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Pesticide seed treatment provides efficient crop protection in the early season and enables a reduction in the
quantity of fungicides used later. Hence, it has been a practical application for crop protection in major crop
sectors such as corn, soybean, wheat, and cotton. The chemicals on pesticide-treated seeds may show different
distributions depending on the structure of the seeds and the physical properties of the chemicals, but they
have not been well studied because of a lack of versatile analytical tools. Here, we used mass spectrometry
imaging to visualize the distribution of a fungicide (ethaboxam) in corn and soybean seeds coated with it.
Contrasting distribution patterns were noted, which are likely dependent on the seed structure. We also
obtained information on fungicide distribution after the seedings, which will contribute to a better understand-
ing of the fungicide delivery pathway within plants. Using this new analytical method, we were able to obtain
hitherto unavailable time-dependent, dynamic information on the ethaboxam. We expect that this method will
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be a useful tool with widespread applications in pesticide development and use.
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INTRODUCTION

Matrix-assisted laser desorption/ionization mass spec-
trometry imaging (MALDI-MSI) has been utilized in various
fields as a non-labeling imaging method. To date, most stud-
ies utilizing MALDI-MSI have been conducted in medicine
and pharmacology."? In recent years, however, this technique
has also been applied to other areas of research, such as
botany and microbiology, for the visualization of secondary
metabolite distribution®” and in the dynamic evaluation
of pesticides.*'¥ The utility of this technique has attracted
considerable interest regarding the visualization of pesticide
distribution, which has hitherto relied on the somewhat
restrictive use of '*C-labeled pesticides and autoradiographic
detection, as well as the time-dependent dynamic movements
of pesticides within plants, for which there is currently lim-
ited information.'*'*

Since the first systemic fungicide for seed treatment was
introduced in the United States in the 1970s, pesticide seed
treatments, such as seed coating, film coating, and pellet

treatments, have provided efficient crop protection in the
early season and have enabled a reduction in the quantity of
pesticides applied to crops. This seed treatment technology
has been a practical application for crop protection in major
crop sectors, such as corn, soybean, wheat, and cotton.'*"*)
Seed treatment applications with pesticides have been well
established and optimized for each crop area. Pesticides
applied to seeds are ultimately translocated to target plant tis-
sues, either by direct migration or by transient translocation
to the soil, followed by reabsorption.'” However, there is cur-
rently limited information on the mechanisms by which the
pesticides used for seed treatment are translocated in plant
tissues. Such information could lead to a better understand-
ing of the actual chemical distribution in plants and would
contribute to the generation of novel applications for crop
protection.

In this study, based on MALDI-MSI analyses, we sought
to gain insights into the distribution of pesticides used for
seed treatment. To this end, we coated the dried seeds of corn
and soybean with the fungicide ethaboxam,”?® which is
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VISUALIZATION OF FUNGICIDES IN SEEDS

particularly effective against oomycetes, and is used in spray
and seed treatment applications, and visualized its distribu-
tion within the seeds both before and after germination. In
this regard, it is difficult to prepare sections for imaging when
using dry seeds as samples for MALDI-MSI, owing to seed
hardness. Therefore, in the present study, we attempted to use
a cryotape to prepare these sections.

Here we considered the use of a matrix and a method
of sectioning. By using the method, we demonstrated that
MALDI-MSI is a useful tool for evaluating the distribution of
seed treatment applications.

MATERIALS AND METHODS

Chemicals

a-Cyano-4-hydroxycinnamic acid (a-CHCA) and 9-amino-
acridine (9-AA) were purchased from Merck (MD, USA) and
Tokyo Chemical Industry (Tokyo, Japan), respectively. Metha-
nol, 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.

Soybean and corn seed treatment with ethaboxam

Ethaboxam 34.2% (w/v) suspension concentrate (SC)
formulation (INTEGO Solo fungicide; Nufarm, Calgary,
Canada) was diluted with water to prepare the test solutions
for seed treatment. Soybean (Variety: Hatayutaka) seeds were
treated with the recommended concentration for an eventual
ethaboxam dosage of 75.0 g a.i. (active ingredient)/100 kg
seed. For seed treatments, soybean seeds (50 g) were placed
in a 0.5-L plastic bag containing 260 L of the test solution
and shaken vigorously to coat the seeds. For corn (Variety:
P1547) seeds, an eventual ethaboxam dosage of 37.5 g a.i./100
kg seed was applied by placing corn seeds (50 g) in a 0.5-L
plastic bag containing 490 pL of test solution and shaking
them vigorously.

Seed germination

Plastic cups (with a capacity of 0.75 oz) with holes in the
bottom were filled with soil to approximately 80% capacity,
and the coated soybean or corn seeds were planted at a depth
of approximately 1 cm from the soil surface. After seeding,
the cups were placed in a vat containing water at a depth of
approximately 2 cm and incubated in a 25°C room.

Tissue preparation

For pre- and post-seeding seeds, we sectioned the seeds
at —20°C using a cryomicrotome (CM1950; Leica, Nussloch,
Germany) after flash freezing in liquid nitrogen. Cryosection-
ing was performed with the embedding of 4% carboxymethyl
cellulose (SECTION-LAB, Yokohama, Japan). To collect
sections, we used cryofilms (SECTION-LAB). All frozen tis-
sues were sectioned at 15 um. Sections on the cryofilm were
mounted onto indium-tin—oxide (ITO)-coated glass slides
(100 Q/m* without anti-peeling coating; Matsunami Glass,
Osaka, Japan) using a double-sided conductive tape (Shielding
Non-woven Fabric Tape; 3M Company, MN, USA).

Matrix application

For the analysis of the standard material (control), we used
a-CHCA solution in the positive ion detection mode at a
concentration of 10 mg/mL. The solvent used was a mixture
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of acetonitrile, isopropanol, and water at a ratio of 60 : 10 :
30, and contained 0.1% formic acid. Additionally, the 9-AA
solution in the negative ion detection mode was formulated
using 70% methanol at a concentration of 5 mg/mL. When
performing MALDI-MSI, the vacuum deposition equipment
(iMLayer; Shimadzu, Kyoto, Japan) was coated with 0.7 pm of
a-CHCA via vacuum deposition at approximately 1x107 Pa.

Mass spectrometry (MS) of the standard sample
and mass spectrometry imaging of seeds sections

MS of the standard sample and MALDI-MSI on sample
surfaces were performed using a new quadrupole-time-of-
flight-type mass microscope (iMScope QT; Shimadzu).**
iMScope QT has an atmospheric-pressure sample chamber
for observation and an Nd : YAG laser (A = 355 nm and
1 kHz) as the atmospheric-pressure MALDI ionization
source. Therefore, it was possible to obtain optical images
and determine the ion distribution within a microscopic view
of the same instrument. Laser irradiation was performed on
the tissue surface with 50 shots at each data point. In MSI,
the pixel size was 50 x 50 pum. Mass spectra were acquired in
both positive and negative ion detection modes in the mass
ranges of m/z 300-330 for mass spectra and m/z 100-330
for product ion spectra. In MALDI-MSI experiments using
iMScope QT, a constant voltage of the detector was applied
(2.1 kV in single MS analysis and 2.3 kV in MS/MS analysis).
The laser diameter (d) and power (LP) were maintained at
a constant value of d = 2 and LP = 65 (arbitrary units in the
iMScope QT). To obtain an ethaboxam signal, MS/MS analy-
sis was performed using a selected precursor ion of m/z 321
in the positive ion detection mode and m/z 319 in the nega-
tive ion detection mode.

Image reconstruction and data analysis

Ion image reconstruction and data analyses were per-
formed using IMAGEREVEAL MS (Shimadzu). All images
were displayed at absolute intensity. In addition, linear
interpolation was performed for all images.

RESULTS

Verification of ethaboxam ionization

Figure 1 shows the mass and product ion spectra obtained
in the positive ion detection mode using a-CHCA and in the
negative ion detection mode using 9-AA. Figure 1A shows
the chemical structure of ethaboxam and the expected m/z
for each polarity. The peak at m/z 321.08 was from the pro-
tonated ion in the positive ion detection, while the peak at
m/z 319.07 was from the deprotonated ion in the negative
ion detection. Figure 1B shows that m/z 321.08 was detected
when a-CHCA was used as a matrix to obtain the mass
spectrum, whereas m/z 319.06 was not detected when 9-AA
was used (Fig. 1C). Subsequently, we confirmed whether the
product ions were detected. As a result, the product ions were
detected at m/z 183.05, 200.07, and 237.08 with a-CHCA
(Fig. 1B), and no peaks could be obtained when 9-AA was
used. Despite attempting to perform negative ion detection
using 9-AA, even with the high-concentrate standard sample,
the peaks of the ion were not detected. Therefore, we decided
to use the positive ion detection mode using a-CHCA. In
addition, we decided to use the peak at m/z 321.08 or the
product ion at m/z 183.05 for visualization.
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Verification of ethaboxam ionization using MALDI. (A) The ethaboxam structural and composition formulae. (B) Mass and product ion spectra

of ethaboxam obtained using the positive ion detection mode. (C) Mass and product ion spectra of ethaboxam obtained using the negative ion
detection mode. With the negative ion detection mode, a peak was obtained at m/z 319.06, but compared with the positive ion detection mode,
the intensity was extremely low. In contrast, with the positive ion mode, a peak was obtained at m/z 321.0, and this indicated that a peak derived
from the structure could also be obtained in the product ion spectrum. a-CHCA, a-cyano-4-hydroxycinnamic acid; MALDI, matrix-assisted

laser desorption; MS, mass spectrometry; ND, not detected.

Ethaboxam distribution in pre-seeding seed
sample (Day 0)

In performing MALDI-MSI with a-CHCA, we used
iMLayer, an automated matrix deposition device. Using this
device, we deposited a 0.7-um thick matrix layer. The results
of these measurements are shown in Fig. 2. Ethaboxam was
visualized in soybean seeds and corn seeds by detection of
m/z 321.084. Under the condition, ethaboxam was accumu-
lated on the surface of both seeds at a high intensity (Fig. 2A
and 2B). In the soybean seed, the peak intensity was homoge-
neous on the surface. On the other hand, the high-intensity
region was found on the tip of the seed and inside the seed
(Fig. 2B, arrowheads). In addition, we can confirm that there
was no distribution without ethaboxam treatment.

The obtained mass spectra are shown in Fig. S1. Here, we
confirmed a low background peak at m/z 321.087, which
was 0.03 higher m/z value, in the untreated corn sample.
The mass resolution of iMScope QT was 25,000 for the
ethaboxam peak in single MS. This mass resolution could
not separate between the peaks of m/z 321.084 and m/z
321.087. Therefore, we performed MS/MS for visualization.
The results are shown in Fig. S2. By using product ion peaks
for visualization, the background signal was completely
removed. For both soybean seeds and corn seeds, the distri-
bution was not changed; however, we considered the spec-
ificity became improved (Fig. 3A and 3B). In the following
experiment, we performed MS/MS imaging to visualize etha-
boxam distribution.

Germinated soybean and corn seeds imaging
results (Day 1)

After the soybean and corn seeds had been planted in the
soil, the seeds were sampled on the first day after seeding to

visualize the distribution of ethaboxam. Given that an etha-
boxam-derived peak was obtained on the surface of soybean
and corn seeds, we expected to observe ethaboxam-derived
signals post-seeding. In line with this expectation, we were
able to detect high-intensity ethaboxam signals on the surface
of seeds (Fig. 4A and 4B). Especially, we confirmed the etha-
boxam signal even inside the seeds (arrowheads around the
embryo in Fig. 4B). These findings indicate that ethaboxam
migrates over time after seeding. On the other hand, we were
not able to detect signal peaks from the negative control sam-
ples (Fig. S3).

Germinated soybean seeds and corn seeds imaging
results (Day 5)

Soybean seeds and corn seeds were sampled on the fifth
day after seeding, and ethaboxam distribution was visualized
(Fig. 5). We found that the ethaboxam signal intensity was
considerably lower than that Day 1 in soybean (Fig. 5A). On
the other hand, in corn seeds, the ethaboxam remained on
the seed surface. In addition, the signal intensity inside the
seeds (around the embryo) was increased (Fig. 5B, arrow-
heads). The signal was also above the noise level (Fig. S4).
Based on these observations, we assumed that even after
ethaboxam has accumulated on the seed coat at the seed
stage of the plant, it was likely that the pesticide migrates
from the seed coat to the cotyledon after seeding.

DISCUSSION

Given that ethaboxam has a high nitrogen content (Fig.
1A), positive ion detection was considered superior to neg-
ative ion detection. In the positive ion detection, the peak
at m/z 321.08 was set as the precursor ion. In the obtained
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optical image
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Fig.2. Ethaboxam distribution in soybean seeds and corn seeds using single MS (m/z 321.084). (A) Optical image of the soybean seed section, overlay
image, and ethaboxam image with and without ethaboxam treatment. (B) Optical image of the corn seed section, overlay image, and ethaboxam
image with and without ethaboxam treatment. Arrowheads indicate ethaboxam accumulated regions. Scale bars: 750 pm. MS, mass spectrometry.
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Fig. 3. Ethaboxam distribution in soybean seeds and corn seeds using product ion MS (m/z 321.084 >183.059). (A) Optical image of the soybean seed
section, overlay image, and ethaboxam image with and without ethaboxam treatment. (B) Optical image of the corn seed section, overlay image,
and ethaboxam image with and without ethaboxam treatment. Arrowheads indicate ethaboxam accumulated regions. Scale bars: 750 pm. MS,
mass spectrometry.

mode on the sample surface and monitor the intensity of
the peak at m/z 183.05 (the base peak of the product ion
spectrum) to obtain information on the spatial distribution
of ethaboxam.

product ion spectrum, the peaks of m/z 183.05, 200.07, and
237.08 were clearly detected. We performed the interpreta-
tion of the obtained product ion spectrum using the mass
shift law.* Based on the law, the cleavages were confirmed

at the site indicated in Fig. 1A. Therefore, it was decided
to perform product ion MS in the positive ion detection

Previously, the use of MSI to analyze seed material has
been reported based on time-of-flight secondary ion mass
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Fig. 4. Ethaboxam distribution in post-seeding soybean seeds and corn seeds in Day 1. (A) Optical image of the soybean seed section, overlay image,

and ethaboxam image with and without ethaboxam treatment. (B) Optical image of the corn seed section, overlay image, and ethaboxam image

with and without ethaboxam treatment. Arrowheads indicate ethaboxam accumulated region around the embryo in the corn seed section. Scale
bars: soybean seed 750 um, corn seed without ethaboxam treatment 750 pm, and corn seed with ethaboxam treatment 1000 um. MS, mass

spectrometry.
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Fig. 5. Ethaboxam distribution in post-seeding soybean seeds and corn seeds in Day 5. (A) Optical image of the soybean seed section, overlay image,

and ethaboxam image with and without ethaboxam treatment. (B) Optical image of the corn seed section, overlay image, and ethaboxam image

with and without ethaboxam treatment. Arrowheads indicate ethaboxam accumulated region around the embryo in the corn seed section. Scale
bars: treated soybean seeds and untreated corn seeds 750 um, and untreated soybean and treated corn seed 1000 um.

spectrometry measurements.”® In the previous study, the
authors described the pre-processing of raw corn seed samples,
in which better sectioning was achieved using an adhesive
tape. In our study, the adhesive tape (Cryofilm) maintained
excellent morphology of the samples. Sections with very good

morphology could also be produced in germinated soybean
seeds and germinated corn seeds with a high water content.
Figure 2 shows the distribution of ethaboxam in the differ-
ent sections of the seeds prior to germination. A comparison
of the peak intensity in the different regions in Figs. S5 and
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S6 indicates that for soybean and corn seeds, the ethaboxam
intensity was relatively high on the seed surface. This result
suggested that the ethaboxam tended to accumulate on the
seed surface.

With germinated ethaboxam-coated corn seeds, signals
were obtained from within the seed, and ethaboxam accu-
mulation was also observed around the radicle or root (Fig.
5B, arrowheads). In the case of soybean seeds, the intensity
of the ions was strongest on the seed coat, and the levels
decreased from the surface of the seed coat toward the
seed interior. In addition, the peak intensity was dramati-
cally decreased on the Day 5 (Fig. S5). These observations
suggest that in soybean seeds coated with ethaboxam, the
pesticide remained mainly on the surface of the seed coat
and is released into the soil over time. The observed dif-
ferences in the distribution of ethaboxam after seeding are
assumed to be related to differences in the seed structure,
particularly with regard to the presence of an endosperm.
In a corn seed, an endosperm seed, we detected ethaboxam
accumulation in the embryo after coating the seed with
the chemical (Fig. 2B). Therefore, if the distribution of
pesticides is very different at the stage prior to seeding, we
might expect that pesticide migration would also be signifi-
cantly affected by this difference. Intensity graphs of etha-
boxam on the surface and in the embryo of post-seeding
corn seeds depict a marked change in the distribution pat-
tern from Day 1 to Day 5 (Fig. S6), with a pronounced shift
from the embryo to the endosperm. We concluded that the
ethaboxam coated onto the seed had started to migrate into
and within the seed.

In contrast, in the case of soybean seeds, on the Day 1
post-seeding, ethaboxam was detected on the seed surface,
whereas the quantity detected within the seed was low (Fig.
S5 inside). This tendency became more apparent on the Day
5 after seeding (Fig. S5 inside), indicating that there was very
little or no direct migration of ethaboxam from the seed coat
to the internal parts of the seed.

Based on the findings of this study, we demonstrated that
MALDI-MSI is a useful technique for visualizing the distri-
bution of seed-coated pesticides before and after seeding.
Notably, we found that the same pesticide showed different
patterns of distribution that were dependent on the seed
structure. In the case of soybean seeds, we observed that
ethaboxam accumulated predominantly on the seed coat,
and almost no direct migration of the pesticide to the seed
interior was detected after germination. In contrast, the direct
migration of ethaboxam into the plant tissue was more pro-
nounced in the corn than in the soybean, indicating a differ-
ent balance of dependent transfer pathways.

Seed treatment agents are transferred to plant tissues for
protection from phytopathogens by direct transfer to the
plant or indirect transfer through the soil. By visualizing
the localization of the compound together with the partial
structure of the seed, we propose that the ratio involved
in the migration of the compound differs depending on
the seed type and structure. Such behavior of seed-treated
compounds would depend on the physical properties of
each chemical and species-specific seed structure. There-
fore, MSI is expected to facilitate the development of seed
treatment applications, such as optimization of formula-
tions, by understanding pesticide distributions in the target
seeds.
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