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Organic—inorganic hybrid materials have a range of applications due to their unique properties. Their appli-
cation in agriculture brings alternatives for the controlled release of nutrients in the soil, the seed coating,
the transport of herbicides, and the treatment of plant diseases. The present study aimed to investigate the
use of fungicides incorporated into hybrid membranes formed by synthetic hectorite (LAPONITE®) and
polymers in the pre-treatment of garlic bulbils exposed to the pathogen Stromatinia cepivora, which causes
white rot. The coatings were selected by a germination test, based on the bulbil sprouting index, and by a
mycelial growth inhibition test, based on the percentage of mycelial growth inhibition. The chosen mem-
branes were used to coat the bulbils for bioassays conducted in a biochemical oxygen demand incubator at
17 °C. The coated bulbils were planted in soil samples containing three different densities of Stromatinia
cepivora: 0.1 g, 1.0 g, and 10 g of sclerotium per L of soil. Membranes containing 2% carboxymethyl cell-
ulose and 2% LAPONITE® incorporated with (i) the fungicide tebuconazole (36 mg L™ and (i) the combi-
nation of the actives tebuconazole (36 mg L™ and triadimenol (62 mg L™ showed the total rate of sprout-
ing and null indices of incidence of symptoms and mortality in its repetitions. The hybrid membranes were
characterized employing several techniques, including X-ray diffraction, infrared and Raman spectroscopy,
thermogravimetric analysis and differential scanning calorimetry coupled to mass spectrometry, and optical
microscopy. Characterization data confirmed the presence of fungicides incorporated into the membranes.
Some concentrations of fungicides were low enough not to be detected in all analyses performed, although
they guaranteed a protective character to the bulbils about the fungus S. cepivora present in the soil, with a
possibility of antifungal pre-treatment with a potential reduction in the concentration used.

1. Introduction

Garlic (Allium sativum L.) is a high-value bulbil plant cultivated
worldwide for food flavouring and medicinal purposes
because of its therapeutic properties. Although garlic has been
cultivated in Brazil for many years, the country still must
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estic consumption and recurrent crop losses caused by pests,
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yellow. The lower part of the stem is then attacked by white
mycelium, a vegetative part of the S. cepivora fungus.?

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/ The fungus then develops sclerotia to reserve its food for
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long periods, even without a host in the soil. Identifying this
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white mycelium and sclerotia is critical to a reliable diagnosis
of white rot.*

In addition to preventive measures, fungicides capable of
inhibiting sclerotia-producing pathogens have been reported to
be effective in controlling white rot. These fungicides are
applied directly to bulbils and seedlings before planting, such as
procymidone, vinclozolin and iprodione.’ Furthermore, studies
have been carried out to seek biological control of white rot
using isolated microorganisms, and techniques such as solariza-
tion combined with the use of commercially used fungicides
such as triadimenol and tebuconazole have been employed.>*

Several studies have explored the potential of using
organic-inorganic hybrid materials as effective alternatives in
agricultural applications for managing certain plant diseases.
These hybrid materials are homogeneous systems of organic
and inorganic components, typically on a nanometre to micro-
metre scale. The synergy between these components allows for
integrating various physical and chemical properties into the
material, resulting in enhanced surface area, ion exchange
capabilities, biocompatibility, increased durability, and several
other advantages.”"®

The use of polymeric membranes in the coating of bean
seeds (Phaseolus vulgaris L.), from organic-inorganic hybrid
materials, incorporating 1-naphthaleneacetic acid (NAA), is an
example of how these materials have shown good results in
the physiological characteristics of the plant, improving its
development.® Another example has been the use of organic-
inorganic hybrid materials in the coating of sugarcane micro-
stalks, to reduce the percentage of stalks used in the crop
planting process.'®

From this perspective, this study focused on preparing
organic-inorganic hybrid materials to coat garlic bulbils as a pre-
planting treatment. Specifically, the study aimed to (i) prepare
organic-inorganic hybrid membranes for coating garlic bulbils
using the interaction between LAPONITE®, a biopolymer (algi-

Table 1 Composition of the membranes
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nate or carboxymethyl cellulose), and a fungicide (tebuconazole,
triadimenol, or boscalid); (ii) confirm the interaction between
fungicides and polymeric membranes using Fourier-transform
infrared spectroscopy (FTIR-ATR), Raman spectroscopy, optical
microscopy, thermogravimetric analysis (TGA-DSC-MS), and X-ray
diffraction (XRD); and (iii) evaluate the effect of bulbils coated
with fungicides on the control of S. cepivora.

To our knowledge, this is the first study to evaluate the use
of CMC and LAPONITE® with fungicides as coating mem-
branes on garlic bulbils to prevent the infection by S. cepivora.

2. Experimental section
2.1 Reagents

For the preparation of organic-inorganic hybrid materials, the
following reagents were used: LAPONITE® (LAP) was provided
by Buntech (Sdo Paulo, Brazil); sodium alginate (ALG) was pro-
duced by Exodo Cientifica (Sumaré, Brazil); carboxymethyl-
cellulose (CMC), tebuconazole (TB), triadimenol (TD), and bos-
calid (BC) fungicides were produced by Merck (Darmstadt,
Germany); calcium nitrate (NC) was produced by ACS (Rio de
Janeiro, Brazil). Deionized water was obtained using a Milli-Q
water purification system (Millipore, France).

2.2 Preparation of organic-inorganic hybrid materials for
coating garlic bulbils

All solutions and dispersions were kept on a magnetic stirrer
to homogenize the phase for the synthesis. The dispersions
containing LAPONITE® in their composition were heated on a
hot plate at 80 °C and under agitation on a magnetic stirrer for
complete solubilization and exfoliation of the clay tactoids."
The prepared composites and their respective compositions in
terms of the amount of LAP, ALG, and CMC, and fungicidal
activity are presented in Table 1.

Lap® (mg) ALG (mg) CMC (mg) TD (mg) TB (mg) BC (mg) IP (mg) V(L) CODE

— 2000 — — — — — 0.1 ALG2

— — 2000 — — — — 0.1 CMC2

2000 2000 — — — — — 0.2 ALG2-LAP2
2000 — 2000 — — — — 0.2 CMC2-LAP2

— 2000 — 0.62 — — — 0.1 ALG2-TD

— — 2000 0.62 — — — 0.1 CMC2-TD

2000 2000 — 0.62 — — — 0.2 ALG2-LAP2-TD
2000 — 2000 0.62 — — — 0.2 CMC2-LAP2-TD
— 2000 — — 0.36 — — 0.1 ALG2-TB

— — 2000 — 0.36 — — 0.1 CMC2-TB

2000 2000 — — 0.36 — — 0.2 ALG2-LAP2-TB
2000 — 2000 — 0.36 — — 0.2 CMC2-LAP2-TB
— 2000 — — — 0.46 — 0.1 ALG2-BC

— — 2000 — — 0.46 — 0.1 CMC2-BC

2000 2000 — — — 0.46 — 0.2 ALG2-LAP2-BC
2000 — 2000 — — 0.46 — 0.2 CMC2-LAP2-BC
— — — — — — 5.0 x 10’ 0.1 CP

— — — 0.62 — — — 0.1 STD

— — — — 0.36 — — 0.1 STB

— — — 0.62 0.36 — — 0.1 STD-TB

2000 — 2000 0.62 0.36 — — 0.2 CMC2-LAP2-TB-TD

This journal is © The Royal Society of Chemistry 2024
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2.3 Structural characterization of organic-inorganic hybrid
materials

2.3.1 X-ray diffraction (XRD). A Shimadzu model XRD-6000
X-ray diffractometer was used for analysis via X-ray diffracto-
metry (XRD). A graphite crystal monochromator selects the
radiation used from Cu-Koy with 1 = 1.5406 A. The source’s
electrical current and potential were 30 mA and 30 kV, respect-
ively. The diffractograms were collected between (26) 4° and
70°, with a step of 1.0° per minute.

2.3.2 Molecular absorption spectroscopy in the infrared
region with a Fourier transform and attenuated total reflec-
tance (FTIR/ATR) accessory. A Jasco model FTIR 4100 spectro-
photometer with an attached ATR accessory was used. The
spectra obtained by the analysis were the result of 256 scans
with a resolution of 4 cm™" and a wave number range of 4000
to 400 cm ™.

2.3.3 Thermogravimetric analysis and differential scanning
calorimetry coupled to mass spectrometry (TGA-DSC-MS).
Thermogravimetric analyses were carried out using a 28
Netzsch STA 409 PC - Luxx thermobalance for simultaneous
TG-DSC analysis coupled to a Netzsch mass spectrometer
model QMS 403 C - Aeolos for detecting gases released from
the sample. Approximately 5 mg of sample was placed in an
alumina crucible and heated at 10 °C min™" in a synthetic air
flow (80% N, and 20% O,) of 100 cm® min™", from 30 °C to
1000 °C.

2.3.4 Vibrational Raman spectroscopy. The spectra were
recorded on an FT-Raman spectrometer, model RFS100/S from
Bruker Optics, using an Nd:YAG laser with excitation at
1064 nm. The power used was 100 mW, with a resolution of
4 cm™" and 1024 scans.

2.3.5 Light microscopy. Light microscopy images were col-
lected using a stereoscopic microscope (Physis brand) with 40
times magnification, and they were recorded with a cell phone
camera. Image]® software was used for the calculation of
coating thickness.

2.4 Coating of garlic bulbils to evaluate the sprouting rate
and formation of the aerial part and root system of plants

The collected bulbils were evaluated for the Visual Dormancy
Index (VDI) through longitudinal cuts until germination buds
with 50% of the germinating leaves were observed."” Then, the
bulbils were subjected to vernalization at 4 °C with the relative
humidity (RH) between 65% and 70% for 45 days. This process
consists of a pre-planting treatment that stimulates the differ-
entiation and formation of the bulbils, even at photoperiods
and temperatures inappropriate for the crop.”

The vernalized bulbils were kept at room temperature for
24 hours before planting. Subsequently, they were coated with
the synthesized solutions. The garlic cloves coated with solu-
tions containing sodium alginate were immersed in a 5.0% Ca
(NO3), solution for 10 s to form a hydrogel on the prepared
membranes.'” All the bulbils were dried at room temperature
for 2 h before planting them in sandboxes, with the garlic
cloves placed vertically, with the bud pointing upwards, in

7882 | Dalton Trans., 2024, 53, 7880-7889

View Article Online

Dalton Transactions

grooves 2 to 3 cm deep. There were 5 planting lines of 3
bulbils each. The experimental design was completely random-
ized with seven replications.

During the next 15 days after planting, daily monitoring
was carried out to identify germination occurrences based on
the treatment type, and soil irrigation was carried out as
needed to maintain moisture. After the growth period, the
roots and aerial parts were washed, dried, and measured separ-
ately. The roots were then digitized using a scanner to deter-
mine the volume, surface area, and length using Safira® soft-
ware. The dry and fresh masses of the roots and aerial parts
were also quantified on an analytical balance. Principal com-
ponent and cluster analyses were performed using the R soft-
ware version 4.04 (R Core Team, 2021) on the variables of
height, dry and fresh mass of roots and aerial parts.

2.5 Inhibition tests of mycelial growth of Stromatinia
cepivora by coating garlic bulbils with fungicides associated
with organic-inorganic materials

The active fungicides triadimenol solutions at 62 mg L™, tebu-
conazole at 36 mg L', and boscalid at 4.6 mg L™ were pre-
pared for the mycelial growth inhibition study. These solutions
were used as a basis for preparing the polymeric membranes.
The experiment was conducted in a completely randomized
design (CRD) with four replications. One replication consisted
of a plate containing a plug of S. cepivora mycelium and a
garlic bulbil on potato dextrose agar (PDA). The positive
control was made with the active ingredient iprodione
(Magic®, 500 g L"), traditionally used in garlic cultivation, to
compare its inhibitory effect on mycelial growth with the pre-
pared coatings. The negative controls were composed of PDA
media without the fungicide and S. cepivora mycelium plug
(CNM) to evaluate possible contamination of the mediumy;
PDA culture medium with mycelium plug (CNMB) to evaluate
fungal growth; and PDA culture medium containing uncoated
bulbils, with two repetitions being made (CN1 and CN2) to
observe possible contamination in the bulbils used.

Before the experiment, the garlic bulbils were washed in
running water and dried at room temperature. They were then
immersed for 120 s in a 2% sodium hypochlorite solution to
be disinfected and washed again in running water. After pre-
paring the plates, they were kept at 17 °C with a 12-hour photo-
period. The mycelial growth of the fungus was monitored
daily. The experiment was terminated when the pathogen grew
throughout the plate in the treatment containing only
mycelium discs and PDA medium.

2.6 Incidence of white rot in garlic bulbils coated with
polymeric membranes and incorporated fungicides

Twenty-seven liters of red latosol were collected and sieved
near the campus at coordinates 19°13'04.9” S 46°13'28.1"
W. Latosol was packed in plastic bags and autoclaved at 120 °C
for 60 minutes. It rested for 24 hours and autoclaved again
under the same conditions. The sclerotia of S. cepivora used in
the experiment were obtained from naturally infested soil col-
lected near Rio Paranaiba city at coordinates 19°11'39" S 46°

This journal is © The Royal Society of Chemistry 2024
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14'37" W. For disinfestation, the sclerotia were immersed in
50% ethyl alcohol (alcohol by volume) for 30 s, followed by
immersion in 0.5% v/v sodium hypochlorite for 60 s, rinsing
with deionized water and drying on germination paper, pre-
viously autoclaved. The sclerotia were kept conditioned for
three months and buried to break constitutive dormancy. A
volume of 300 g of autoclaved latosol was used for each rep-
etition. In each sample, the soil was first added to half the
volume, and then the remaining soil was mixed with the scler-
otia, completing the volume of 300 mL of soil. In each cup
containing the soil, holes were made at the bottom to absorb
water during the cultivation period. The containers were
placed in plastic trays and taken to the BOD incubator for sub-
sequent planting of the coated garlic bulbils. The description
of the membranes is presented in Table 1. The bulbils were
immersed in the membranes for 60 seconds each and dried
for 120 min at room temperature. At the end of the drying
period, two garlic bulbils were planted per sample, and the
trays were kept in a BOD incubator at 17 °C + 2 °C with a 12 h
light photoperiod. The trays were filled with 2 L of distilled
water each and checked every 72 h to replace water and monitor
growth. The experiment was set up in a completely randomized
design with three replications for each experimental unit. A
replicate was considered as a container containing two plants.

3. Results and discussion

3.1 Characterization of organic-inorganic hybrid materials

3.1.1 Xray diffraction analysis. The XRD pattern of LAP
showed a broad peak referring to the diffraction of (001)
planes at 20 equal to 6.78°. The LAP’s low crystallinity is due to
the small particles and low structural organization in the
stacking direction."® The diffractogram of CMC had a charac-
teristic peak in the 26 region equal to 20°, while ALG presented
an amorphous signal, characterized by the absence of diffrac-
tion peaks and a high baseline."®

Concerning the fungicidal active ingredients, the XRD
pattern of TD showed numerous intense diffraction peaks in the
20 region between 5° and 45° with a close relationship in width
and half height, characteristic of crystalline materials. The active
TB presented diffraction peaks between 15° and 45°. However,
after mixing with the LAP and the polymer, the diffractograms
showed a possible amorphization of the crystalline structures of
the active ingredients, which may be related to the low concen-
tration used and/or the interaction of the active ingredients with
the amorphous materials present in the films (Fig. 1).

3.1.2 Analysis by molecular absorption spectroscopy in the
infrared region with a Fourier transform and attenuated total
reflectance (FTIR-ATR) accessory. The FTIR-ATR spectrum of
LAP showed a band at 3675 cm™" with low intensity, character-
istic of stretching vibrations of Mg-OH groups. In the regions
of 3438 ecm™ and 1641 cm™’, stretching vibrations are pre-
sented as characteristics of hydroxyl groups (OH-) present in
the LAPONITE® or water molecules adsorbed by the clay in
the hydration process (Fig. 2).

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 XRD patterns of (A) - (a) TD; (b) LAP; (c) ALG; (d) CMC; (e) ALG2-
LAP2-TD and (f) CMC2-LAP2-TD and (B) — (a) TB; (b) LAP; (c) ALG; (d)
CMC; (e) ALG2-LAP2-TB; and (f) CMC2-LAP2-TB. The membrane codes
are described in Table 1.

A band of strong intensity evident at 960 cm™" corresponds
to the stretching vibrations of the Si-O bonds present in the
molecule. In the region of 652 cm™, a band of medium inten-
sity occurs due to stretching vibrations characteristic of Mg-
OH-Mg type bonds in the structure.

Finally, a band at 425 cm™" is attributed to the presence of
Si-O-Mg and Si-O-Si bonds in the structure due to the proxi-
mity and overlap of the bands in the spectrum."”*®

The sodium alginate (ALG) spectra present a broad band of
average intensity in the region of 3401 cm™, corresponding to
the presence of -OH bonds in the polymer structure and the
region of 2928 cm™ ", associated with the stretching vibrations
of -CH,. The bands at 1079 cm ™" and 1018 cm ™! are character-
istic of the CO and CO-C vibrations in mannuronic and
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Fig. 2 FTIR-ATR spectra for (A) — (a) TD; (b) LAP; (c) ALG; (d) CMC; (e)
ALG2-LAP2-TD; and (f) CMC2-LAP2-TD and (B) — (a) TB; (b) LAP; (c)
ALG; (d) CMC; (e)ALG2-LAP2-TB; and (f) CMC2-LAP2-TB. The mem-
brane codes are described in Table 1.
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guluronic monomers, respectively. The band in the region of
809 cm ™" evidences the presence of guluronic acid monomers.
In sodium carboxymethylcellulose (CMC) spectra, the strong
band at 3416 cm™" indicates the stretching vibrations of ~-OH
bonds in the intramolecular and intermolecular structures of
carboxymethylcellulose molecules. The band of strong inten-
sity in the region of 1609 cm™" occurs due to the presence of
sodium carboxylate (COO™Na") in the molecule, and the neigh-
boring bands at 1414 cm ™" and 1320 cm ™" are characteristic of
the presence of CO bonds in the group’s carboxylic acid
molecule.

The triadimenol spectra present a strong band at
3315 cm™?, characteristic of chlorine directly linked to the aro-
matic ring, in addition to cyclic nitrogen in the composition of
the molecule. Triadimenol is a fungicide from the triazole
class with the presence of cyclic bonds composed of nitrogen,
therefore presenting a strong band at 1489 cm™.*°

As it is an aromatic ether, a band of strong intensity is
evident at 1232 ecm™" and another one at 1015 cm™*, character-
istic of the presence of C-O bonds in ethers. Due to the two
substituents on the aromatic ring being in the para position,
there is a band of strong intensity at 823 cm ™.

The spectra of tebuconazole indicate vibrations in the
region of 3291 cm™" related to the presence of an ~OH bond in
the molecule and also show stretching of C-H bonds with the
aromatic ring at 3137 cm™" and symmetric stretching referring
to methyl groups (-CHj;) in the band at 2975 cm™".%° In the
region of 1509 cm™", a characteristic vibration occurs in the
connection between the benzene ring and carbon. The strong
band evident at 1486 cm™' refers to the vibration of the
carbons present in the aromatic ring, a phenomenon known
as skeleton vibration.

3.1.3 Thermogravimetric analysis with differential scan-
ning calorimetry and mass spectrometry (TGA-DSC-MS). The
thermograms presented in the ESIf revealed that both the
membranes synthesized with sodium alginate and those with
sodium carboxymethylcellulose each presented two major
decomposition events during the heating program carried out
(from 30 °C to 1000 °C) - Fig. S1.} The first event occurred
between 200 and 300 °C, characteristic of the decomposition
of compounds by volatilization, with an average loss of 40% of
the mass with molar mass m/z = 18, which indicates water as
the main decomposition product. The second event, between
500 and 700 °C, characteristic of the decomposition of “carbon
black”, with a molar mass m/z = 44, determined using the
mass spectrometer, indicates a loss of 30% in mass of CO,
molecules in both polymer structures in this temperature
range. Differentially, it was found that the heat flow was predo-
minantly endothermic, that is, heat is supplied to the sample
to maintain the temperature difference between the sample
and the reference null.

The DTG curves presented indicated the starting tempera-
tures of the decomposition reactions and the moments at
which the reaction rates became maximum during the process.
Sharp peaks were observed at the same temperatures for the
main decomposition events presented in the TG curves.

7884 | Dalton Trans., 2024, 53, 7880-7889
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From 700 °C onwards, there was a stage of waste decompo-
sition, in which the formation of zinc and aluminum oxides
generally occurs. The thermogravimetric curves allowed the
evaluation of the thermal stability of the constituent materials,
the water content in the compounds, and the chemical compo-
sition of the samples.

3.1.4 Vibrational Raman spectroscopy analysis. The Raman
spectrum of pure LAPONITE® presents a band of strong inten-
sity at 684 cm™" due to the symmetric vibrations of the SiO,
networks present in the synthetic clay structure and bands of
lower intensity at 1087 cm™, associated with the presence of
asymmetric Si-O bonds: 362 cm™', coming from vibrational
modes characteristic of Si-O and Mg-O bonds, and 188 cm™,
coming from vibrations of MgLiOg groups, present in the octa-
hedral interlayer of the clay.*'* The spectra of the hybrid
materials present the band at 684 cm™' a characteristic of
LAPONITE® that confirms the presence of clay (Fig. 3).

The Raman spectrum of triadimenol presents a band of
strong intensity between 1500 cm™" and 1600 cm™', as also
seen in the active tebuconazole, referring to the chemical
group of triazoles. At 1596 cm™", there is a band referring to
cyclic nitrogen bonds. The active ingredient also presents
bands of strong intensity between 1200 cm™" and 1300 cm™,
characteristic of the aromatic ether present in the structure. In
the region of 1373 ecm™", there is a strong band of high inten-
sity characterized by the -para position of the substituents of
the aromatic ring of the triadimenol. Other characteristic
active bands are also found at 1120 cm™' and range from
950 cm ™" to 600 cm ™.

The sodium alginate polymer has two bands, at 1416 cm™
and 1614 cm™, characteristic of the stretching vibrations of
the COO-carboxylic bonds. At 1096 cm™, a strong band high-
lights the presence of C-C stretching vibrations, C-O-C glyco-
sidic bonds, and symmetric stretching vibrations known as
“ring breathing”.

After synthesis, bands around 1600 cm™, 1400 cm™", and
1100 cm™' indicate the presence of sodium alginate. The
1614 cm™" band underwent a shift to 1608 cm™, which can be
justified by the molecular interactions between the polymer
and the active triadimenol fungicide. The same was observed
with the 1614 cm™ band, which moved to 1594 cm™ in
relation to the interaction of sodium alginate with the active
fungicide tebuconazole.

The Raman spectrum for sodium carboxymethylcellulose
has bands like those found in the sodium alginate molecule,
such as the vibrational modes of symmetric and asymmetric
stretching of the carboxylate ion, respectively, found at
1415 cm™ and 1599 cm™'. Likewise, a band at 1099 cm™
highlights the presence of C-C stretching vibrations, C-O-C
glycosidic bonds and the symmetric stretching vibrations of
“ring breathing”.

The Raman spectrum of tebuconazole presents bands
characteristic of the fungicide gathered in the region between
1590 cm™" and 1800 ¢cm™', mainly due to a band of strong
intensity at 1596 cm™", which highlights the presence of the

compound. The band between 1500 cm™" and 1600 cm™" is

1
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characteristic of the group of triazoles, heterocyclic com-
pounds formed by the presence of 3 nitrogen atoms in the
same cyclic nucleus.

The absence of a Raman signal referring to the fungicide
molecules in the spectra of the hybrid materials is associated
with the low doses used compared to those in commercial use.
Furthermore, changes in the spectra profiles of the synthesized
membranes containing fungicides were observed in relation to
those without fungicides. These subtle changes in profiles
suggested an interaction between the fungicidal actives and
the polymers in the membranes.

3.2 Effect of coatings on the sprouting rate and formation of
the aerial part and root system of plants

Garlic bulbils coated with membranes that contained CMC2-
LAP2 in their composition showed the highest sprouting
rates of 86% and 100%, respectively. In addition to sprouting
indices, the coatings were evaluated in relation to uniformity,
viscosity, and flow on the surface of the bulbils. From the
analysis of the synthesized coatings, the treatments selected
were ALG2, CMC2, ALG2-LAP2, and CMC2-LAP2. The four
coatings together with the control (BR) were evaluated in
relation to germination percentage and shoot length.
Regarding the development of the aerial part, seedlings from
bulbils coated with hybrid materials showed the highest
length values. The coating CMC2-LAP2 showed 49.6% higher
growth than the control (BR). According to the germination
percentages observed, it is possible to suggest that the coat-
ings used supported the germination process, as well as the
development of the seedlings, in contrast to the bulbils that
did not receive any type of treatment. In fact, seed coating
can significantly help increase bulbil vigor, reflecting
cultivar growth and providing seed protection and crop
maintenance.?®
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Fig. 3 Raman spectra for: (A) — (a) TD; (b) LAP; (c) ALG; (d) CMC; (e)
ALG2-LAP2-TD; and (f) CMC2-LAP2-TD and (B) - (a) TB; (b) LAP; (c)
ALG; (d) CMC; (e)ALG2-LAP2-TB; and (f) CMC2-LAP2-TB. The mem-
brane codes are described in Table 1.
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3.3 Effect of garlic bulbil coatings on the inhibition of
mycelial growth of Stromatinia cepivora

The treatments based on the active ingredient tebuconazole
obtained the highest average percentages of inhibition of
mycelial growth and allowed lower average growth of mycelium
discs on the plates in relation to the other fungicidal active
ingredients tested. Among the treatments using the active
ingredient, the CMC2-LAP2-TB coating was the one that
showed the highest percentage of growth inhibition - PIC
(64.5%), as well as the lowest S. cepivora colony area (68.3 cm®),
having a significant inhibitory behaviour considering the low
concentration of the fungicidal active ingredient added to the
coating (36 mg L™") - Fig. S2.1 As is known, tebuconazole is a
triazole fungicide widely used to control S. cepivora in other
species of the Allium family.>*

Comparing results from using tebuconazole with other fun-
gicides in mycelial growth inhibition tests, it was found that
tebuconazole also showed greater inhibitory efficiency, which
may be related to the molecular structure of the active ingredi-
ent.”® The use of the active ingredient tebuconazole with its
antifungal activity combined with the organic-inorganic
hybrid material covering the bulbils may have intensified the
protection offered to the bulbils against external agents,
leading to a reduction in mycelial growth and consequently, a
greater area of inhibition in relation to growth from
S. cepivora.

In contrast, garlic bulbils coated only with organic-in-
organic hybrid materials, without the presence of fungicides,
did not inhibit the mycelial growth of S. cepivora, nor was any
inhibition observed from coatings containing the fungicide
boscalid, which may be related to the low concentration used
(4.6 mg L) and its low fixation in the coatings in which it
was incorporated. Table 2 presents the areas of mycelial
growth and the percentages of mycelium growth inhibition
rate (MGIR) for each treatment. In the positive control, garlic
bulbils treated with the active fungicide iprodione showed an
inhibitory effect of 87.7% when a commercial dose of 1.0 kg of
the product per 100 kg of bulbils was used, proportional to the
weight of the seeds for application. It is worth remembering
that the concentration of the active tebuconazole used in the
synthesis of the coatings (36 mg L™") was 5555.5 times lower
than that used commercially (200 g L™"). Therefore, studying
this active concentration applied to organic-inorganic hybrid
materials may suggest an efficient activity of polymeric mem-
branes in contrast to the dose of the commercial product used.

3.4 Evaluation of the inhibitory effect of coatings on soil
infested by Stromatinia cepivora

At this stage, the coatings were evaluated according to sprout-
ing rates, the incidence of symptoms characteristic of white
rot, and mortality during the bioassay. Table 3 shows 30
different treatments evaluated at sclerotium concentrations of
0.1, 1.0, and 10 g L™" of soil.

The sprouting rates were lower for the bulbils that did not
receive coatings and were simply immersed in solutions of
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Table 2 Effect of the treatments and mycelium growth inhibition rate (MGIR) of Stromatinia cepivora

Fungicide used Treatment Composition of treatments Area (cm?) MGIR (%)
— 1.1-14 Untreated garlic bulbil 192.0 0.0
— 2.1-2.4 2% sodium alginate solution 192.0 0.0
— 3.1-3.4 2% carboxymethylcellulose solution 192.0 0.0
— 4.1-4.4 2% sodium alginate and 2% LAPONITE® dispersion 192.0 0.0
— 5.1-54 2% carboxymethylcellulose and 2% LAPONITE® dispersion 192.0 0.0
Triadimenol 6.1-64 Untreated garlic bulbil 131.5 31.5
Triadimenol 71-74 2% sodium alginate solution 133.7 30.4
Triadimenol 8.1-84 2% carboxymethylcellulose solution 116.9 39.1
Triadimenol 9.1-9.4 2% sodium alginate and 2% LAPONITE® dispersion 161.5 15.9
Triadimenol 10.1-10.4 2% carboxymethylcellulose and 2% LAPONITE® dispersion 145.7 24.1
Boscalid 11.1-11.4 Untreated garlic bulbil 192.0 0.0
Boscalid 12.1-12.4 2% sodium alginate solution 192.0 0.0
Boscalid 13.1-13.4 2% carboxymethylcellulose solution 192.0 0.0
Boscalid 14.1-14.4 2% sodium alginate and 2% LAPONITE® dispersion 192.0 0.0
Boscalid 15.1-15.4 2% carboxymethylcellulose and 2% LAPONITE® dispersion 192.0 0.0
Tebuconazole 16.1-16.4 Untreated garlic bulbil 110.7 42.4
Tebuconazole 17.1-17.4 2% sodium alginate solution 114.7 40.4
Tebuconazole 18.1-18.4 2% carboxymethylcellulose solution 88.0 54.2
Tebuconazole 19.1-19.4 2% sodium alginate and 2% LAPONITE® dispersion 141.2 26.5
Tebuconazole 20.1-20.4 2% carboxymethylcellulose and 2% LAPONITE® dispersion 68.3 64.5
Iprodione 21.1-21.4 Untreated garlic bulbil (positive control) 23.7 87.7
— 22 Petri dish containing PDA medium (negative control) 0.5 99.8
— 23 Petri dish containing PDA medium and mycelium disc (negative control) 192.0 0.0
— 24 Petri dish containing PDA medium and untreated garlic bulbil (negative control) 0.0 100.0

active fungicides or planted without any pre-treatments. It is
worth noting that all bulbils treated with the fungicide ipro-
dione used as a positive control showed a sprouting rate of
100%. This may be related to the activity of iprodione on the
soil microbial community, reducing the fungal biomass
present in the samples.”®

Regarding the percentage incidence of symptoms character-
istic of white rot, the experiments with a concentration of 0.1 g
of sclerotium per L of soil presented the lowest average inci-
dence (8.33%). This must be related to the low concentration
of the sclerotia in the soil, which may have contributed to the
lack of symptoms in the seedlings.

In the experiments carried out at a concentration of 1 g of
sclerotium per L of soil, the CMC2-LAP2-TB-TD coating was
the only one which showed no evidence of infection by the
fungus in the roots and bulbils.

At the highest concentration of sclerotium tested (10 g of
sclerotium per L of soil), two coatings, CMC2-LAP2-TB and
CMC2-LAP2-TB-TD, prevented the incidence of symptoms.
Correlating these results with those obtained in the mycelial
growth inhibition test, the presence of the fungicide tebucona-
zole in the composition of the polymeric membranes resulted
in a greater antifungal effect than that of the other active fungi-
cides used.

Bulbil mortality, a common occurrence in plants affected
by white rot, was the highest on average (26.67%) when the
bulbils developed in soil with a high concentration of sclero-
tium (10 g of sclerotium per L of soil).

Bioassay data were analyzed using analysis of variance
(ANOVA) with the aid of R software version 4.1.2. Fig. 4 pre-
sents the interaction graphs obtained through the relationship
between the density of sclerotia in the soil (g of sclerotium per

7886 | Dalton Trans., 2024, 53, 7880-7889

L of soil) and the sprouting, incidence, and mortality rates,
respectively.

In Fig. 4(A), all treatments present a sprouting index greater
than 33.33% in the sclerotium concentrations in the soil ana-
lyzed, except for the negative control (treatment 10 - soil
without garlic bulbil). As previously mentioned, the positive
control made with the active ingredient iprodione (treatment 9
- garlic bulbil soaked in iprodione solution) showed a sprout-
ing rate of 100% at all sclerotium densities.

Treatments 4 (CMC2-LAP2-TD), 6 (CMC2-LAP2-TB), and 8
(CMC2-LAP2-TB-TD) showed a sprouting rate greater than
83.33% at densities of 1.0 and 10.0 g of sclerotium per L of
soil, being the coatings that obtained the best results at these
sclerotium densities in the soil. This may be related to the
interaction between the incorporated fungicidal active ingredi-
ents and the polymeric membranes composed of 2% CMC and
2% LAPONITE®.

For treatments 1 (untreated garlic bulbil) and 2 (CMC2-
LAP2), both without the incorporation of fungicides, a similar
behavior was observed in the sprouting, incidence, and mor-
tality, with seed development only at low sclerotium density
(0.1 g of sclerotium per L of soil).

Considering Fig. 4(B), which shows the percentages of the
incidence of symptoms in relation to the density of sclerotia in
the soil, membranes 4, 6 and 8 presented 16.67% (treatment
4) and 0% (treatments 6 and 8) at a density of 10.0 g of sclero-
tium per L of soil. These percentages are higher than those
presented by the positive control (treatment 9), which had a
33.33% incidence at this concentration.

In Fig. 4(C), which indicates the percentages of mortality
observed in the experiment, only treatments 6 and 8 obtained
zero seedling mortality rates, which suggests a more signifi-
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Table 3 Conditions used for the final bioassay
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Sclerotium concentration in
soil (escl. per g of soil)

Fungicidal active ingredient

concentration (mg L") Treatment

Treatment composition

0.01 — 1.1-13
— 2.1-23
62.0 3.1-33
62.0 4.1-43
36.0 5.1-5.3
36.0 6.1-6.3
62.0 7.1-7.3
36.0
62.0 8.1-8.3
36.0
1 kg of active ingredient per  9.1-9.3
100 kg of garlic
— 10.1-10.3

0.1 — 11.1-11.3
— 12.1-12.3
62.0 13.1-13.3
62.0 14.1-14.3
36.0 15.1-15.3
36.0 16.1-16.3
62.0 17.1-17.3
36.0
62.0 18.1-18.3
36.0
1 kg of active ingredient per ~ 19.1-19.4
100 kg of garlic
— 20.1-20.3

1.0 — 21.1-21.3
— 22.1-22.3
62.0 23.1-23.3
62.0 24.1-24.3
36.0 25.1-25.3
36.0 26.1-26.3
62.0 27.1-27.3
36.0
62.0 28.1-28.3
36.0
1 kg of active ingredient per ~ 29.1 - 29.3
100 kg of garlic
— 30.1-30.3

cant antifungal potential of these membranes in relation to
the others.

Thus, the polymeric membranes synthesized with the com-
bination of CMC and LAPONITE® showed more significant
interactions with the active fungicides triadimenol and tebuco-
nazole, resulting in a greater inhibitory effect on the activity of
the fungus S. cepivora in garlic bulbils. These films were quan-
tified by High-Performance Liquid Chromatography (HPLC) in
relation to the amount of fungicidal active ingredient present
per film area, showing a dosage of 0.17 mg cm™? in relation to
that of triadimenol and 0.098 mg cm™ in relation to that of
tebuconazole in the analyzed membranes.

The biocompatibility and non-toxicity of the organic-in-
organic hybrid materials that make up the coating, together

This journal is © The Royal Society of Chemistry 2024

Untreated garlic bulbil

2% carboxymethylcellulose and 2% LAPONITE® solution

Garlic bulbil soaked in triadimenol solution

2% Carboxymethylcellulose solution and 2% LAPONITE® from
triadimenol solution (62 mg L)

Garlic bulbil soaked in tebuconazole solution

2% carboxymethylcellulose solution and 2% LAPONITE® from
tebuconazole solution (36 mg L™")

Garlic bulbil soaked in combined solution of triadimenol (62 mg L ™)
and tebuconazole (36 mg L")

2% carboxymethylcellulose solution and 2% LAPONITE® from a
combined solution of triadimenol (62 mg L") and tebuconazole
(36 mg L")

Garlic bulbil soaked in iprodione solution (positive control)

Soil without garlic bulbils (negative control)

Untreated garlic bulbil

2% carboxymethylcellulose and 2% LAPONITE® solution

Garlic bulbil soaked in triadimenol solution

2% carboxymethylcellulose solution and 2% LAPONITE® from
triadimenol solution (62 mg L)

Garlic bulbil soaked in tebuconazole solution

2% carboxymethylcellulose solution and 2% LAPONITE® from
tebuconazole solution (36 mg L™")

Garlic bulbil soaked in combined solution of triadimenol (62 mg L)
and tebuconazole (36 mg L")

2% carboxymethylcellulose solution and 2% LAPONITE® from a
combined solution of triadimenol (62 mg L") and tebuconazole
(36 mg L")

Garlic bulbil soaked in iprodione solution (positive control)

Soil without garlic bulbils (negative control)

Untreated garlic bulbil

2% Carboxymethylcellulose and 2% LAPONITE® solution

Garlic bulbil soaked in triadimenol solution

2% Carboxymethylcellulose solution and 2% LAPONITE® from
triadimenol solution (62 mg L)

Garlic bulbil soaked in tebuconazole solution

2% Carboxymethylcellulose solution and 2% LAPONITE® from
tebuconazole solution (36 mg L™")

Garlic bulbil soaked in a combined solution of triadimenol (62 mg
L") and tebuconazole (36 mg L")

2% carboxymethylcellulose solution and 2% LAPONITE® from a
combined solution of Triadimenol (62 mg L") and tebuconazole
(36 mg L")

Garlic bulbil soaked in iprodione solution (positive control)

Soil without garlic bulbils (negative control)

with the low concentration of fungicides used in the compo-
sition of the polymeric membrane, give the material an inno-
vative character for the treatment of pre-planting garlic
bulbils.>”*° Furthermore, using antifungal hybrid materials
increases the treatment surface area of the bulbil, while enhan-
cing the inhibitory effect despite reduced quantities and
concentrations.***"

It is worth remembering that the bulbils were developed
in a BOD incubator at a temperature and photoperiod favor-
able to the fungus S. cepivora throughout the experiment.
The presence of water and adequate temperature, humidity,
and light photoperiod, among other characteristics, make
the environment favorable for fungal development and
growth.?>734

Dalton Trans., 2024, 53, 7880-7889 | 7887


https://doi.org/10.1039/d4dt00301b

Published on 08 April 2024. Downloaded on 4/12/2025 4:04:41 AM.

Paper
Interaction plot
(A)
8 Reeecce=== —— — e——
= . - " d trat
- ‘
- < 4
8 -
R o » / & 6
= > Sea 7
£ +~ e 8
3 ~o [*9
s o 3
N o G- 1
= 2
10
o - > > & !
0.1 1 10
Density
(B) Interaction plot
(=4
o r
- trat
8 g .
2
3
X 8 p 5
ot " 7
S < - ”// ) ~ . - 9
=4 / e 4
S . P g i B 6
c & -
&£ & e P + 8
S el S ~—— 10
° w= o =
0.1 1 10
Density
© Interaction plot
8
- ’ trat
3 § L - 3 1
’ 2
=3 s 3
g ’ 4
2 i 7
< . ’
z¥ , S
5 . 4
€ o . 8
g " e 9
" 10
o [ B " "
0.1 1 10
Density

Fig. 4 Interaction graph between the density of sclerotia in the soil (g
of sclerotium per L of soil) and (A) the sprouting rates, (B) the incidence
rates and (C) the mortality rates observed in the bioassay. The treatment
codes and their repetitions are described in Table 3.

4. Conclusions

The use of the fungicides triadimenol and tebuconazole incor-
porated into polymeric membranes in the coating of garlic
bulbils (Allium sativum L.) helped mitigate the occurrence of
white rot caused by the fungus Stromatinia cepivora in the
experiments carried out.

The characterization techniques used during this study con-
firmed the presence of polymeric membranes on the surfaces
of garlic bulbils (Allium sativum L.) and the interaction
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between the fungicidal active ingredients and the polymeric
membranes that make up the bulbils’ coating, highlighting
polymer—-clay interactions and fungicides.

Although the active fungicides were incorporated at low
concentrations, when compared to those used commercially,
they showed an inhibitory effect on the mycelial growth of the
fungus S. cepivora, preventing the appearance of symptoms
both in the mycelial growth inhibition test stage - ICM and in
the bioassay conducted at BOD.

Among some of the limitations found in the study, the low
water solubility of the fungicidal active ingredients led to the
investigation of the inhibitory behaviour of the active ingredi-
ents at these concentrations in this work, which fortunately
showed positive results.

The results presented in this study have opened a discus-
sion on the possibility of potentially reducing the concen-
trations of fungicidal active ingredients currently used to miti-
gate white rot disease, based on the associated use of poly-
meric membranes in the pre-treatment of garlic bulbils (Allium
sativum L.) and of other potentially affected crops, which
implies the need for future studies that investigate the behav-
iour of this pre-treatment in situations where crops are
affected by the fungus S. cepivora.
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