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Abstract
Rust, caused by Phakopsora pachyrhizi, is an important disease affecting soybean production. Induced resistance, using an 
array of abiotic or biotic inducers of resistance, becomes a very promising alternative to minimize fungicide applications 
for rust control. This study investigated the potential of using Mantus® [copper (20%) and polyphenolic (10%)] to reduce 
rust symptoms by boosting defense reactions. A 2 × 2 factorial experiment was arranged in a completely randomized design 
with four replications per sampling time. The factors studied were plants sprayed with water (control) or Mantus® (referred 
to as induced resistance (IR) stimulus hereafter) that were non-inoculated or inoculated with P. pachyrhizi. Urediniospores 
germination was reduced by 97% by the IR stimulus in vitro. Meanwhile, rust severity and area under disease progress curve 
significantly decreased by 68 and 35%, respectively, for IR stimulus-sprayed plants compared to control. Defense-related 
genes (PAL1.1, PAL1.3, PAL3.1, CHIA1, CHI1B1, LOX, PR10, ICS1, and JAR1) were up-regulated for IR stimulus-sprayed 
plants compared to control plants during fungal infection. Diseased and IR stimulus-sprayed plants showed less impairment 
in their photosynthesis (moderate changes on both gas and chlorophyll a fluorescence parameters, linked to great concentra-
tions of chlorophyll a + b and carotenoid) and a more robust antioxidative metabolism (lower concentrations of hydrogen 
peroxide and anion superoxide, higher superoxide dismutase activity, and lower ascorbate peroxidase, catalase, peroxidase, 
and glutathione reductase activities) in contrast to control plants infected by P. pachyrhizi. These results highlight the potential 
of using this IR stimulus for rust management considering its fungistatic effect to reduce urediniospores germination linked 
to increased resistance of soybean plants to cope with P. pachyrhizi infection more efficiently.
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Introduction

Soybean (Glycine max (L.) Merril) ranks as one of the most 
economically important oilseeds and biodiesel crops. The leg-
ume is the main provider of protein and oil for human consump-
tion, animal feed, and biofuel production (Hartman et al. 2011). 
However, the occurrence of rust, caused by the biotrophic fun-
gus Phakopsora pachyrhizi H. Sydow & P. Sydow, has con-
tributed significantly to reducing yield due to photosynthetic 
impairment, profound foliar chlorosis and defoliation, and 

earlier senescence of diseased plants (Langenbach et al. 2016; 
Rios et al. 2018).

The lack of soybean varieties exhibiting race-specific 
resistance against P. pachyrhizi infection places the use of 
fungicides associated with some cultural practices (e.g., 
early-maturing cultivars, early sowing dates, detection of 
the early development of rust symptoms and fungal signs, 
and a period without growing soybean in the off-season to 
avoid early urediniospores production) as the control strat-
egies available for farmers to manage rust epidemics and 
minimize yield losses (Langenbach et al. 2016). Soybean 
rust control strategies, which contribute to more sustain-
able agriculture and help farmers depend less on fungicides, 
deserve to be investigated. Inducers of plant resistance may 
fit well as an eco-friendly alternative for rust management. 
It is important to fill out these knowledge gaps to under-
stand better how resistance inducers may modulate plant 

 * Fabrício Ávila Rodrigues 
 fabricio@ufv.br

1 Departamento de Fitopatologia, Laboratório da Interação 
Planta-Patógeno, Universidade Federal de Viçosa, Viçosa, 
Minas Gerais 36570-900, Brazil

http://crossmark.crossref.org/dialog/?doi=10.1007/s40858-023-00587-4&domain=pdf


470 Tropical Plant Pathology (2023) 48:469–483

1 3

performance at physiological, biochemical, and molecular 
levels in coping with pathogen infection. This approach will 
place the new and yet-to-be-discovered resistance inducers 
closer to the market and be recognized by the farmers as a 
sustainable option for crop protection.

Induced resistance (IR) has called the attention of many 
researchers worldwide. In this regard, plants from cultivars 
with good agronomic traits, but susceptible to diseases, after 
being exposed to abiotic or biotic IR stimuli are more prone 
to activating defense reactions (Siah et al. 2018). During 
IR, which can be categorized as induced systemic resist-
ance (ISR) or systemic acquired resistance (SAR), plants 
rely on the signaling pathways mediated by hormones [e.g., 
salicylic acid (SA), jasmonic acid (JA), and ethylene (ET)] 
with the co-participation of mobile signals (e.g., glycerol-
3-phosphate, azelaic acid, pipecolic acid, and N-hydroxy-
pipecolic acid) (Kesel et al. 2021; Vlot et al. 2021; Zeier 
2021). It is hoped that sustainable farming practices for the 
control of plant disease must include the use of IR stimuli 
(Siah et al. 2018). Considering the soybean-P. pachyrhizi 
pathosystem, the potential brought by different IR stimuli is 
very well documented in the literature (e.g., Bacillus subtilis, 
Metarhizium spp., cell wall extract of Saccharomyces cer-
evisiae, thaxtomin A from the Streptomyces scabies, harpin 
protein-derived peptides, saccharin, silicon, and nickel) to 
reduce rust severity at both greenhouse and field conditions 
through induction of defense reactions (Paula et al. 2021).

The present study hypothesized that a copper-polyphe-
nolic compound sprayed onto soybean plants could increase 
their resistance against rust. This hypothesis was investi-
gated by analyzing the photosynthetic apparatus and the role 
played by reactive oxygen species, antioxidant metabolism, 
and host defense responses of plants sprayed with the cop-
per-polyphenolic compound and infected by P. pachyrhizi.

Materials and methods

In vitro assay

The effect of Mantus® [nitrogen (1%) and copper (20%) 
complexed with plant-derived pool of polyphenols (10%); 
FertiGlobal, Larderello, Italy] against the germination of 
P. pachyrhizi urediniospores was evaluated in vitro follow-
ing the procedures of Picanço et al. (2022). Briefly, melted 
agar–agar (AA) medium was amended with Mantus® 
(2 mL/L AA medium) and 20 mL was poured into each 
Petri dish. Petri dishes containing only AA medium served 
as the control treatment. A total of 100 µl of urediniospores 
suspension  (105 urediniospores/mL) from P. pachyrhizi was 
placed in the center of each Petri dish and homogeneously 
distributed using a Drigalski glass handle. Petri dishes were 
transferred to a growth chamber with conditions described 

by Picanço et al. (2022). After 24 h, 5 μl of lactophenol was 
added to each dish to halt urediniospore germination. One 
hundred urediniospores were randomly examined in each 
Petri dish under a light microscope. Urediniospores with 
germ tubes larger than their diameter were considered ger-
minated (Picanço et al. 2022). The percentage of uredinio-
spore germination was calculated for the replications of each 
treatment.

Plant growth conditions

Soybean plants [cultivar DS5916IPRO (https:// www. breva 
nt. com. br)] were grown in plastic pot (four plants per pot) 
containing 2 kg of a 1:1 mixture of soil and substrate and 
fertilized weekly (80 mL per pot) with the nutrient solution 
described by Picanço et al. (2022). Plants were grown in a 
greenhouse (temperature of 25 ± 2 °C, relative humidity of 
70 ± 5%, and natural photosynthetically active radiation of 
927 ± 20 μmol photons  m−2  s−1 measured at midday).

Experimental design

For the in vitro assay, the experiment was arranged in a 
completely randomized design with two treatments (control 
and Mantus®) and ten replications. Each replication corre-
sponded to one Petri dish. However, a 2 × 2 factorial experi-
ment, consisting of plants sprayed with water (control) and 
Mantus® and non-inoculated or inoculated with P. pachy-
rhizi, was arranged in a completely randomized design with 
four replications per evaluation time to assess rust severity 
and the leaf gas exchange and chlorophyll a fluorescence 
parameters as well to determine photosynthetic pigment 
concentration. Leaf samples for the biochemical assays and 
gene expression analysis were obtained from another 2 × 2 
factorial experiment with the same factors and arrangement 
described above. All experiments were repeated once.

Application of Mantus®

Soybean plants (V4 growth stage, ≈ 30 days after seedling 
emergence) were sprayed once with Mantus® [2 mL/L and 
5 mL of solution per plant; referred to IR stimulus thereafter 
according to the criteria proposed by Kesel et al. (2021)] at 
24 h before inoculation with P. pachyrhizi with the aid of a 
VL Airbrush atomizer. Plants sprayed with water served as 
the control treatment.

Plant inoculation with P. pachyrhizi

Soybean plants were inoculated with a suspension of  105 
urediniospores/mL (5 mL of suspension per plant) of P. 
pachyrhizi using a VL Airbrush atomizer and transferred to 
a mist chamber (25 °C and 16 h under darkness) thereafter. 

https://www.brevant.com.br
https://www.brevant.com.br
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After this period, plants were transferred to a greenhouse 
until the end of the experiments. Plants non-inoculated with 
P. pachyrhizi were kept in a different greenhouse under the 
same environmental conditions described above.

Evaluation of rust severity

The leaflets of the second and third leaves of each plant per 
replication of each treatment (four replications, 16 plants, 
and 32 leaves) were used to evaluate rust severity accord-
ing to the diagrammatic scale proposed by Franceschi et al. 
(2020) at 5, 10, 15, and 20 days after inoculation (dai). The 
trapezoidal integration of disease progress curves for each 
leaflet per leaf of each plant from the replications of each 
treatment was used to calculate the area under disease pro-
gress curve (AUDPC) (Shaner and Finney 1977). At 20 dai, 
the second and third leaves of each plant per replication 
of each treatment were collected and scanned in a flatbed 
scanner (Epson Perfection model 19) at 600 dpi resolution 
(Epson Brasil, São Paulo, Brazil). The software QUANT 
(Fagundes-Nacarath et al. 2018) was used to process the 
images and obtain the final rust severity values.

Measurements of leaf gas exchange parameters

Leaf gas exchange parameters [net  CO2 assimilation rate 
(A), stomatal conductance to water vapor (gs), internal  CO2 
concentration (Ci), and transpiration rate (E)] were deter-
mined on leaflets of the second leaf of each plant per replica-
tion of each treatment (four replications, 16 plants, and 16 
leaves) by using a portable open-flow gas exchange system 
(LI-6400XT; Li-Cor Inc., Lincoln, NE) at 10 dai follow-
ing the conditions described by Silva et al. (2022). At 10 
dai, necrotic lesions containing uredinia were noticed on the 
leaflets of plants from control and IR stimulus treatments. 
Leaflets of the second leaf from non-inoculated plants were 
also evaluated at 10 dai.

Imaging and quantification of chlorophyll (Chl)  
a fluorescence parameters as well as determination 
of photosynthetic pigments concentration

Images and parameters of Chl a fluorescence were obtained 
from leaflets of the second leaf of each plant per replica-
tion of each treatment (four replications,16 plants, and 16 
leaves) from both noninoculated and inoculated plants at 10 
dai using the Imaging-PAM fluorometer and the Imaging 
Win software MAXI version (Heinz Walz GmbH, Effeltrich 
Germany) and following the procedures of Picanço et al. 
(2021). Five leaf discs (1  cm2 each) were obtained from the 
leaflets of the second and third leaves of each plant per rep-
lication of each treatment (four replications, 16 plants, and 
32 leaves) at 5, 8, 11, and 14 dai. The discs were placed in 

glass tubes containing 5 ml of saturated dimethyl sulfoxide 
solution and calcium carbonate (5 g/L) and kept in the dark 
at room temperature for 24 h. The concentrations of Chl 
a, Chl b, and carotenoid were determined in the extracts 
according to Picanço et al. (2021).

Histochemical detection of reactive oxygen species 
(ROS) in leaf tissues

Hydrogen peroxide  (H2O2) and superoxide anion radical 
(O2

•−) were detected in leaf tissues following the procedures 
described by Aucique-Pérez et al. (2019). Leaflets of the 
second leaf of each plant per replication of each treatment 
(four replications, 8 plants, and 16 leaves) were collected at 
9 dai. For  H2O2 detection, 24 leaflets were randomly placed 
in glass vials containing 50 mL of a 3,3'-diaminobenzidine 
tetrahydrochloride (1 mg/mL) solution and kept in the dark-
ness at 25 °C for 12 h. For  O2

•− detection, 24 leaflets were 
randomly placed in glass vials containing 50 mL of 0.1% 
solution of nitro blue tetrazolium solution in 10 mM potas-
sium phosphate buffer (pH 6.8) and infiltrated for 24 h. Leaf-
lets were cleared in 80% of boiling aqueous ethanol solution 
for 60 min until brown and blue spots were noticed as an 
indication of  H2O2 and  O2

•− depositions, respectively.

Biochemical assays and gene expression using 
quantitative PCR

The second and third leaves of each plant per replication of 
each treatment (four replications, 16 plants, and 32 leaves) 
were collected at 2, 3, 5, and 9 dai (for biochemical assays) 
and at 1, 2, 3, 5, and 9 dai (for gene expression analysis) 
from both non-inoculated and inoculated plants. Leaf sam-
ples were kept in liquid nitrogen during sampling and stored 
at -80ºC until further analysis (Picanço et al. 2021).

Determining antioxidant enzymes activity

Leaf tissue (0.2 g) was ground into a fine powder with liq-
uid nitrogen using a vibration ball mill (Retsch, Haan, Ger-
many) and homogenized in 2 ml of a solution containing 
potassium phosphate buffer (50 mM, pH 6.8), ethylenedi-
aminetetraacetic acid (0.1 mM), phenylmethylsulfonyl fluo-
ride (1 mM), and polyvinylpyrrolidone (2% w/v) following 
centrifugation at 12,000 g for 15 min at 4 °C. Activities 
of ascorbate peroxidase (APX) (Enzyme Commission (EC) 
Number 1.11.1.11), catalase (CAT) (EC Number 1.11.1.6), 
peroxidase (POX) (EC Number 1.11.1.7), superoxide dis-
mutase (SOD) (EC Number 1.15.1.1), and glutathione 
reductase (GR) (EC Number 1.8.1.7) were determined in 
the supernatant according to Dias et al. (2020).
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Determining total soluble phenolics (TSP) 
and lignin‑thioglycolic acid (LTGA) derivatives 
concentrations

Leaf tissue (0.1 g) was ground as described above and the 
fine powder was homogenized in 1 mL of methanol solu-
tion (80% v/v). The crude extract was shaken (300 rpm for 
2 h at 25 °C) and the mixture was centrifuged at 17,000 g 
for 30 min. The TSP concentration was determined in the 
methanolic extract and the pellet was used to determine the 
LTGA derivatives concentration according to Picanço et al. 
(2021).

Gene expression

Leaf tissue (75 mg) was ground as described above and 
the procedures described by Picanço et al. (2022) related 
to RNA (extraction, determination of its quality and integ-
rity, and quantification) and cDNAs synthesis were used. A 
Bio-Rad CFX Real Time Thermal Cycler was used for the 
qRT-PCR. All reactions used the SYBR Green PCR Mas-
ter Mix and were performed in duplicate. Specific primers 
were synthesized (Life Technologies, São Paulo, Brazil) and 
used to determine the expression of genes encoding for phe-
nylalanine ammonia-lyase (PAL1.1, PAL1.3, PAL2.1, and 
PAL3.1), chitinase (CHIA1), chalcone isomerase (CHI1B1), 
lipoxygenase (LOX), pathogenesis-related protein 1 (PR1-
A), pathogenesis-related protein 10 (PR10), metalloprotein-
ase (MMP2), urease (URE), isochorismate synthase (ICS1 
and ICS2), and jasmonic acid-amino synthetase (JAR1) 
(Table S1). The expression of TEF-1α, corresponding to 
the translation elongation factor 1α of P. pachyrhizi, was 
also quantified to confirm its presence in plant tissues. The 
Ubiquitin-3 (UBIQ) and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) genes were used as a reference for nor-
malization as proposed by van de Mortel et al. (2007). The 
 2−ΔΔCt method (Livak and Schmittgen 2001) was used to cal-
culate the relative expression values for each gene studied.

Data analysis

Data from the variables and parameters evaluated from the 
repeated experiments were combined according to Moore 
and Dixon (2015), checked for normality and homogeneity 
of variance, and subjected to analysis of variance. Treat-
ments means for urediniospore germination were compared 
by the F test (P ≤ 0.05). For other variables and parameters, 
means for control and IR stimulus treatments as well as non-
inoculated and inoculated plants were compared by the F 
test (P ≤ 0.05). Data from variables and parameters from 
four treatments (plants non-inoculated or inoculated with P. 
pachyrhizi from control and IR stimulus treatments) at 10 
dai was used to generate the principal components analysis. 

The Minitab Statistical software was used for the statistical 
analysis (Minitab 2023).

Results

Analysis of variance

The impact of conducted treatments such as IR stimulus as 
well as control (water) [named as products (P)] on uredinio-
spores germination was analyzed by one-way ANOVA. The 
factor P was significant (P < 0.001) for the germination of 
urediniospores. The response of all variables and parameters 
to P, plant inoculation (PI), and the P × PI interaction was 
analyzed by a two-way ANOVA. The factor P and the P × PI 
interaction were significant (P ≤ 0.05) for most of the vari-
ables and parameters studied (Table S2).

Evaluation of urediniospores germination in vitro

Germination of urediniospores on AA medium amended 
with IR stimulus was significantly reduced by 97% compared 
to control treatment (Fig. 1).

Rust symptoms, AUDPC, and rust severity

Necrotic lesions containing uredinia were abundant on the 
leaflets of control plants in contrast to the leaflets from plants 
sprayed with the IR stimulus (Fig. 2a-b). The AUDPC sig-
nificantly decreased by 35% with IR stimulus-sprayed plants 
compared to control plants (Fig. 2c). Rust severity estimated 
by the QUANT software was significantly reduced by 68% 
for plants sprayed with IR stimulus compared to control 
plants (Fig. 2d).
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Fig. 1  Urediniospore germination of Phakopsora pachyrhizi in Petri 
dishes containing agar–agar medium non-amended (control) or 
amended with induced resistance (IR) stimulus. The asterisk (*) indi-
cates a significant difference between treatments according to the F 
test (P ≤ 0.05). Bars represent the standard error of the means
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Parameters of leaf gas exchange

Photosynthesis on diseased leaves was less impaired for IR 
stimulus-sprayed plants (significative increases of 28, 40, 
and 28% for A, gs, and E, respectively) compared to con-
trol plants (Fig. 3a-b and d). Non-diseased leaves displayed 
better photosynthetic performance (significant increases of 
52, 53, and 37% for A, gs, and E, respectively) compared to 
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Fig. 2  Rust symptoms (chlorosis and necrosis) and sporulation of 
Phakopsora pachyrhizi in the abaxial surface of leaflets from soybean 
plants sprayed with water (control) (A) or with induced resistance 
(IR) stimulus (B). Area under disease progress curve (AUDPC) (C) 
and severity (D) for soybean plants sprayed with water (control) or 
with induced resistance (IR) stimulus. The asterisk (*) indicates a sig-
nificant difference between treatments (C and D) according to the F 
test (P ≤ 0.05). Bars represent the standard error of the means
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Fig. 3  Leaf gas exchange parameters net  CO2 assimilation rate (A) 
(A), stomatal conductance to water vapor (gs) (B), internal  CO2 con-
centration (Ci) (C), and transpiration rate (E) (D) determined on the 
leaflets of soybean plants non-inoculated (NI) or inoculated (I) with 
Phakopsora pachyrhizi and sprayed with water (control) or with 
induced resistance (IR) stimulus. Means for NI and I treatments fol-
lowed by an asterisk (*) and for control and IR stimulus treatments 
followed by an inverted triangle (▼) are significantly different 
according to the F test (P ≤ 0.05). Bars represent the standard devia-
tion of the means. Data shown are from 10 days after non-inoculation 
or inoculation of plants with P. pachyrhizi 
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diseased leaves of control plants (Fig. 3a-b and d). For the IR 
stimulus-sprayed plants, A significantly increased by 30% for 
non-diseased leaves compared to diseased leaves, while Ci 
significantly increased by 3% for diseased leaves compared 
to non-diseased leaves (Fig. 3a and c).

Imaging and quantification of Chl a fluorescence 
parameters

Damage to the photosynthetic apparatus of control plants 
compared to IR stimulus-sprayed plants occurred at 10 dai 
based on the darker areas in the images for Fv/Fm (maxi-
mum PSII quantum efficiency), Y(II) (photochemical 
yield), Y(NPQ) (yield for dissipation by down-regulation), 
and Y(NO) (yield for non-regulated dissipation) parame-
ters (Fig. 4). In general, IR stimulus-sprayed plants faced 
P. pachyrhizi infection more efficiently based on the out-
come of Chl a fluorescence parameters. For non-inoculated 
plants, Y(NO) was significantly higher by 23% for IR stim-
ulus-sprayed plants compared to control plants (Fig. 5d). 
For inoculated plants, Y(II) and ETR (electron transport 
rate) were significantly greater by 56 and 51%, respectively, 
while Y(NPQ) and Y(NO) were significantly lower by 14 
and 37%, respectively, for IR stimulus-sprayed plants com-
pared to control plants (Fig. 5b-e). Regarding the control 
plants, Y(II) and ETR were significantly higher by 56 and 
50%, respectively, for non-inoculated plants compared to 
inoculated plants, while Y(NO) was significantly reduced by 
39% for inoculated plants compared to non-inoculated plants 
(Fig. 5b and d-e). For IR stimulus-sprayed plants, Y(NO) 
was significantly higher by 20% for non-inoculated plants 
compared to inoculated plants (Fig. 5d).

Concentration of photosynthetic pigments

For non-inoculated plants, Chl a + b and carotenoid con-
centrations significantly increased by 12% for IR stimulus-
sprayed plants compared to control plants at 11 dai (Fig. 6a 
and c). For inoculated plants, concentrations of Chl a + b 
(69% at 14 dai) and carotenoid (19 and 27% at 8 and 14 
dai, respectively) were significantly higher for IR stimulus-
sprayed plants compared to control plants (Fig. 6b and d). 
In general, Chl a + b and carotenoid concentrations were 
significantly higher for non-inoculated plants compared 
to inoculated plants from control plants and IR stimulus-
sprayed plants during the time-course evaluated (Fig. 6a-d).

Histochemical localization of  H2O2 and  O2
•−

Leaflets from non-inoculated plants sprayed with the IR 
stimulus did not show any sign of cellular perturbation based 
on the absence or weak staining for  H2O2 and  O2

•− detec-
tions compared to control plants (Figs. 7a-b and 8a-b). 

Depositions of  H2O2 (brown color) and  O2
•− (blue color) 

were less remarkably intense in leaflets of inoculated plants 
from IR stimulus-sprayed plants (Figs. 7d and 8d) compared 
to control plants (Figs. 7b and 8b).

Activities of antioxidant enzymes

Non-diseased and IR-stimulus-sprayed plants showed 
a more operant antioxidant metabolism (significant 
increases of 37 and 30% at 3 dai for SOD and POX activi-
ties, respectively, and significant decreases of 44 and 65% 
at 2 dai for CAT and GR activities, respectively) com-
pared to control plants (Fig. 9a, c, e, and i). Diseased and 
IR stimulus-sprayed plants also showed a similar trend 
[significant increases for SOD (44 and 31%, respectively, 

Fig. 4  Images of chlorophyll a fluorescence parameters maximum 
PSII quantum efficiency (Fv/Fm), photochemical yield (Y(II)), yield 
for dissipation by down-regulation (Y(NPQ)), and yield for non-reg-
ulated dissipation (Y(NO)) obtained from leaflets of soybean plants 
sprayed with water (control) or with induced resistance (IR) stimulus 
and non-inoculated (NI) or at 10 days after inoculation (I) with Pha-
kopsora pachyrhizi 
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at 3 and 5 dai) and POX (51% at 5 dai) activities and 
significant decreases for POX (56 and 64%, respectively, 
at 2 and 9 dai), CAT (70% at 9 dai), APX (60 and 64%, 
respectively, at 3 and 9 dai), and GR (74% at 9 dai) activi-
ties] compared to diseased plants from the control treat-
ment (Fig. 9b, d, f, h, and j). Diseased leaves displayed 
significant increases in SOD, POX, CAT, APX, and GR 
activities compared to non-diseased leaves for control 
plants and IR stimulus-sprayed plants, especially for the 
former, from 2 to 9 dai (Fig. 9a-j).

Concentrations of TSP and LTGA derivatives

The concentrations of TSP and LTGA derivatives for non-
inoculated plants and the TSP concentration for inoculated 
plants were not affected for control plants and IR stimulus-
sprayed plants regardless of evaluation time (Fig. 10a-c). For 
inoculated plants, LTGA derivatives concentration was sig-
nificantly lower by 9% for IR stimulus-sprayed plants com-
pared to control plants at 9 dai (Fig. 10d). The concentration 
of LTGA derivatives was significantly higher for inoculated 
plants compared to non-inoculated plants for control plants 
and IR stimulus-sprayed plants from 3 to 9 dai (Fig. 10c-d).

Gene expression

Comparing NI vs. I plants for control and IR stimulus 
treatments

Expressions of PAL1.1, PAL1.3, PAL2.1, PAL3.1, CHIA1, 
CHIB1, PR1-A, PR10, and MMP2 at 1 dai, PAL1.1, CHIA1, 
PR1-A, and MMP2 at 2 dai, MMP2 at 3 dai, and PAL1.1 
and PR10 at 5 dai were significantly up-regulated for inocu-
lated plants compared to non-inoculated plants for control 
treatment. Expressions of ICS1 at 1 dai, LOX at 2 dai, and 
CHIB1 at 5 dai were significantly down-regulated for inocu-
lated plants compared to non-inoculated plants for control 
treatment (Fig. 11a and c). Expressions of PAL1.1, PAL1.3, 
PAL3.1, CHIA1, PR1-A, ICS1, and JAR1 at 1 dai, PAL1.1, 
CHIA1, and PR1-A at 2 dai, PAL1.3, PAL3.1, CHIA1, PR1-
A, PR10, ICS1, and JAR1 at 3 dai, PAL3.1, CHIA1, CHIB1, 
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Fig. 5  Quantification of chlorophyll a fluorescence parameters maxi-
mum PSII quantum efficiency (Fv/Fm) (A), photochemical yield 
(Y(II)) (B), yield for dissipation by down-regulation (Y(NPQ)) (C), 
yield for non-regulated dissipation (Y(NO)) (D), and electron trans-
port rate (ERT) (E) on the leaflets of soybean plants non-inoculated 
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water (control) or with induced resistance (IR) stimulus. Means for 
NI and I treatments followed by an asterisk (*) and for control and IR 
stimulus treatments followed by an inverted triangle (▼) are signifi-
cantly different according to the F test (P ≤ 0.05). Bars represent the 
standard deviation of the means. Data shown are from 10 days after 
non-inoculation or inoculation of plants with P. pachyrhizi 
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and PR10 at 5 dai were significantly up-regulated for inocu-
lated plants compared to non-inoculated plants for IR stimu-
lus treatment. Expressions of LOX at 1 and 5 dai and URE at 

1 and 2 dai were significantly down-regulated for inoculated 
plants compared to non-inoculated plants for IR stimulus 
treatment (Fig. 11b and d).

Fig. 6  Concentrations of 
chlorophyll a + b (Chl a + b) (A 
and B) and carotenoid (C and 
D) determined on the leaflets of 
soybean plants non-inoculated 
(A and C) or inoculated (B and 
D) with Phakopsora pachyrhizi 
and sprayed with water (control) 
or with induced resistance 
(IR) stimulus. Means for NI 
and I treatments followed by 
an asterisk (*) and for control 
and IR stimulus treatments 
followed by an inverted triangle 
(▼), at each sampling time, are 
significantly different according 
to the F test (P ≤ 0.05). Bars 
represent the standard deviation 
of the means
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Fig. 7  Histochemical detection of hydrogen peroxide on the leaflets 
of soybean plants non-inoculated (A and B) or inoculated (C and D) 
with Phakopsora pachyrhizi and sprayed with water (control) (A and 
C) or with induced resistance (IR) stimulus (B and D). The leaflets 
were sampled 15 days after non-inoculation or inoculation of plants 
with P. pachyrhizi 

Fig. 8  Histochemical detection of superoxide anion radical on the 
leaflets of soybean plants non-inoculated (A and B) or inoculated (C 
and D) with Phakopsora pachyrhizi and sprayed with water (control) 
(A and C) or with induced resistance (IR) stimulus (B and D). The 
leaflets were sampled 15 days after non-inoculation or inoculation of 
plants with P. pachyrhizi 
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Comparing IR stimulus and control treatments for NI 
and I plants

Non-inoculated plants: expressions of PAL3.1, CHIB1, PR1-
A, PR10, and JAR1 were significantly up-regulated at 1 dai, 
while PAL1.1, CHIB1, and LOX were significantly down-
regulated at 1, 5, and 2 dai, respectively, for IR stimulus 
treatment compared to control treatment (Fig. 11a-b).

Inoculated plants: expressions of PAL1.3 and ICS1 
at 1 dai, PAL1.1, PAL1.3, PAL3.1, CHIA1, LOX, PR10, 
ICS1, and JAR1 at 3 dai, as well as CHIB1 at 5 dai were 
significantly up-regulated, while LOX and PR10 at 1 dai, 
ICS2 at 3 dai as well as PAL1.1 and PAL1.3 at 5 dai were 
significantly down-regulated for IR stimulus treatment 
compared to control treatment (Fig. 11c-d). Expression of 
TEF-1α was significantly down-regulated at 1 and 2 dai 

Fig. 9  Activities of superox-
ide dismutase (SOD) (A and 
B), peroxidase (POX) (C and 
D), catalase (CAT) (E and F), 
ascorbate peroxidase (APX) (G 
and H), and glutathione reduc-
tase (GR) (I and J) determined 
on the leaflets of soybean plants 
non-inoculated (A, C, E, G, 
and I) or inoculated (B, D, F, 
H, and J) with Phakopsora 
pachyrhizi and sprayed with 
water (control) or with induced 
resistance (IR) stimulus. Means 
for NI and I treatments followed 
by an asterisk (*) and for con-
trol and IR stimulus treatments 
followed by an inverted triangle 
(▼), at each sampling time, are 
significantly different according 
to the F test (P ≤ 0.05). Bars 
represent the standard deviation 
of the means
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for IR stimulus treatment compared to control treatment 
(Fig. 11c-d).

PCA analysis

One principal component (PC) explained most of data vari-
ation (PC1 = 59.4% and PC2 = 28.7%) (Fig. 12a-b). Four 
cluster groups (NI control, I control, NI IR stimulus, and I 
IR stimulus treatments) were delineated according to clus-
ter analysis with complete linkage and Pearson distances 
(Fig. 12a). The PC1 resulted in negative scores for photosyn-
thetic parameters [Fv/Fm, Y(II), and ETR], photosynthetic 
measurements (A, E, and gs), Chl a + b, Car, and for the 
expression of some genes (URE, CHI1B1, PAL1.3, PR1-A, 
ICS1, ICS2, and LOX), and positive scores for other vari-
ables and parameters evaluated (Fig. 12b). The PC2 was 
characterized by negative scores for AUDPC, photosynthetic 
parameters [A, gs, E, Y(NPQ), and Y(NO)], LTGA deriva-
tives, antioxidant enzymes (SOD, POX, CAT, APX, and 
GR) and for the expression of some genes (PAL1.1, PAL1.3, 
PAL2.1, PAL3.1, LOX, PR1-A, PR10, ICS1, ICS2, and JAR1) 
and positive scores for other variables and parameters evalu-
ated (Fig. 12b).

Discussion

The routinely usage of fungicides for managing soybean 
rust caused development in the resistance of P. pachyrhizi 
(Klosowski et al. 2018), therefore, using IR stimuli becomes 

an eco-friendly and sustainable alternative for integrated rust 
management. In the present study, rust symptoms and the 
fungal colonization of leaf tissues were greatly reduced for 
IR stimulus-sprayed plants. Even though the IR stimulus 
showed antifungal activity against urediniospores in vitro, 
it also was able to trigger soybean defense responses against 
fungal infection. In fact, some IR stimuli reported in the 
literature [e.g., acibenzolar-S-methyl (ASM)] may exert a 
fungicide effect against some pathogens by inhibiting myce-
lial growth or spore germination rather than only eliciting or 
prime host defense reactions (Siah et al. 2018; Mejri et al. 
2021; Mohammad et al. 2021; Paula et al. 2021).

Increased susceptibility of plants against pathogens of 
different lifestyles is closely associated with photosyn-
thetic impairment and their less capacity for a prompt 
defense response due to profound alterations in the trans-
location of photoassimilates across organs (Debona et al. 
2014; Silveira et al. 2015; Rios et al. 2014; Dias et al. 
2020; Sterling and Melgarejo 2021). Particularly in soy-
bean, leaf infection by P. pachyrhizi seriously compro-
mises photosynthesis as pictured by remarkable changes 
in leaf gas exchange (lower A, gs, Ci, and E) and Chl a 
fluorescence [lower Fv/Fm, Y(II), and Y(NPQ) followed 
by increases in Y(NO)] parameters along with reduced 
Chl a + b and carotenoid concentrations (Rios et al. 2018). 
In the present study, photosynthesis was remarkably pre-
served in diseased leaves of IR stimulus-sprayed plants. 
Great A, gs, and E values obtained for diseased leaves of IR 
stimulus-sprayed plants reflected their better physiological 
status due to less biochemical and diffusional limitations 

Fig. 10  Concentrations of total 
soluble phenolics (TSP) (A and 
B) and lignin-thioglycolic acid 
(LTGA) derivatives (C and D) 
determined on the leaflets of 
soybean plants non-inoculated 
(A and C) or inoculated (B and 
D) with Phakopsora pachyrhizi 
and sprayed with water (control) 
or with induced resistance (IR) 
stimulus. Means for NI and 
I treatments followed by an 
asterisk (*) and for control and 
IR stimulus treatments followed 
by an inverted triangle (▼), at 
each sampling time, are signifi-
cantly different according to the 
F test (P ≤ 0.05). Bars represent 
the standard deviation of the 
means. FW and DW = fresh and 
dry weight, respectively
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associated with great preservation of stomata functionality 
during infection by P. pachyrhizi. A balance between the 
electron flow and  CO2 assimilation during photosynthesis 
occurred for diseased leaves of IR stimulus-sprayed plants 
considering the greatest values for A and ETR. On top of 
that, diseased leaves of IR stimulus-sprayed plants suffered 
less photodamage [e.g., higher Y(II) values and reductions 
in Y(NPQ) and Y(NO)] at the photosynthetic machinery 
level. Linked to that, ETR was higher while Y(NPQ) 
was lower indicating that heat dissipation to alleviate 
any damage imposed on PSII was minimal and ensured 
even more preservation of the photosynthetic apparatus. 
Interestingly, damage to the reaction centers associated 
with the photosystems based on Fv/Fm values was similar 

between control plants and IR stimulus-sprayed plants 
regardless of P. pachyrhizi infection. High photosynthetic 
pigment (Chl a + b at 14 dai and carotenoid at 8 and 14 
dai) concentration was noticed for diseased leaves of IR 
stimulus-sprayed plants due to reduction in rust develop-
ment indicating that light energy was used more efficiently 
towards improved photosynthesis. Interestingly, Chl a + b 
and carotenoid concentrations were higher for IR-stimulus 
plants compared to control plants not challenged with P. 
pachyrhizi at 11 dai. Different IR stimuli can mitigate the 
stress imposed by foliar pathogens on photosynthesis of 
their hosts, including the soybean-P. pachyrhizi interac-
tion due to the activation of defense responses that affect 
disease development than just having a fungistatic effect 

Fig. 11  Expression profile of 
genes determined in leaflets of 
soybean plants non-inoculated 
(NI) (A and B) or inoculated 
(I) (C and D) with Phakopsora 
pachyrhizi and sprayed with 
water (control) (A and C) or 
with induced resistance (IR) 
stimulus (B and D). Color cells 
ranging from blue (-4.0) to 
red (4.0) represent the relative 
transcript levels for the genes 
studied. Amplifications of 
Ubiquitin-3 (UBIQ) and glycer-
aldehyde 3-phosphate dehydro-
genase (GAPDH) genes from 
soybean were used as internal 
controls for data normalization. 
Fold changes were calculated 
based on the transcript level 
for NI plants of the control 
treatment at 1 day after inocula-
tion. For each leaf sample, four 
biological replications were 
used with their respective two 
technical replicates. Means for 
NI and I plants for control and 
IR stimulus treatments, at each 
evaluation time, followed by 
an asterisk (*) are significantly 
different (P ≤ 0.05) according 
to the F test. A triangle (▲) 
indicates a significant difference 
between control and IR stimulus 
treatments for NI and I plants, at 
each evaluation time, according 
to the F test (P ≤ 0.05)
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(Rios et al. 2014; Fagundes-Nacarath et al. 2018; Aucique-
Pérez et al. 2019; Dias et al. 2020; Einhardt et al. 2020; 
Picanço et al. 2022).

The cellular damage caused by ROS accumulation is well-
documented in plant tissues infected by pathogens (Low and 
Merida 1996). A well-coordinated enzymatic system in the 
cell wall, plasma membrane, and symplast of leaves diseased 
by pathogens play a key role in scavenging the excess of ROS 
generated (Das and Roychoudhury 2014). In contrast to IR 
stimulus-sprayed plants, control plants displayed increased 
POX, CAT, APX, and GR activities in response to P. pachy-
rhizi infection. Interestingly, higher SOD activity in the leaves 
of IR stimulus-sprayed and diseased plants was higher at 3 
and 5 dai helped to decrease the pool of  O2

•− which was also 
histochemically confirmed. Beyond that, the great amount of 
 H2O2 generated as a result of increased SOD activity did not 
seem to exert a harmful effect in diseased leaves of IR stimu-
lus sprayed plants considering the reduction on rust develop-
ment. In this scenario, CAT, APX, and GR (except POX at 5 
dai) activities did not increase to scavenge  H2O2 and the foliar 
presence of  H2O2 was minimal. On the other hand, lower GR 
activity for IR stimulus-sprayed and diseased plants was pos-
sibly linked to less production of other ROS (e.g., singlet 
oxygen and hydroxyl radical) in contrast to higher activity 
obtained for diseased plants of the control treatment at 9 hai. 
It is important to point out that the IR stimulus was efficient to 
reduce the oxidative stress imposed by P. pachyrhizi infection 
without imposing a high metabolic cost on soybean plants as 
denoted by the slight changes on the photosynthetic apparatus. 
More than a possible harmful effect of the transitional pool of 
 H2O2, indirectly associated with higher SOD activity, for IR 
stimulus-sprayed and diseased plants, its role as a signaling 
molecule to activate defense responses in plants expressing 
SAR to cope with pathogen infection (Low and Merida 1996) 
cannot be ruled out. Plants are prone to develop a more robust 
and transient antioxidative metabolism to mitigate the stress 
at the infection sites of the pathogen after being in contact to 
IR stimuli (Rios et al. 2014; Fagundes-Nacarath et al. 2018; 
Aucique-Pérez et al. 2019; Dias et al. 2020; Einhardt et al. 
2020; Mohammad et al. 2021; Paula et al. 2021).

The action of the IR stimulus in boosting soybean resist-
ance against rust was investigated at the molecular level by 
examining the expression of some defense-related genes. 
Interestingly, in the absence of P. pachyrhizi infection, ear-
lier up-regulation of PAL3.1, CHIB1, PR1-A, PR10, and 
JAR1 for IR stimulus-sprayed plants indicated elicitation 
of defense responses. Notably, the gene expression pattern 
was strikingly similar for inoculated plants but sometimes 
more remarkable for IR stimulus-sprayed plants than con-
trol plants. In this context, up-regulation of PAL1.1, PAL3.1, 
CHIA1, LOX, PR10, and JAR1 at 3 dai, PAL1.3 at 1 dai, ICS1 
at 3 dai, and CHIB1 at 5 dai for IR stimulus-sprayed plants 
was closely linked to their increased resistance against rust. 
Interestingly, the level of response gained by the IR stimu-
lus in boosting soybean defense reactions against P. pach-
yrhizi infection was comparable to the ASM (a very-well 

Fig. 12  Score plots (a) and loading (b) values in the principal com-
ponent analysis (PCA) for variables and parameters evaluated in soy-
bean plants non-inoculated (NI) or inoculated (I) with Phakopsora 
pachyrhizi and sprayed with water (control) or with induced resist-
ance (IR) stimulus. Numbers in the loading plot (b) are as follow: 
severity (1), area under disease progress curve (2), leaf gas exchange 
parameters (3, 4, 5, and 6 = net  CO2 assimilation rate, stomatal con-
ductance to water vapor, internal  CO2 concentration, and transpira-
tion rate, respectively), chlorophyll a fluorescence parameters (7, 8, 
9, 10, and 11 = maximum PSII quantum yield, effective PSII quan-
tum yield, quantum yield of regulated energy dissipation, quantum 
yield of non-regulated energy dissipation, and electron transport 
rate, respectively), photosynthetic pigments (12 and 13 = chlorophyll 
a + b and carotenoid, respectively), activities of antioxidant enzymes 
(14, 15, 16, 17, and 18 = superoxide dismutase, peroxidase, catalase, 
ascorbate peroxidase, and glutathione reductase, respectively), total 
soluble phenolics (19), lignin-thioglycolic acid derivatives (20), and 
genes expression (21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 
and 34 = PAL1.1, PAL1.3, PAL2.1, PAL3.1, CHIA1, CHI1B1, LOX, 
PR1-A, PR10, MMP2, URE, ICS1, ICS2, and JAR1, respectively). 
Groups were generated from cluster analysis with complete linkage 
and Pearson distance. Data from variables and parameters used in the 
PCA analysis were obtained for NI and I plants at 10 days
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recognized inducer of resistance), a phosphite combined 
with free amino acids (Picanço et al. 2022), and other IR 
stimuli reported by Paula et al. (2021). The IR stimuli have 
great potential to elicit or prime plants, previously exposed 
to them, to cope with pathogen infection in a faster, more 
effective, and more extended period due to the involvement 
of different defense reactions (pathogenesis-related proteins 
(e.g., chitinases, β-1,3-glucanases, PR1, and PR10), antimi-
crobial compounds (e.g., phenolics, quinones, phytoalexins, 
and some peptides), and lignification of plant tissues) (Kesel 
et al. 2021; Vlot et al. 2021). An increase in TSP concentra-
tion or even their subsequent polymerization towards lignin 
production (except higher LTGA derivatives concentration 
for control plants compared to IR stimulus-sprayed plants at 
9 dai) was not linked to PAL expression on diseased plants 
from control or IR stimulus treatments. In some cases, soy-
bean plants counteract P. pachyrhizi infection by increasing 
the production of either phenolics or lignin which seems to 
be greatly affected by the type of IR stimulus (Einhardt et al. 
2020; Paula et al. 2021; Picanço et al. 2021, 2022). In soy-
bean, the enzyme chalcone isomerase, encoded by CHIB1, 
synthesizes different flavonoids (Kim and Chung 2007). The 
IR stimulus-sprayed plants dependent on the flavonoid path-
way considering the up-regulation of CHIB1 to fight against 
rust. Park (2010) reported that transcripts for CHI1, coding 
for chalcone isomerase 1, was abundantly produced in soy-
bean leaves infected by P. pachyrhizi at 10 hai.

Soybean resistance against soilborne and foliar diseases 
caused by pathogens of different lifestyles activate ISR or 
SAR after being exposed to IR stimuli (Paula et al. 2021). It is 
reasonable to assume that the IR stimulus used in the present 
study was able to prime both SA and JA signaling pathways 
to cope with the harmful effect of P. pachyrhizi infection. Tak-
ing into consideration the particularity of symptoms caused 
by P. pachyrhizi on soybean leaves (necrosis) in contrast to 
those caused by other fungi causing rust (e.g., Uromyces 
appendiculatus in common beans—absence of necrosis and 
discrete chlorosis at the infection sites), it is expected plants 
will be prone to develop SAR. However, at some point in the 
P. pachyrhizi infection process, a necrotrophic phase can take 
place over the biotrophic lifestyle to manipulate the immune 
system of soybean plants with effectors released in favor of 
successful infections (Barros et al. 2020). In soybean, SA is 
originated from either phenylpropanoid or isochorismate path-
ways in which PAL and ICS, respectively, are involved (Shine 
et al. 2016). It is tempting to speculate that SA originated 
from both phenylpropanoid and isochorismate pathways were 
important for the increased resistance of IR stimulus-sprayed 
and diseased plants through SAR activation considering the 
more substantial up-regulation of PAL1.1 and PAL3.1 (at 3 
dai) as well as PAL1.3 and ICS1 (at 1 and 3 dai). In many 
plant-pathogen interactions, JAR1 expression has been used 
as a molecular marker to check the activation of JA pathway 

while PR1 is often up-regulated in diseased plants exhibiting 
SAR (Feys and Parker 2000; Kesel et al. 2021). However, 
in the present study, increased resistance of IR stimulus-
sprayed plants against rust cannot be attributed exclusively 
on PR1-A, but taking into consideration a holistic role played 
by other genes (e.g., PAL and ICS). Indeed, there was no dif-
ference between diseased plants from control or IR stimulus 
treatments regarding PR1-A expression. Paula et al. (2022) 
reported that reduction in rust severity in soybean plants by 
thaxtomin A involved ET (up-regulation of ACC ) with no 
apparent effect of SA pathway based on down-regulation of 
PR1, NPR1, and MeSA. The up-regulation of JAR1 for IR 
stimulus-sprayed and diseased plants at 3 dai shed light on 
the possible contribution of ISR in soybean resistance against 
rust. The decision of plants to follow either the SA or the JA/
ET pathway, or having their co-participation at some stage 
of the pathogen infection process, is often linked to the type 
of IR stimulus used (rate and time of application), the level 
of resistance of the cultivar, and the pathogen lifestyle in an 
attempt to allocate the metabolic energy as more efficiently 
as possible (Siah et al. 2018; Vlot et al. 2021; Zeier 2021). 
There were no clear pieces of evidence for the involvement of 
LOX, PR10, MMP2, and URE on the resistance of IR stimulus 
sprayed and diseased plants. Interestingly, for the soybean-P. 
pachyrhizi interaction, Park (2010) reported that PR10 was 
one of the 40 proteins differentially expressed until 10 dai 
and PR10 expression was significantly up-regulated (at 10 
hai as well as at 6 and 8 days after inoculation) in diseased 
leaves from plants of a susceptible cultivar. The PR10 was 
also up-regulated in soybean leaves previously exposed to SA, 
ethylene, abscisic acid, and JA and infected by Phytophthora 
sojae (Jiang et al. 2015).

In conclusion, a body of evidences were reported in 
the present study that highlights the potential of the cop-
per-polyphenolic compound to increase soybean resist-
ance against rust. Based on the PCA analysis, soybean 
plants infected by P. pachyrhizi responded differently 
after being sprayed with water or IR stimulus. In this 
regard, IR stimulus-sprayed plants had a more preserved 
photosynthetic apparatus (more energy to be allocated 
for biochemical pathways involved in host defense reac-
tions), expressive defense response (up-regulation of 
genes related to host basal defense and signaling path-
ways mediated by SA and JA), and a robust antioxi-
dative metabolism to face P. pachyrhizi infection more 
efficiently. It is tempting to assume that using this IR 
stimulus, associated with available control strategies, 
may become a promising alternative through a defense-
stimulating effect to help reduce fungicides spray and 
avoid yield losses caused by rust.
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