the parameters can be changed and the
analysis re-run if the results are not as desired.

Figure 1 (A) Matrix deposition system iMLayer™ , (B) Imaging mass microscope iMScope™ QT, (C) Data analysis software IMAGEREVEAL™ MS
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Table 1 MSI Analysis Parameters

MS Analysis Conditions

lon mode
m/zrange

Accumulation number of times 1

Positive

DL temperature 250 °C
Heat block temperature 450 °C
Sample Voltage 4.50 kv

Detector voltage *
MS steps

CID gas pressure

1or2

300-330 (MS) . 100-330 (MS/MS)

2.10kv (Standard) . 2.30kV (Sections)

150 kPa (MS1) . 230kPa (MS/MS)

Laser irradiation conditions

Number of shots 80 shots
Repetition frequency 1000 Hz
irradiation diameter set value 2

Laser Power 65

* | Reference value

The optimum detector voltage depends on the degree of detector degradation and the ease of
ionization of the sample. Some detector voltage settings may accelerate detector deterioration. Please

refer to the instruction manual for details.

3. Results

3-1. Confirmation of lonization Using Ethaboxam Standard.
Figure 2 shows the chemical structure formula of ethaboxam
and the mass spectrum and product ion spectrum obtained in
positive ion mode using a-CHCA. As shown in Figure 2(A), the
[M+H]* is expected to be detected with positive ion mode at
m/z 321.08, and this ion was detected in the mass spectrum of
the ethaboxam standard with a-CHCA matrix in Figure 2(B left).
On the other hand, no peak was detected in the negative ion
mode with 9-AA (data not shown).

(A)

=2

]

C14H16N4OSZ
[M+H]*= 321.08

237.08

(B)

Ethaboxam

In addition, we checked whether product ions were detected
from m/z 321.08, which was detected with positive ion mode.
As a result, product ions were detected at m/z 183.05, 200.07,
and 237.08 as shown in Figure 2 (B right). The dissociated
portions of each product ion are shown in Figure 2(A). From the
above, we decided to use the positive ion mode with a-CHCA in
the subsequent experiments. The peak at m/z 321.08 or m/z
183.05, which was the base peak in the product ion spectrum,
was used to generate imaging results.

Positive ion detection using a-CHCA

Mass spectrum MS/MS spectrum
2000 321 08 1000+ 18305
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Figure 2. Chemical structural formula of ethaboxam and MS and MS/MS spectrum of ethaboxam standard.
(A) The chemical structural formula of ethaboxam and expected m/z upon detection.
(B) Mass spectrum and product ion spectrum of ethaboxam standard obtained by iMScope QT.
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Figure 3 MS Imaging of corn seed sections obtained with and without
ethaboxam treatment.
Scale bar: 250 pm (ethaboxam treated), 500 um (ethaboxam untreated)

(A) Soybean
Pre (Day0) Ethaboxam(-) Ethaboxam(+)

optical image

m/z 321.084
—183.059

3-2. comparison of MS imaging results by mass spectrum and
product ion spectrum.

Figure 3 shows the MS imaging results of corn seeds by mass
spectrum and by product ion spectrum. In both cases, we can
see that ethaboxam accumulates on the seed surface. In the
negative control Ethaboxam (-), which was treated with
ultrapure water instead of ethaboxam, the MS imaging results
using mass spectrum show a faint signal distribution
(arrowheads). This was found to be background noise due to
foreign peaks near the ethaboxam-derived peak. On the other
hand, the imaging results using the product ion spectrum
showed that no background noise of biological origin was
detected in the negative control, and an image of the
distribution of immersed ethaboxam was obtained. Based on
these results, we decided to perform MALDI-MSI using the
product ion spectrum in our future experiments.

3-3. MALDI-MSI in Seeds before Sowing.

Figure 4 shows the results of ethaboxam imaging in seeds
before sowing in soil. Figure 4(A) represents soybean and
Figure 4(B) represents corn. In the negative control, no
distribution of ethaboxam-derived peaks is obtained, while in
the ethaboxam-coated seeds, ethaboxam-derived peaks can be
seen mainly on the seed surface in both seeds. Furthermore, in
corn, accumulation of ethaboxam not only on the seed surface
but also at the germ tip and penetration into the endosperm
were observed (arrowheads in Figure 4B). These results suggest
that the distribution of ethaboxam is different between
soybean and corn seeds, even with similar coating treatments,
and therefore the pesticide dynamics after seeding is also
expected to be different.

(B) Corn
Ethaboxam(-) Ethaboxam(+)

Figure 4. distribution of ethaboxam in soybean and corn seeds before sowing in soil.
(A) Soybean seed (B) Corn seed
Upper: optical image, center: superimposed optical image and MS image, lower: ethaboxam distribution. Scale bar: 750 um
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3-4. MALDI-MSI in Seeds after Sowing.

Figure 5 shows the distribution of ethaboxam in seed sections
at 5 days after sowing in soil. Figure 5(A) shows soybean seeds
and Figure 5(B) shows corn seeds. In soybean seeds, the ion
intensity is very weak compared to that before seeding as
shown in Figure 4, suggesting that the ethaboxam accumulated
in the soybean epidermis may have migrated mainly to the soil.
On the other hand, in the corn seed shown in Figure 5(B),
accumulation in the epidermis was still observed on the 5th day,
and at the same time, the ion intensity derived from ethaboxam
increased in the embryo part (arrowhead in Figure 5B). This
suggests that the ethaboxam accumulated at the germ tip
migrates into the soil and also into the interior of the seed.
From the above, soybean and corn, which showed different
distributions at the seed point before sowing, are expected to
show different pesticide dynamics after sowing.

Soybean
Ethaboxam(-)

Day5 (A)

optical image

overlay

m/z 321.084
—183.059

Ethaboxam(+)

3-5. comparison of ion intensities obtained from MALDI-MSI
results.

Figure 6 and Figure 7 show a comparison of ion intensities
obtained from MALDI-MSI results. Figure 6 shows soybean
seeds and Figure 7 shows corn seeds. In this graph, intensity
extraction was performed separately for the epidermis and
interior at pre-sowing, 1 and 5 days after sowing (Verification
was conducted with three grains each of soybeans and corn).
Figure 6 shows that the ion intensity in the epidermis of
soybean seeds decreased rapidly from day 1 to day 5 after
sowing. The increase in ion intensity inside the seed was
negligible. This suggests that in soybean, ethaboxam does not
migrate into the interior of the seed, and that the main route is
into the soil. On the other hand, in corn, shown in Figure 7, the
accumulation in the epidermis is maintained after sowing, while
at the same time the internal translocation increases
significantly at 5 days. This indicates that, unlike soybean seeds,
corn seeds not only migrate into the soil, but also into the
interior of the seed. These results indicate that pesticide
dynamics are different between soybean seeds and corn seeds,
even in the same seed coat.

(B) Corn

Ethaboxam(-) Ethaboxam(+)

Figure 5. ethaboxam distribution in soybean and corn seeds 5 days after sowing in soil.
(A) Soybean seed (B) Corn seed
In soybean seeds, ethaboxam-derived ions are observed, but their intensity is weak. On the other hand, in corn
seeds, ethaboxam accumulates in the embryo part as well as in the epidermis.
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Figure 6: Comparison of ion intensity in soybean seeds.
Accumulation is found mainly on the epidermis, with a marked decrease in
intensity by day 5, suggesting little accumulation on the seed surface or
transfer to the interior.
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Figure 7: Comparison of ion intensity in corn seeds.
Accumulation in the epidermis as well as migration into the seed interior was
observed (migration into the seed interior on day 5 was about 1/10 of that
into the epidermis).
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4. Discussion

When corn seeds treated with ethaboxam for pesticide seed
treatment germinated, ethaboxam-derived ions were also
detected inside the seeds, and ethaboxam accumulation was
also observed in the hypocotyl and pericarp. In contrast, in
soybean seeds, the ion intensity was strongest on the seed coat
and decreased from the seed coat surface toward the seed
interior. The ion intensity also decreased dramatically at day 5.
These results suggest that in soybean seeds coated with
ethaboxam, the pesticide mainly stays on the seed coat surface
and is released into the soil over time. The differences in the
distribution of ethaboxam observed after sowing are
presumably related to differences in seed structure, particularly
the presence or absence of endosperm. In corn seeds, which
are endosperm seeds, ethaboxam accumulation was detected
in the embryo after the seeds were coated with the pesticide.
Therefore, if the distribution of the pesticide differed
significantly at the pre-sowing stage, it was expected that the
movement of the pesticide would also have a significant impact
on this difference. In fact, the intensity graphs of ethaboxam on
the surface and embryo of corn seeds after sowing showed a
significant shift in distribution pattern from day 1 to day 5
compared to soybean seeds, with a marked shift from the
embryo to the endosperm. In other words, it can be concluded
that the treated seeds began to move the ethaboxam into the
seed interior.. In the case of soybean seeds, on the other hand,
ethaboxam was detected on the seed surface on the first day
after sowing, but the amount detected inside the seed was
smaller. This trend became more pronounced on the fifth day
after sowing, which may indicate that ethaboxam rarely
migrates directly from the seed coat to the seed interior..

5. Summary

Seed treatments are transferred to plant tissues by direct
transfer to the plant or indirect transfer through the soil to
protect against plant pathogens. By visualizing the localization
of the active compounds along with the seed substructure, we
were able to obtain data suggesting that the migration ratios of
the compounds varied with seed type and structure. Such
behavior of seed-treated compounds may depend on the
physical properties of each chemical and the species-specific
seed structure. Therefore, in the future, MALDI-MSI using
iMScope QT is expected to help in the development of seed
treatment methods, such as formulation optimization, by
understanding the distribution of chemical compounds in the
target seeds.
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