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Abstract

Purpose This study aimed to investigate the influence of a mix of manganese (Mn) and zinc (Zn) from soluble foliar
fertilizers-based sulfates and EDTA chelates with fungicides-based emulsifiable concentrate and suspension concentrate for
Powdery Mildew control.

Methods From greenhouse conditions, nutrient absorption in soybean plants (Glycine max L.) at the V3 and R1 growth
stages was quantified using portable and benchtop X-ray fluorescence (pXRF) equipment to determine absorption dynamics
over time. Additionally, synchrotron-based imaging was employed to analyze elemental distribution across the leaf surface
following application. Powdery Mildew severity was assessed 15 days post-application to evaluate disease control efficacy.
Results Mn and Zn were more effectively absorbed when applied as sulfates and without mixture. However, when EDTA-
chelated Mn and Zn were combined with emulsifiable concentrate fungicides, absorption rates surpassed those observed
with fertilizers applied alone. Synchrotron analysis revealed complete diffusion of Mn and Zn throughout the treated leaf
area within 48 h. Furthermore, fungicides were effective in disease control when applied both alone and in combination with
foliar soluble fertilizers.

Conclusion Tank mix of soluble fertilizers and fungicides interferes with nutrient absorption, but under greenhouse condi-
tions, no negative effects were observed on disease control efficacy.

Keywords Foliar fertilizers - Fungicides - X-ray fluorescence - Tank mix - Foliar absorption - Disease control

1 Introduction

High crop yields depend on several agronomical prac-
tices, including the proper supply of mineral nutrients
and agrochemicals (Rodrigues et al. 2021; Caldwell et
al. 2017). The combination of compounds, such as fun-
gicides and fertilizers, into a single tank mix is a com-
mon practice in many crop species, including soybean
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(Glycine max L.) (De Almeida Machado et al. 2020). This
approach promotes precise delivery of these compounds
while reducing the frequency of spraying by self-pro-
pelled vehicles or aircraft, hence minimizing the damage
caused by terrestrial vehicles on soil, as well as reducing
fuel consumption, water use, and operational time costs
(Gazziero 2015).

Given the increasing complexity of agricultural formula-
tions, including the reduction of spray volume, there is a
rising demand for a proper understanding of tank mixtures,
as their physical-chemical properties, such as surface ten-
sion, pH, electrical conductivity, and solution stability, can
ultimately influence the effectiveness of plant treatments
(Maciel et al. 2010; Petter et al. 2013). Mixtures may exhibit
additive, synergistic, or antagonistic effects, i.e., where the
combined compounds achieve either equal, increased, or
reduced performances, impacting pest control and leading
to possible toxicological risks (Ikeda 2013).
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Manganese (Mn) and zinc (Zn) are essential micronutri-
ents for plant metabolism. Mn acts as a cofactor in about
6% of plant metalloenzymes, supports reactive oxygen spe-
cies detoxification, and plays a key role in photosynthesis
via the oxygen-evolving complex of photosystem II (Kok
et al. 1970; Schmidt et al. 2013). Zn, present in roughly 9%
of the eukaryotic proteome, regulates nitrogen metabolism,
activates enzymes and transcription factors like zinc-finger
proteins, and protects cell membranes from oxidative dam-
age (Stanton et al. 2022; Hafeez et al. 2013; Broadley et
al. 2012; Kirkby and Rémheld 2004). It also promotes leaf
expansion and protein synthesis, which are quickly restored
with Zn supplementation (Elsby 2008; Patel et al. 2007).
Soil availability of both nutrients depends on factors like
pH and oxygen levels, and deficiencies lead to chlorosis and
stunted growth. In crops like soybean, Mn and Zn uptake
ranges from 285 to 385 g ha™ and 310-432 g ha™', respec-
tively, with significant portions exported through harvested
grains (Bender et al. 2015).

To sustain nutrient availability for future crops, it is
essential to maintain adequate levels of Zn and Mn in the
soil, particularly in tropical and subtropical regions where
soil type, pH, and climate significantly affect their availabil-
ity to plants (Xia et al. 2024; Martins et al. 2008; Chiarini et
al. 1998). For instance, in Brazil, optimal soybean develop-
ment and high yields are expected at 5 and 1.3 mg dm > Mn
and Zn soil concentration values (Cantarella et al. 2022).
However, the available soil Mn and Zn contents are usually
found at 5.47 and 0.83 mg dm >, respectively (Verdame et
al. 2007). Hence, 350 and 250 g ha ! Mn and Zn fertiliza-
tion is often recommended to ensure adequate supply dur-
ing the current and subsequent cropping seasons (Resende
2004). The fertilization timing, i.c., before the onset of the
plant’s reproductive (flowering) stage, is also critical to pre-
vent Mn and Zn scarcity at key growth stages intricately tied
with yield.

Foliar-based Mn and Zn delivery enables their rapid
absorption and availability. Typical sources include oxides
and carbonate concentrated suspensions, soluble, e.g., chlo-
rides, sulfates, and nitrates, and complexes or chelates with
ligands like EDTA, amino acids, citrate, and lignosulfonate.
Although soluble salt sources (sulfates and chlorides) are
usually cheaper, they are also highly reactive and poten-
tially incompatible with other agrichemicals, while chelated
sources, although costly, provide more stability in tank
mixes (Alshaal and El-Ramady 2017).

Foliar-applied nutrients penetrate the leaf mainly through
the cuticle and the stomata. Although the relative impor-
tance of each structure is still widely discussed (Eichert
and Goldbach 2008), the penetration efficiency depends on
the properties of the sprayed compound, such as its water
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solubility and particle size, and the characteristics of the leaf
surface, including wettability, cuticle composition, and sto-
matal density. Nutrient penetration into leaf surfaces occurs
passively, driven by the concentration gradient between the
surface and the leaf interior.

It is noteworthy to emphasize that, despite being widely
employed, the “foliar uptake”, which implies the active
absorption of the applied nutrients by the plants, is often
misleading. It is crucial to distinguish the nutrient uptake
into the leaf cells and their subsequent absorption and long-
distance transport. Herein, we focused specifically on the
initial penetration process termed foliar absorption in this
paper.

Moreover, proper control of fungal diseases is crucial for
the effective development of crop species. Powdery mildew
(Erysiphe diffusa) can cause significant yield losses in soy-
bean crops, leading to a drop in productivity of up to 50%
during vegetative growth stages (Igarashi et al. 2020). The
fungus infects plants by developing white-to-grey myce-
lial and conidial growth on aerial parts, starting with fine
fungal layers on the upper leaf surfaces. As the infection
progresses, it spreads extensively, disrupting essential phys-
iological processes like photosynthesis and transpiration
(Dunleavy 1978).

Systemic fungicides are particularly effective among the
fungicides used for control. These compounds are absorbed
by the plant, offering internal protection against fungal
pathogens. Examples include triazoles, which inhibit ergos-
terol biosynthesis, and strobilurins, which interfere with
mitochondrial respiration (Tleuova et al. 2020). However,
little is known about their interaction when applied in con-
junction with foliar fertilizers.

Therefore, this study hypothesizes that the mixtures of
soluble fertilizers with fungicides reduce effectiveness and
impair micronutrient absorption. The aim is to elucidate
the effects of combining Mn and Zn soluble fertilizers
(based on sulfate anion and EDTA chelate) with emulsi-
fiable concentrate fungicide (difenoconazole and cypro-
conazole) and suspension concentrate fungicide (bixafen,
trifloxystrobin, and prothioconazole) on the foliar absorp-
tion of Mn and Zn, as well as on the control of powdery
mildew. Soybean was chosen as a model species because
of its importance as a protein and oil source worldwide,
and a crop frequently subjected to combined fertilizer and
fungicide foliar applications. By examining these inter-
actions in the context of foliar application, we seek to
understand how fungicide treatments may influence the
availability and absorption of these nutrients, and whether
the mixture reduces disease control. Ultimately, we expect
to contribute to more effective fertilization strategies for
soybean plants.
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2 Materials and methods
2.1 Reagents

The study employed the following sources of manganese
(Mn) and zinc (Zn): MnSO4-H-O (31.85 wt% Mn, Synth,
Brazil), ZnSO4:7 H20 (22.73 wt% Zn, Synth, Brazil), man-
ganese ethylenediaminetetraacetate (Mn-EDTA) (13 wt%
Mn, ICL, Brazil), and zinc ethylenediaminetetraacetate
(Zn-EDTA) (15 wt% Zn, ICL, Brazil). Furthermore, two
commercial fungicides: (i) suspension concentrate (SC)
containing an active ingredient (AI) of 125 g L™! Bixafen,
175 g L™! of Prothioconazole, 150 g L™ ! of trifloxystrobin,
and 730 g L™ ! other ingredients; (Bayer); (ii) emulsifiable
concentrate (EC) consisting of active ingredient (AI) 250 g
L™ ! of Difenoconazole, 150 g L™! of Cyproconazole and
740 g L ! of other ingredients (Syngenta). The manufac-
turer did not disclose the details of the other ingredients
in the emulsifiable and suspension concentrate fungicide
formulations.

All formulations were prepared using 0.25% of an adju-
vant consisting of fatty acid esters of plant origin, with
930 g L™ ! vegetal oil and 70 g L™! other ingredients. The
manufacturer did not disclose the details of the other ingre-
dients. These other ingredients generally include surfac-
tants, diluents, or adjuvants, which stabilize the formulation
and enhance the product’s penetration into plants. However,
the specific composition is classified as confidential com-
mercial information (Defarge et al. 2018).

2.2 Solution and Suspension Preparation

The emulsifiable concentrate fungicide solution was pre-
pared at a rate of 0.3 L ha™!, while the suspension concen-
trate fungicide solution was prepared at 0.5 L ha™?, following
the manufacturer’s instructions. Considering a spray mix
volume of 70 L ha™!, the final concentration for Mn and Zn
was set at 4.28 g L', equivalent to 300 g of Mn ha™' and
300 g of Zn ha™', and to the fungicides 4.28 and 7.14 mL
L™ for emulsifiable concentrate and suspension concentrate,
respectively.

The solutions were prepared following the guidelines
from the Brazilian Agricultural Research Corporation
(Gazziero et al. 2021). Briefly, 30 mL of water was agitated,
then 112.5 pL of adjuvant was added, followed by the fun-
gicide (321 pL for the concentrate suspension and 192.8
pL for the emulsifiable concentrate), and finally 15 mL of
the Mn 5,Zn 44 solution (from sulfate or EDTA chelate
sources). The pH and electrical conductivity of the solution
are listed in Table S2.

2.3 Plant Cultivation
2.3.1 Growing Vermiculite

Soybean seeds (cultivar M917IPRO) were sown in 2.5 dm®
pots containing 0.5 kg of expansive vermiculite (Natura in
vita, Brazil). The plants were grown in a greenhouse under
natural photoperiod and solar irradiance (without supple-
mental lighting) with 37+5 °C and 20+2 °C day and night
temperatures, and 25+ 5% to 78 +8% relative air humidity.
The substrate was irrigated daily using a modified Cakmak’s
nutrient solution (as detailed in Table S1), and the moisture
was kept at 70% water-holding capacity. The experimental
setup consisted of plants grown at a density of three per pot.
A total of 42 plants were utilized as follows: 30 plants for
foliar absorption measurements and 15 plants for synchro-
tron-based imaging analysis.

2.3.2 Growing Soil

A full-cycle experiment was carried out under greenhouse
under natural photoperiod and solar irradiance (without sup-
plemental lighting), between November 2023 and January
2024 in the municipality of Piracicaba, Brazil (547 m alti-
tude, 22°42°S, 47°38°W). In this regard, soybean seeds (cul-
tivar, M917IPRO) were sown in 5 dm® pots containing 5 kg
of clay soil (5 seeds pot~!). The average temperatures ranged
from 37=+5 °C during the day to 20+2 °C at night, while the
relative humidity fluctuated between 20 and 30% minimum
and 70-86% maximum values, respectively. The nitrosol
soil (Nitossolo Vermelho Eutroférrido Latossolico — accord
to Brazilian system) used to fill the pots was collected at the
experimental area at the Luiz de Queiroz College of Agri-
culture of the University of Sao Paulo, in Piracicaba, Bra-
zil, and subjected to chemical analyses, as shown in Table
S1. Plants were grown at a density of two per pot with five
replicates per treatment (90 plants total). Soil moisture was
maintained at 70% water-holding capacity using deionized
water. The plant population was equally divided between
two evaluation groups: 45 plants for foliar absorption and
45 for disease control and grain yield assessments.

2.4 InVivo Foliar Absorption Kinetics Assay

After reaching the V2 phenological stage, i.e., when two
completely expanded trifoliate leaves were present, the
plants in vermiculite were carefully transferred to the indi-
vidual acrylic sample holders specifically developed for this
analysis, as shown in Fig. S1. For each treatment, detailed in
Table 1, using a micropipette (Eppendorf Research® plus),
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Table 1 Composition of the tank mixtures employed. These combina-

tions are aimed at mimicking spray tank mixtures commonly employed
-1

by farmers ata 70 L ha™ " rate
Treatment Composition Concentration Dose
Control Deionized water - -
Sulfate MnSO,-H,0 Mn: 428 g L™" 300 gha!
ZnS0O,-7H,0 Zn:428 gl—-1 300 gha—1
EDTA Mn-EDTA Mn:428gL—-1 300 gha—1
Zn-EDTA Zn:428gL!  300gha’!
Suspension  Bixafen, Pro- 7.14mLL"! 0.5Lha’!
Concentrate  thioconazole,
(SO) Trifloxystrobin
Emulsifiable Difenoconazole, 4.28 mL L' 0.3Lha’!
Concentrate  Cyproconazole
(EC)
SC+Sulfate  Bixafen, Pro- 7.14mLL™! 0.5Lha"!
thioconazole,
Trifloxystrobin
MnSO,-H,O Mn: 428 gL—-1 300 gha—1
ZnSO, 7TH,0 Zn:428 gL—-1 300 gha—1
EC+Sulfate Difenoconazole, 4.28 mLL™! 0.3 Lha !
Cyproconazole
MnSO,-H,0 Mn:428gL—-1 300gha—1
ZnS0O,-7H,0 Zn:428gl—-1 300gha—1
SC+EDTA  Bixafen, Pro- 7.14mLL! 0.5Lha!
thioconazole,
Trifloxystrobin
Mn-EDTA Mn: 428 gL—1 300 gha—1
Zn-EDTA Zn:428gl—-1 300 gha—1
EC+EDTA  Difenoconazole, 4.28 mL L' 03Lha"!
Cyproconazole
Mn-EDTA Mn: 428 gL—-1 300 gha—1
Zn-EDTA Zn: 428 gl—-1 300gha—1

0.5 puL (containing 2.4 pg of Mn and 2.4 pg of Zn) droplets
were applied in the adaxial face of the leaves. After drying,
the exposed regions were evaluated through in vivo micro-
probe X-ray fluorescence spectroscopy (XRF) line-scanning
at 1, 12, 24, 48, 72, and 96 h after application to assess the
absorption kinetics of Mn and Zn fertilizers, either mixed
or not with fungicides. The XRF analyses were carried out
using benchtop equipment (Orbis PC, EDAX, USA) fur-
nished with a 1 mm pinhole-collimated X-ray beam origi-
nating from a Rh anode operating at 45 kV and 900 pA,
with a 25-pm-thick Al primary filter selected. Each point
was evaluated for 15 s, and the spectra were recorded by
a silicon drift detector (SDD) with a dead-time<10%. The
experiment was conducted using 5 independent biological
replicates for each treatment. During the analysis, the plants
were kept in a growth chamber with a 12-hour photoperiod,
at 27° C£3° C, and relative humidity controlled at 80+5%.
The obtained Mn and Zn count rates were integrated and
normalized to the values recorded in the first measurement
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to assess their absorption as a function of time, according to
the methodology described by Corréa et al. (2021).

2.5 Assessment of elemental distribution on
leaf tissues through synchrotron-based X-ray
fluorescence spectroscopy imaging

The spatial distribution patterns of the absorbed nutrients
within the leaves were traced using synchrotron-based
X-ray fluorescence spectroscopy. A total of 15 plants at the
V2 stage (n=3 per treatment), grown under greenhouse
conditions, were evaluated. Five representative treatments
were selected: (i) control, (ii) Mn/Zn sulfate and (iii) Mn/Zn
EDTA-chelate, both with and without (iv, v) SC fungicide,
because of your kinetic stability in foliar absorption. For
this, leaves of soybean plants were exposed to 0.5 pL drop-
lets of the respective solutions, as these groups represented
the key absorption patterns observed in the kinetic assays.
After 48 h under high humidity conditions, the leaves were
detached from the plants, and the treated regions were
manually excised using a razor blade, embedded in optimal
cutting temperature (OCT) medium (Tissue Plus, Fischer
HealthCare, USA), and immediately plunged into liquid
isopentane (Dinamica, Brazil) supercooled with liquid N,.
The cryofixed blocks were then kept at —25° C, fixed on
an adhesive cellophane film (Fitar, Brazil), and cut using
a cryostat (CM1850, Leica, Wetzlar, Germany) at —25° C.
The resulting 30-pm-thick cross was immediately placed in
the XRF sample holder sealed with a 6-pm-thick polypro-
pylene (FPP25-R3, VHG, USA) thin film and transferred to
the beamline.

The XRF mapping of the sampled leaf cross-sections
was performed at the Taruma end station of the Carnauba
coherent X-ray nanoprobe beamline of the Brazilian Syn-
chrotron Light Laboratory, in Campinas, Brazil. The beam-
line exhibits a horizontal deflection four-bounce crystal
monochromator, two four-element silicon drift detectors
(Vortex-ME4, Hitachi High-Technologies Science America,
USA), and a Kirkpatrick—Baez (KB) achromatic optic pro-
viding a ca. 150 nm-wide X-ray focused beam spot. The
XRF maps were recorded in the flyscan mode at an energy
slightly higher than the Zn K edge-line excitation energy
(10300 eV) through 250 x 250 pm panoramic images with a
5 um lateral resolution. The measurements were performed
at room temperature. The data were processed using the
PyMca software (version 5.6.3, ESRF Software Group,
France). The ring current normalized elemental intensities
found at each pixel unit and fitted according to the beam-
line instrumental parameters. The analyses were carried out
using 3 independent replicates for each condition.
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2.6 Evaluation of Mn and Zn Foliar Absorption in
Greenhouse Conditions

During the R1 stage, treatments (Table 1) were applied via
foliar spray using a manual pressure sprayer with a fine mist
nozzle, at 280 pL per plant (containing 1.19 mg of Mn and
1.19 mg of Zn) and performed overhead (from top to bot-
tom), targeting the upper canopy to simulate standard field-
scale foliar spraying conditions. This value was chosen
based on the premise of a volume of the tank of 70 L ha !
and a plant population of 250.000 plants ha ! In addition,
plants were arranged in a completely randomized design.

After 7 days, the last 5 fully developed trifoliates that
received the spray were collected to determine the con-
tent of Mn and Zn absorbed by the leaves. The collected
leaves were submitted to a washing sequence determined
by Embrapa (2009), which begins with washing in run-
ning water and deionized water, followed by washing in a
detergent solution (1%) and then again in deionized water.
Finally, they are immersed in a hydrochloric acid solution
(3%) for 1 min and finished with another wash in deionized
water. They were then dried in a forced circulation drying
oven (FANEM, model 320/4, Brazil) for 48 h and finally
ground into a homogenized fine powder using an electric
grinder (Cadence, model MDR302-127, China) and passed
through a 100-mesh sieve (<150 um) to ensure analytical
uniformity.

One hundred milligrams of the ground samples were
added to X-ray sample cups (Spex Sample Prep, no. 3577,
USA), sealed with 6-um-thick polypropylene film, and man-
ually pressed using a glass rod (Montanha et al. 2024). The
samples were analyzed by an X-ray fluorescence spectrom-
eter (Bruker Tracer Vision III-SD, USA) using a Rh X-ray
tube at 40 kV and 30 pA, and a primary filter of 304.8 um
Al+25.4 um Ti. The X-ray spectra was recorded during
120 s by a silicon drift detector (SDD). The analysis was
carried out under an air pressure atmosphere. The quantifi-
cation was performed using the standard addition method,
in which 20, 50, 100, 150, 300, and 1000 mg kgf1 of Mn and

Zn (from 1,000 to 10,000 mg L™! Mn and Zn stock solution,
Specsol, Brazil) were added to 0.500 g of a ground soybean
leave sample. The X-ray sample spectra were processed
using Spectra Artax software (Version 7.4.0.0). The Mn and
Zn Ko net intensities were normalized by Rh Ka Compton
scattering for the quantification analysis.

2.7 Effect of Tank Mix on Disease Control and Plant
Grain Yield

To evaluate the effectiveness of the fungicides as a function
of the association with Mn and Zn fertilizers, the central
leaflets of the third fully expanded trifoliate were photo-
graphed 15 days after the spraying. The frequency of lesions
was observed the severity of the disease was determined
according to Godoy et al. (2006) diagrammatic 2-scale, as
shown in Fig. 1.

Moreover, at the maturity stage, the pods were collected,
and the detached grains were dried at 60 °C in a forced
circulation drying oven (FANEM LTDA model 320/4) for
48 h. The plant yield was measured in grams of grain per
plant, according to Perini et al. (2012).

2.8 Statistical Analysis

All quantitative data were subjected to one-way analysis
of variance (ANOVA) followed by Tukey’s post hoc test at
a 95% confidence interval. The normality of the data was
evaluated through the Shapiro-Wilk test at a significance
level of 0.05. All data were processed using OriginLab (v.
2022b, Northampton, MA, USA).

3 Results
3.1 Foliar Absorption of Nutrients

Figure 2, representing plants at the V2 stage, illustrates
the absorption rates of leaves exposed to sulfate and

0.6%

Fig. 1 Diagram inspired by the scale used to determine the severity of foliar diseases

2% 7%

20% 45% 80%

@ Springer



6752

Journal of Soil Science and Plant Nutrition (2026) 26:6747-6758

EDTA-chelated Mn and Zn solutions, both with and without
fungicides, over 96 h. The data reveal a significant decrease
in Mn absorption from sulfate when fungicides are applied
(Fig. 2A). Specifically, absorption dropped to zero after
12 h with an EC fungicide, while the SC fungicide showed
an initial increase followed by an exponential rise, ulti-
mately yielding total absorptions of 70%, 50%, and 25% for
Mn(S0O,), EC+Mn(S0O,), and SC+Mn(S0O,), respectively.

For Mn[EDTA], the presence of fungicides enhanced
absorption rates (Fig. 2C), with total absorptions of
63%, 55%, and 42% for the mixtures EC+Mn[EDTA],
SC+Mn[EDTA], and Mn[EDTA], respectively. This dem-
onstrates that combining Mn[EDTA] with fungicides sig-
nificantly improves absorption.

Zn(SO,) alone showed the highest absorption, while the
order was Zn(SO.) > emulsifiable concentrate+Zn(SO.) >
suspension concentrate+Zn(SO.) (Fig. 2B). Total absorp-
tions were 42%, 33%, and 18%, respectively. In contrast,
Zn[EDTA] was better absorbed in a mixture with EC and

100
—=— Sulfate A
Mn —o— EC + Sulfate ( )
- 80+ =t SC + Sulfate
S
= 60
B
N
g 401
7]
= I
< 20- T Jf"}
0_
0 12 24 36 48 60 72 84 96
Time after application (h)
100 [EDTA] C
Mn —o—EC + [EDTA] (©
80 SC + [EDTA]
Q
S 60 /‘H ‘\I——*I
= I i
S
2 40
1 -
2 2
2 20
0k

0 12 24 36 48 60 72 84 96
Time after application (h)

Fig. 2 Mn and Zn absorption in V2-stage soybean plants. (A and C)
Absorption (%) of Mn fertilizers combined with or without EC and
SC fungicides; (B and D) Absorption (%) of Zn fertilizers combined
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SC, achieving 54% absorption compared to just 34% when
applied alone.

Figure 3, representing plants at the R1 stage, shows the
concentration of Mn and Zn in the leaves sprayed with Mn
and Zn nutrient sources alone or their mixtures with fungi-
cides. It is worth mentioning that all leaves were washed
to remove any residual Zn and Mn from the surface. The
leaves from the control group plants presented an average
of 37 and 56 mg kg ! of Mn and Zn, respectively, whereas
those exposed to the EC and SC fungicides exhibited 38 and
47 mg kg ! for Mn and 56 and 53 mg kg~ ! for Zn, respec-
tively, highlighting that the foliar application of fungicides
did not affect Zn and Mn concentrations in the leaves.

In addition, these results also showed that, under green-
house conditions, both fungicides influenced the absorption
of Mn and Zn by the leaves. For the manganese treatment
without fungicide, the sulfate source had the highest con-
centration, i.e., 616 mg kg!, while the EDTA source alone
had the lowest concentration, 203 mg kg™'. However, when

100
Zn —a— Sulfate (B)
804 —o— EC + Sulfate
—_ —4—SC + Sulfate
s
= 60+
2
N .
£ 401 —
S \
7]
: —
20 -
0
0 12 24 36 48 60 72 84 96
Time after application (h)
100 [EDTA]
Zn —e—EC + [EDTA] (D)
80 SC + [EDTA]
é 60
g I 1 1
= 1 | 1
S a0
8 i
o
< 20 /
0

0 12 24 36 48 60 72 84 96
Time after application (h)

with or without EC and SC fungicides. The bar illustrated in the figure
representing the mean+ standard error from 5 biological replicates



Journal of Soil Science and Plant Nutrition (2026) 26:6747-6758

6753

(A) Mn + SC fungicide
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22 800 Il Sulfate
50700— [ [EDTA]
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.2 400-
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(C) Zn + SC fungicide
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7 M Sulfate [] SC + [EDTA] abe
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£ a
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Fig. 3 Mn and Zn absorption in R1-stage soybean plants. (A and B)
Concentration of Mn fertilizers combined with and without EC and
SC fungicide in the leaves; (C and D) Concentration of Zn fertilizers
combined with and without EC and SC fungicide in the leaves. The bar

both Mn sources were combined with fungicide, an oppo-
site trend was observed; the Mn concentration decreased for
the sulfate source and increased for the EDTA source. The
highest concentration was observed for Zn treatments when
EDTA was applied with fungicide, followed by Zn sulfate
alone, zinc sulfate with fungicide, and finally EDTA alone.
This concentration pattern remained consistent across both
the EC and SC fungicide treatments (Fig. 3B and D).
Because EC and SC fungicides have equivalent interac-
tion pattern in the absorption of Mn and Zn, only the EC
fungicide was selected to understand whether the mixture
would influence elemental redistribution within the leaves.
Figure 4A presents synchrotron-based XRF maps of
RGB images, showing the spatial distribution of calcium
(Ca), manganese (Mn), and zinc (Zn) in cross-sections of
soybean leaves. It also contrasts the intensities within or
around the cells in specific areas (Fig. 4BC), comparing
leaves treated with EC to those untreated. The XRF maps

(B) Mn + EC fungicide
900

O Controt M EC + Sulfate
800 [ Sulfate [ EC+ [EDTA]

700 & [EDTA] .

600 - a
500
400

300+
200+

Concentration of Mn (mg kg™)

100 d
0-

(D) Zn + EC fungicide
900

ac
~- [ Control [Hl EC + Sulfate i
5»800 7 [ Sulfate [CJEC +[EDTA] T

20700 | [ [EDTA]
£ a

ab

illustrated in the figure represents the mean=+standard error from 5 bio-
logical replicates and different letters indicate statistically significant
differences (p<0.05) between treatments

reveal that Mn and Zn signals were nearly absent in the
epidermis, regardless of the foliar treatment. However, dis-
tinct distribution patterns emerged, with Zn and Mn miss-
ing in the epidermis for both EDTA and sulfate treatments,
indicating different short-distance transport behaviors. The
images further illustrate that the elements were effectively
absorbed and localized in specific cellular compartments,
indicating successful absorption and movement within the
plant.

Figure 4C offers a detailed comparison of the intensity
and distribution of Mn and Zn when applied as sulfate salt
and EDTA chelate sources, combined with EC fungicide.
Figure 3B shows the spatial distribution of Ca, which is
used to differentiate and select regions inside and outside
the cell, allowing for the evaluation of Zn and Mn intensity
with and without the mixture. Figure 4C displays the inten-
sities of Ca, Mn, and Zn in the selected region. The Mn and
Zn concentrations in leaf tissue did not show significant
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Fig. 4 Mn and Zn absorption in V2-stage soybean plants. (A) Images
of 250250 pum from the cross-section leaves after 48 h of applica-
tion; (B) Regions marked to identify inside and outside cells in leaves;
(C) Intensity of Caka, Mnka, and Znka from the regions identified

differences between treatments, indicating that initial
absorption, in V2 stage, was not affected by the source (sul-
fate or EDTA) or by the addition of EC fungicide. The cel-
lular distribution of Mn and Zn remained balanced across
most treatments, with higher intensity averages observed
in the extracellular region. However, Mn from sulfate
sources, applied with or without fungicides, did not follow
this pattern. In contrast, the combination of EDTA chelate
source with EC resulted in reduced intensity, suggesting
rapid redistribution after 48 h.

3.2 Effect of Tank Mix on Disease Control
Table 2 presents the effectiveness of the fungicides, either
combined or not with the fertilizers, on powdery mildew

disease control on the sprayed leaves (detailed in Figure
S4), and reveals that fungicide applications, both alone and
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as inside and outside cells. Data represents the mean+standard error
from 3 biological replicates, and different letters indicate statistically
significant differences both between cellular regions and across experi-
mental treatments

Table 2 Severity of disease before treatment, spraying, and disease
control past 15 days of the application of treatments. Values represent
the means=+standard error, and different letters indicate statistically
significant differences between treatments

Treatments Severity before spraying of Percentage

treatment (%) of Disease
Control (%)

Control 5+2.8a 0

Sulfate 7+£3.1a 0

[EDTA] 6+1.8a 0

EC 4+34a 100

SC 4+3.6a 100

SC+ Sulfate 7+24a 100

SC+ [EDTA] 13+£3.6 b 100

EC+ Sulfate 15+£55b 100

EC+ [EDTA] 11+£24b 100

in tank mixes with soluble fertilizers, were fully effective in
controlling Powdery Mildew.
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3.3 Effect of Tank Mix on Crop Yield

After the treatments were applied, the plants were grown
until the senescence phase to evaluate productivity out-
comes. As shown in Table 3, there were no statistically sig-
nificant differences between the treatment groups. However,
slight reductions in productivity were observed with certain
mixed applications. For instance, the combined applica-
tion of fungicides with Mn, 5,Zn, 4c[EDTA] led to a 13%
decrease in productivity compared to the untreated control
group, which received neither fungicides nor fertilizers.
Larger reductions, reaching 20%, were noted when this
mixed treatment was compared to the isolated application
of Mn 54Zn, 44(SO,) and suspension concentrate.

4 Discussion

Although foliar absorption data indicate that Mn and Zn sul-
fate sources perform better than all other treatments, green-
house results show that the mixture of Mn and Zn chelated
with EDTA, combined with SC fungicide, led to greater
accumulation of these nutrients in the leaves. This accumu-
lation, however, can be attributed to reduced remobilization
to other parts of the plant. This is evident in synchrotron
imaging, which shows that after 48 h, the elemental distri-
bution remains uniform within the treated spot. In contrast,
sulfate-based sources promote remobilization of Mn and Zn
within 24 h of application, which explains the lower leaf
concentration in greenhouse conditions (Gomes et al. 2019;
Rezende et al. 2025).

Our results revealed that combining Mn and Zn sulfate-
based sources with both EC and SC fungicides resulted in a
lower absorption rate of these nutrients. Such an effect might
be attributed to interactions between Mn?" and Zn>" ions
and the fungicide’s active ingredient particles, compounds
of organic molecules. However, one should also keep in
mind that other factors, e.g., the physicochemical properties
of the spray solution - solubility, electric charge, pH, surface

Table 3 Average grain yield expressed as g plant™. Values represent
the means=+standard error, and different letters indicate statistically
significant differences between treatments

Treatment Seed yield (g plant™})
Control 4.8+03a
Sulfate 5.0+£0.6a
[EDTA] 4.6+0.1a
EC 47+1.1a
SC 5.0+0.7a
SC+ Sulfate 4.6+£02a
SC+ [EDTA] 424082
EC+ Sulfate 45+03a
EC+ [EDTA] 42+05a

tension, and deliquescence point - can also affect the effi-
ciency of nutrient absorption through the leaves (Fernandez
and Eichert 2009; Fernandez and Brown 2013).

For instance, changes in the solution’s pH have been
reported to influence the absorption patterns of trifloxysulfu-
ron by cotton plants (Matocha et al. 2006), where changing
the pH of the solution from 5 to 9 resulted in a signifi-
cantly increased absorption (from 52 to 60%, respectively).
Changes in pH can occur when other components are added
to the fungicide solution, which can lead to degradation of
the fungicide and changes in the way plants absorb the fun-
gicide. Herein, the pH variation was also observed after the
tank mix of soluble fertilizers with fungicides (Table S3),
but this variation did not interfere with the disease control
of mildew.

A previous study showed an increase of 47% in cuticu-
lar penetration when Chlorantraniliprole was combined
with Mn-sulfate, and an added organosilicon adjuvant in
the mixture, penetration increased to 61%. In compari-
son, Mn-sulfate combined with an organosilicon adjuvant
alone resulted in only 20% penetration, while Mn penetra-
tion without additives was as low as 3% (Zandonadi et al.
2018). These figures highlight that defensives can enhance
Mn penetration more effectively than Mn-sulfate combined
with adjuvants. In our research, the improved absorption, in
tank mix, was observed from Mn, s,Zn,, 4c[EDTA] in com-
bination with fungicides EC and SC. This effect suggests
that the interaction between the chelate agent and the active
ingredients or the other ingredients used in the composition
of the fungicides facilitates the foliar absorption in leaves.

Another factor potentially enhancing of Mn and Zn
EDTA chelate source combined with fungicides is the posi-
tive interaction of other ingredients added that can inter-
act with the cuticle, thus facilitating the chelated mineral.
Although the specific details of the manufacturing process
were not disclosed, these formulations generally include
surfactants, diluents, or adjuvants, which stabilize the prod-
uct and improve its penetration into the plants (Defarge et
al. 2018). This interaction can be observed in iodine biofor-
tification, six non-ionic surfactants, and oil-based adjuvants
showed that the organosilicon-based adjuvant Pulse® sig-
nificantly increased iodine concentration in grains (1269 pg
kg ") compared to KIO, alone (231 pg kg !). Synerterol®
Horti Oil also raised iodine levels (450 ug kg '), while
other adjuvants had no significant effect (Magor et al. 2023).
Similarly, in the use of chlorantraniliprole, where the con-
centration of 20 g ha™ and mixed with a commercial adju-
vant Natur’l Oil® formulation (soybean oil 93%) at a 0.5%
concentration, resulting in the improved penetration of
active ingredients of 10 mg kg ' to 29 mg kg ! in leaves of
wheat (Melo et al. 2015). Another example was observed in
the evaluation of plant oil, mineral oil, and a mix of alcohol
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and ester adjuvants in a mixture with nanopesticides, emul-
sifiable concentrate, and emulsion in water, where the use
of mineral oil adjuvant improved the capacity for wetness
for increased drop size, penetration, as well as improved the
efficiency of pesticides (Hu et al. 2024).

When comparing EC and SC fungicides, a significant dif-
ference in absolute nutrient absorption is noticed, which can
be attributed to the distinct formulations of each fungicide.
EC fungicides are typically manufactured to yield higher
dispersion and finer droplet formation, with particle sizes of
0.1-10 pm, facilitating both absorption and nutrient deliv-
ery (Brar et al. 2006). In contrast, SC fungicides contain
larger particle sizes, ranging from 1 to 10 pm, which can
hinder the solution’s ability to penetrate the leaf, potentially
limiting foliar absorption (Woods 2003). This difference in
particle size and formulation may affect nutrient delivery
effectiveness, influencing the concentration of Mn and Zn
adsorbed on different particles and the potential for filter
clogging due to particle aggregation of fungicides. When
observing the absorption of zinc oxide (ZnO) suspensions,
Gomes et al. (2019) found lower absorption rates of ZnO
compared to zinc sulfate (ZnSO,), a difference attributed to
the larger particle size of the ZnO suspension. In the case
of SC fungicide, the reduced absorption efficiency may be
explained by a similar mechanism, where the larger particle
size curbs the effective movement of nutrients across the
leaf surface and into plant tissues.

While studying the penetration of ZnSO, in apple leaves,
Xie et al. (2020) observed that trichomes on the leaf surface
increased hydrophobicity, which hindered Zn absorption,
while stomata facilitated Zn penetration. Furthermore, low
Zn levels promoted the accumulation of other minerals in
the leaves, while high Zn levels may have led to its com-
plexation with phytic acid. These findings are critical for
optimizing Zn biofortification strategies in crop species by
considering leaf surface characteristics and Zn application
rates. Our leaf cross-section maps show that, in addition to
being absorbed, nutrients are transported through both the
apoplastic and symplastic regions, thereby enabling redis-
tribution to other parts of the leaf and plant, according to the
mobility of each nutrient (Benitez-Afonso 2014).

On the other hand, mixing imidacloprid (initial pH 6.32,
conductivity 4 uS cm™) with manganese sulfate reduced
the pH to 4.55 and increased the electrical conductivity to
1729 uS em™. This variation impacted psyllid (7riozoida
limbate) control, where imidacloprid alone reduced insect
infestation by 20% after 7 days and 70% after 14 days. In a
mixture with manganese sulfate, the infestation showed an
increase of 27% in infestation after 7 days and a decrease of
54% after 14 days, indicating a retarded effect in control-
ling the psyllid infestation (Zandonadi et al. 2019). Differ-
ent from what was reported above, the present study found
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that the tank mix of soluble fertilizers with fungicides did
not reduce the efficiency of disease control at low disease
pressure.

The positive effective control of disease observed in this
study, from the tank mix of soluble fertilizers of Mn,, 5,21, 44
with emulsifiable concentrate and suspension concentrate
fungicides, contrasts with what was observed by Bernads et
al. (2005) while studying herbicides. Evaluating the effect
of Mn, Fe, Cu, and Zn nutrients from sulfate, citrate, and
EDTA chelate sources in a mixture with glyphosate and
commercial adjuvants CANG and NT observed antagonism
in the efficiency absorption and translocation of glyphosate
with decreases of up to 99% to Zn-sulphate (0.6 kg ha ')
+ adjuvant CANG (2.5% v/v) + glyphosate (0.28 kg ha™ ).
Despite this large reduction, the biggest interferent proved
to be the adjuvant CANG, because the same situation with
variation to adjuvant NT, had interference, but the control
was 54%. In this way, as well as the interference of nutrients,
adjuvants can potentiate the antagonism of the pesticide.

Furthermore, a study using six different plant extracts
to control late blight disease in tomato plants assessed the
effectiveness of this control of 4. indica in both greenhouse
and field conditions. Using concentrations of 1% and 5% in
the greenhouse resulted in reductions of 48.6% and 55%,
respectively, in disease severity. In the field, only the 5%
concentration led to a 35% reduction in disease severity.
These data indicate that smaller doses in greenhouse con-
ditions can be effective, or even more so, than higher con-
centrations in the field (Sallam 2011). The findings reported
above reveal that the disease control obtained in the present
study cannot necessarily be extrapolated to field conditions,
i.e. even though the reaction between Mn(SO,) and Zn(SO,)
with the fungicides did not impact the disease control in the
greenhouse, it does not mean that the same will happen
under field conditions because the rate of fungicide in those
environments may change.

5 Conclusion

In conclusion, the absorption of Mn and Zn was compro-
mised when added in the tank mix from the sulfate source,
with both EC and SC fungicides being more expressive for
SC, with reductions of 45%. On the other hand, the absorp-
tion of Min 5,Zn,) 4, from the EDTA chelate source proved to
be less efficient compared to the mix with both fungicides,
showing an increase in absorption compared to application
alone, 21%. Using fungicides in a tank mix with soluble fer-
tilizers did not affect disease control or interfere with grain
yield under the conditions tested. However, further field
evaluations are still required to ensure that the effectiveness
of disease control or grain yield will not be compromised in
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future applications based solely on the assumptions of this
study. These findings suggest that the variations in pH and
electrical conductivity, in mix, indicate the presence of reac-
tions that influence the absorption efficiency of nutrients.
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