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ABSTRACT

PICANCO, Barbara Bezerra de Menezes, M.Sc., Universidade Federal de Vicosa, July, 2020.
Molecular and physiological insights into the role played by boron in the soybean-
Phakopsora pachyrhizi interaction Advisor: Fabricio de Avila Rodrigues.

Considering the potential of Asian Soybean Rust (ASR), caused by the fungus Phakopsora
pachyrhizi, to reduce soybean yield, this study investigated the effect of boron (B) on soybean
resistance against ASR. The photosynthetic performance (chlorophyll a fluorescence and
concentration of photosynthetic pigments), the concentration of total soluble phenolics
compounds (TSP) and lignin-thioglycolic acid (LTGA) derivatives as well as the expression of
defense- and B-related genes were analyzed. The supply of B to plants grown hydroponically
with nutrient solutions containing 0.25 or 1.0 nBvid not show reduction in ASR severity.
Confirming this result, the expression of TEF1 gemanglation elongation factor la of P.
pachyrhiz) increased regardless of B rates. Additionally, higher B foliar concentration occurred
for inoculated plants supplied with 1.0 mM B. The photosynthetic process was impaired during
the infection process of P. pachyrhizi regardles8afates The TSP concentration was
significantly high at 15 dai for non-inoculated plants supplied with 1.0 mM B in contrast to
non-inoculated plants receiving 0.25 mM B. The LTGA derivatives concentratiehigher

for inoculated plants regardless of B supply. Defense-related genes were up-regulated in
inoculated plants, regardless of B supply. Genes encoding for nitrate and nitrite reductase were
more expressed at ideal B rate at 10 and 15 dai, and at high B rate at 3 and 5 dai, for inoculated
plants. Genes encoding for rhamnogalacturonan Il were more expressed at ideal B rate at 15
dai, and at high B rate at 10 dai, for non-inoculated plants. There was no changes in the
expression of the genes coding for phenylalanine ammonia-lyase (PAL2.1) as well as
isochorismate synthase (ICS1 and IC&®ardless oB rates and P. pachyrhizi infection. In
conclusion, the supply of high B rate to soybean plants did not result in an increase in their

resistance against ASR independently of B supply.

Keywords: Asian soybean rust. Photosynthesis. Plant nutrition. Host defense espons



RESUMO

PICANCO, Barbara Bezerra de Menezes, M.Sc., Universidade Federal de Vicosa,ejulho d
2020. Respostas moleculares e fisiolégicas do boro na interacdo soja-Phakopsora
pachyrhizi. Orientador: Fabricio de Avila Rodrigues.

Considerando o potencial da ferrugem asiatica da soja (FAS), causada pelo fungo Phakopsora
pachyrhizi, em reduzir a produgao da soja, este trabalho objetivou determinar o efeito do boro
(B) na resisténcia dessa cultura. Foram analisadas a performance fotossintética (fluorescéncia
da clorofila a e concentrag de pigmentos fotossintéticosy,concentracdo de compostos
fendlicos sollveis totais (CFST) e lignina, além da expresséo de genes relacionados a defesa e
ao metabolismo do borés duas doses de B (0.25 mM e 1.0 mM) néo reduziram a severidade

da FAS em folhas de soja. Confirmando esse resultado, a expressdo de TEF1 (fator de
elongagdo la de P. pachyrhizi) aumentou, sem influéncia do B. Mesaoncentragdes folias

de Bforam observadas em plantas inoculadas supridas com alta dose do micron@riente.
processo fotossintético foi prejudicado devido aos efeitos negativos decorrentes da infecgéo,
porém sem diferencas significativas entre os tratamentos de B. A condedg&FST nao

diferiu estre as plantas tratadas com diferentes concentracdes de B, exceto aos 15 dias apos ¢
inoculacao (dai), onde plantas ndo inoculadas do tratamento 1.0 mM de B apresentaram maior
concentracdo em comparacdo com plantas néo inoculadas do tratamento 0.25 mM de B
Maiores concentracdes de lignina foram observadaglantas inoculadas, independente das
doses de B. Genes de defesa foram mais expressos em plantas inoculadas, independente da dos
de B. Genes que codificam para nitrato e nitrito redutase foram mais expressos em 10 e 15 dai
(0.25 mM de B) e em 3 e 5 dai (1.0 mM de B). Genes que codificam para ramnogalacturonano

Il foram mais expressos em 15 dai (0.25 mM de B) e 10 dai (1.0 mM de B) em plantas néo
inoculadas. Nao ocorreu diferenca estatistica na expressdo dos genes que codificam para
fenilalanina amoénidi-ase (PAL2.1) e isocorismato sintase (I@3ICS2), independente de B e

P. pachyrhizi. Baseado nos resultados encontrados neste estudo, a dose de B acima da ideal (1.
mM) aplicada em plantas sob estresse, ndo apresentaram efeitos aditivos na potencelizacdo d

resisténcia da soja a FAS.

Palavras-chave Ferrugem asiatica da soja. Fotossintese. Nutricdo de plantas. Mecanismos de

defesa da planta.
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INTRODUCTION

Soybean (Glycine max (L.) Merr.) is one of the most important agricultural crops in the
world due to its extensive planted area (over 120 million hectares) and production (dbout 33
million tons), on a global scale (USDA, 2020). In Brazil, it is considered the main crop in terms
of area and volume of production representing, approximately, 48% of all grains produced in
2019 in the country (CONAB, 2019). In this scenario, on 2019-2020 harvest, Brazil overtook
the United States as therld’s leading soybean producer (USDA, 2020).

Soybean productiois negatively affected by the occurrence of severe epidemics of Asian
soybean rust (ASR), caused by the biotrophic fungus Phakopsora pachyrhizi H. Sydow & P.
Sydow, which requires live plant tissues to complete its life cycle (Lorrain et al., 2019). The
ASR is one of the most important foliar diseases in soybean worldwide and in the distinct
geographic regions, damage can range from 10 to 90% (Godoy et al., 2019). The non-use of
fungicides may result in an intense plant defoliation caused by ASR and in a decrease of 30%
in the soybean exported (CEPEA, 2019).

The ASR symptoms start as small lesions, tan-colored, restricted by leaf veins, and mainly
found in the leaves of lower plant canopy (Godoy et al., 2019). As the lesions expand, uredinia
relea® urediniospores become visible on the abaxial surface of leaves (Goellner et al., 2010).
Even though ASR control is challenging to achieve, the use of resistant cultivars, the spray of
fungicides, and the use of some cultural practices (e.g., early season cultivars, monitoring
disease appearance in the field, elimination of secondary hosts, and following the soybean-free
period of 90 days to decrease inoculum) hasdtHip decrease the impact of this disease on
soybean yield (Tecnologias, 2013; Langenbach et al.,, 2016; Cattelan, 2018). However,
extensively application of fungicides brings several negative consequerml human and
animal health as well as to the environment (Damalas & Eleftherohorinos, 2011) besides the
emergence of fungicide-resistant populations of P. pachyrhizi (Twizeyimana & Hartman,
2017).

Numerous researches have shdwhe importance of mineral nutrition for plant
resistance against their pathogens (Dordas, 2008; Rathi et al., 2014; Vasco et al., 2017). Boron
(B) plays an important role in the resistance of some crops to diseases (Welch, 1995). This



micronutrient affects directly the metabolism of plants becauses aliverse functions. The
transport of sugars and the synthesis of nucleic acids in plants are favored by B (Fageria, 2009).
Furthermore, B deficiency leads to an inhibition of the apical growth of plants besides reducing
photosynthesis (Marschner, 2012), low seed quality, and premature fall of leaves and fruits
(Brown et al., 2002).

Nitrogen (N) is one of the most important nutrients for plant development (Dordas, 2008).
The fixation of N by roots is B-dependent (Bellaloui et al., 2010). The B levels in plant tissues
close to deficiency decrease the N content as well as lower nitrate reductase activity (Kastori,
1989; Cervilla et al., 2009). Bellaloui et al. (2010) reported that B foliar application increased
soybean grain as well as seed yield. In the same study, the authors also proposed that B had a
positive effect on nodules number and size increasing nitrogen fixation. In addition, Blachinski
et al. (1996) reported that foliar nitrogen application in potato and tomato reduced severity
caused by Alternaria solani.

Additionally, B hasadirect participation in cell wall formation and stabilization (Welch,
1995; Dordas, 2008). Normally, B forms dimeric complex with the rhamnogalacturonan-Il, a
pectic polysaccharide found in the primary cell walls, affecting the pores size in the cell wall
that will affect the transport of proteins and other molecules (Lauchli, B06&n et al., 2002
Goldbach & Wimmer, 2007). At the simplest level, the plant cell wall can directly interfere
with the mechanical penetration of fungal pathogens because it provides a physical barrier
between pathogens and the internal contents of plant cells (Vorwerk et al., 2004; Bellaloui et
al., 2012).

Considering the negative impact of ASR on soybean yield and the gap of information in
the literature regarding the potential of B in reducing disease symptoms, the present study
investigated the possibility of using this micronutrient to potentiate soybean resistance against
P. pachyrhizi infection at both molecular (expression of defense- and B-related genes) and

physiological levels.
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MATERIAL AND METHODS

Plant growth

Soybean seeds from cultivdTMG 135 (Tropical Melhoramento & Genética,
Rondonopolis, MT, Brazil), susceptible to P. pachyrhizi, were sown in plastic trays containing
sterilized sand previously washed with HCI 1 N. After emergence, a total of five 10-day-old
plants were transferred to each 5 L polystyrene pots. For acclimatization, plants were cultivated
in hydroponic system containing nutrient solution from Hoagland and Arnon (1950) (pH 5.8)
at 25% of its original concentration during five days. Afterwards, plants were grown in
Hoagland solution at 100% of its original concentration, except for B, which was supplied to
plants at two different rates: 0.7729 and 3.0915 mgQ.25 and 1.0 mM, respectively, and
refereed to ideal and high rates thereafter) during 30 days. The B rates corresponded to 25 and
100%, respectively, of the B concentration originally present irHtagland’s solution. All
nutrient solution was prepared with demineralized water. The nutrient solution was aerated,
changed every four days, and the pH adjusted to 5.8 daily. Plants were &gpeenhouse
(temperature of 25 + 3°C, relative humidity of 80 + 5%, and photoperiod of 13 hours) during
the experiments.

A preliminary experiment was carried out to test the B rates in order to detect its
deficiency and phytotoxicity to the soybean plants. Five different rates were tested: 0.7729,
1.5457, 2.3186, 3.0915, and 6.1830 mbwthich corresponded to 25, 50, 75, 100, and 200%,

respectively, of the B concentration originally present inHba&gland’s solution.

Plant inoculation with P. pachyrhizi

Thirty-day old plants were inoculated with a suspension of 1% urediniospores
of P. pachyrhizi prepared with gelatine (0.5% w/v) by using an Aibrush atomizer (Paasche
Airbrush Co., IL). After inoculation, plants were kept in a mist chamber at 25°C for 16 h under
darkness. After this period, plants were transferred to a greenhouse (temperature of 25 + 3°C
relative humidity of 80 + 5%, and photoperiod of 13 hours) where they rechamil the end

of the experiments.
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Determination of foliar B concentration

The second and ttd trifoliolate leaves, from the basis to top, of five plants per replication
(four replications and a total of 20 plants and 40 leaves) were collected at 15 day after
inoculation (dai) and dried in a forced ventilation oven (temperature of 70)8til reaching
constant weight. Thereatfter, leaves were ground in a ball mill (TECNAL TE 350, Piracicaba,
SP, Brazil) for 1 min. A total of 0.5 g of dried leaf tissue was digested with a nitric-perchloric
acid solution and foliar B concentration was determined by optical emission spectrometry with
inductively coupled plasma (ICP-OES; Perkin EImer Model Optima 8300 DV).

Evaluation of ASR severity

The second and third trifoliolate leaves, from the basis to top, of five plants per replication
(four replications and a total of 20 plants and 40 leaves) of each treatment were collected at 15
dai, scanned at 600 dpi resolution, and the images were processed using the software QUANT
(Liberato, 2003) to obtain the ASR severity values.

Chlorophyll (Chl) a fluorescence imaging

Images and parameters of Chl a fluorescence were obtained from the second trifoliolate
leaf, from the basis to top, of five plants per replication (four replications and a total of 20 plants
and 20 leaves) at 7, 11, and 15 dai using the Imaging-PAM fluorometer and the Imaging Win
software MAXI version (Heinz Walz GmbH, Effeltrich Germany). Plants were adapted to
darkness for 30 min and then placed individuallg support at a distance of 18.5 cm from the
CCD ("chargeeoupled device”) camera to obtain images at the resolution of 640 x 480 pixels.
The leaflets were exposed to a light pulse intensity of 0.5 pmol m? s?, 100 ps, 1 Hz to obtain
the initial fluorescence @ Next, a saturating white light pulse of 2,400 pmol m? s (10 Hz)
was emitted for 0.8 s to determine the maximum fluorescence emissiprBésed on these
initial measurements, the maximum PS Il photochemical efficiency of the dark-adapted leaflets
was estimated through the varialttemaximum Chl a fluorescence ratio as following/HFm
= [(Fm - Fo) / Fm)]. Next, the leaflets were exposed to actinic photon irradiance (100 pmol m
s?1) for 300 s to obtain the steady-state fluorescence yig)ddfer which a saturating white

light pulse (2,400 umol m? s'; 0.8 s) was applied to achieve the light-adapted maximum
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fluorescence (). The light-adapted initial fluorescence lF was estimated according to
Oxborough and Baker (1997). Based on Kramer et al. (2004), the energy that was absorbed by
the PS Il for the following three yield components for dissipative processes was calculated as
follows: the photochemical yield [Y(Il) = (F - Fs) / Fm'")], the yield for dissipation by down-
regulation [Y(NPQ) = (5/ Fn') - (Fs/ Fm)], and the yield for other non-photochemical (non-
regulated) losses [Y(NO) =FFn]. The apparent electron transport rate was calculated as ETR
=Y(II) x PPFD x f x o (Baker, 2008).

Determination of photosynthetic pigments concentration

Five leaf-discg0.8 cn? each) were obtained from the second trifoliolate leaf, from the
basis to top, of five plants per replication (four replications and a total of 20 plants and 20
leaves) at 7, 11, and 15 dai to determine the concentrations of Chl a, Chl b, and carotenoids.
Leaves were also collected from non-inoculated plants, at these same evaluation times, to serve
as the control. Leaf samples were immersed in glass tubes containing 5 mL of dimethyl
sulfoxide (DMSO) solution (saturated with Cagl@nd kept in the dark at room temperature
for 24 h. The absorbance of the extracts was read at 480, 649, and 665 nm in a
spectrophotometer using Cag€aturated solution of DMSO as a blank. The concentrations of

Chl a, Chl b, and carotenoids were calculated according to Wellburn (1994).

Determination of total soluble phenolics (TSP) and lignin-thioglycolic acid (LTGA)
derivatives concentrations and genes expression using quantitative real-time PCR

The second and third trifoliolate leaves, from the basis to top, were collected at 1, 3, 5,
10, and 15 dai (four replications and a total of 20 plants and 40 leaves per each sampling time),
immediately frozen in liquid nitrogen during sampling, and then stored A @&til further
analysis. Leaves were also collected from non-inoculated plants, at these same evaluation times,

to serve as the control.

Determinations of TSP and LTGA derivatives
The TSP concentration was determined following the methodology proposed by Zieslin
and Ben-Zaken (1993) and adapted by Rodrigues et al. (2005). A total of 100 mg of leaf tissue
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was ground into a fine powder with liquid nitrogen using a mortar and pestle and homogenized
with 1 mL of methanol solution 80% (v/v). Next, the crude extract was shaken at 300 rpm at
25°C for 2 h. Subsequently, the mixture was centrifuged at 17,000 g for 30 min, the methanolic
extract was collected and the pellet was saved for LTGA derivatives determination. The
reaction was started after the addition of 150 pL of methanolic extract to 750 pL of 0.2 M Folin-
Ciocalteu phenol reagent and incubated at 25°C for 5 min. The next step was the addition of
0.1 M sodium carbonate to the solution, which was maintained at 25°C for 10 min. Afterwards,
1 mL of deionized water was also added to the mixture and the solution was incubated at 25°C
for 1 h. The TSP concentration was calculated based on a calibration curve using catechol
(Sigma-Aldrich, Sdo Paulo, Brazil) as a standard, and the absorbance was read at 725 nm.
For determination of LTGA derivatives, the pellet was resuspended in 1.5 mL of
deionized water and homogenized and centrifuged at 12,000 g for 15 min. Afterwards, the
supernatant was discarded and the pellet was dried at 65°C for 12 h. The alcohol-insoluble dry
residue was used to determine the concentration of LTGA derivatives as described by Barber
and Ride (1988). The absorbance ofghj@ernatant was read at 280 nm and the concentration
of LTGA derivatives was determined from a calibration curve using lignin, alkali and 2-

hydroxypropyl ether (Sigma-Aldrich, S&o Paulo, Brazil) as the standard.

Genes expression

A total of 75 mg of leaf tissue (four replications per treatment) was ground into a fine
powder using a vibration ball mill with liquid nitrogen. RNA was extracted with Trizol
(Invitroger?). DNA contaminations were removed with RQ1 RNase-Free DNase (Promega).
The quality and integrity of the RNA were verified by 1.5% agarose gel electrophoresis and the
amount of RNA was measured in a Qubit fluorometer using Qubit RNA HS Assay Kit
(Invitrogen, S&o Paulo, Brazil). Single-stranded cDNAs were synthesized by reverse
transcription using fg of total RNA with oligo(dT) primers in a final volume of g0 using
the SuperScript First Strand Synthesis System for RT-PCR (Invitthgene qRT-PCR was
performed on a Bio-Rad CFX Real Time Thermal Cycler using SYBR Green PCR Master Mix
according to the manufacturer's recommendations. All reactions were performed in duplicate

and the relative expression values for each gene studied were calculated usi{§'thethod
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(Livak & Schmittgen, 2001). Expression analysis of geeasoding for phenylalanine
ammonia-lyase (PAL1.1, PAL1.3, PAL2.1, and PAL3.1), chitinase (CHIAL), chalcone
isomerase (CHI1B1), lipoxygenase (LOX7), metalloproteinase (MMPZ2), isochorismate
synthase (ICS1 and ICS2), pathogenesis-related prot@iR-14), nitrate reductase and nitrite
reductase (NR1-2 and INR-2)JDP-glucose dehydrogenase (IDH{DP-mannose 4,6-
dehydratase (HEMB), GDP-D-mannose 3',5'-epimerase (GME1l, LOC 100794772, LOC
100806498, LOC 100797618, LOC 100780764), and AP2/ERF type transcription B (

was performed using specific primers sequence (Table 2). The expression of TEF1
corresponding to theranslation elongation factor 1a of P. pachyrhizi, was also quantified to
confirm the presence of P. pachyrhizi in plant tissues. The Ubiquitin-3 gene was used as a

reference for normalization as proposed by Mortel et al. (2007).

Experimental design and statistical analysis

A 2 x 2 factorial experiment, consisting of plants supplied with B (0.25 and 1.0 mM,
respectively, and refereed to ideal and high rates thereafter) and non-inoculated or inoculated
plants with P. pachyrhizi, was arranged in a completely randomized design with four
replications, per each sampling time, to evaluate ASR severity and to obtain leaf samples to
determine both foliar B and pigments concentrations as well as to evaluate the Chl a
fluorescence. Another 2 x 2 factorial experiment, consisting of plants supplied with B (0.25 and
1.0 mM) and non-inoculated or inoculated plants with P. pachyrhizi, was arranged in a
completely randomized design with four replications, per each sampling time, to obtain leaf
samples for the biochemical assays and genes expression analysis. The experiments were
repeated. Data were first checked for normality and homogeneity of variance and all variables
and parameters evaluated were subjected to analysis of variance and treatments means were
compared by F tests 0.05). Data were analyzed using the Minitab software (version 18,

Minitab Corporation).
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RESULTS

Analysis of variance
The plant inoculation (PI) &s significant for most of the variables and parameters
evaluated (Table 1).

Disease evaluation

The ASR symptoms were similar in the leaflets of plants supplied with either ideal or
high B rates (Fig. 1A-F). There was no significant difference between ideal and high B rates
for ASR severity (Fig. 1G).

Foliar B concentration

For non-inoculated plants supplied with the high B rate, the foliar B concentration was
25% higher in comparison to nameculated plants supplied with ideal B rate. For inoculated
plants supplied with the high B rate, foliar B concentration was 23% higher in comparison to
inoculated plants supplied with the ideal B rate. For inoculated plants, foliar B concentration
significantly increased by 47 and 44%, respectively, for plants supplied with the ideal and high

B rates in comparison to their non-inoculated counterparts (Fig. 2).

Parameters of Chl a fluorescence

There was no alteration on the images of Chl a fluorescence parameters for non-
inoculated plants regardless of B rates and sampling time (Fig. 3). Based on the guantitative
analysis of Chla fluorescence parameters for non-inoculated plants, alterations were only
detected for Y(NPQ) (Fig. 4E) and Y(NO) (Fig. 4G) at 7 dai. Plants supplied with high (1.0
mM) B rate showed significant decrease of 27% for Y(NPQ) and significant increas#of 30
for Y(NO). For inoculated plants supplied with ideal and high B rates, changes in the images
of Chl a fluorescence parameters were detected at 7 dai. A progressive loss of the
photosynthetic capacity was evident over time as indicated by the black areas in the images
(Fig. 3). For inoculated plants supplied with ideal B rate in comparison to non-inoculated plants
there were significant decreases of 2 and 5% f@gF.Fat 11 and 15 dai (Fig. 4 B),
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respectively. Y(Il) significantly decreased by 14, 36, and 61% (FigD3 &3d ETR by 21, 50,

and 71% at 7, 11, and 15 dai (Fig. &)lrespectively. Y(NPQ) significantly decreased b$4l2

at 15 dai (Fig. 4 E-F) and Y(NO) significantly increased by 42, 39, and 54% at 7, 11, and 15
dai (Fig. 4 GH), respectively. For inoculated plants supplied with high B rate in comparison to
non-inoculated plants, there were significant decreases of 2 and 4%Haraff 11 and 15 dai

(Fig. 4 AB), respectively. Y(ll) significantly decreased by 20, 38, and 55% (Fig. 4 C-D) and
ETR by 24, 48, and 65% at 7, 11, and 15 dai (FigJ} fdespectively. Y(NO) significantly
increased by 17, 27, and 52% at 7, 11, and 15 dai (FigH3, @spectively. There was no
alteration on Y(NPQ) regardless of B rates and sampling time (Fig. 4 E-F).

Photosynthetic pigments

There was no significant difference between B rates for both non-inoculated and
inoculated plants regardless of the sampling time (Fig. 5). However, when comparing non-
inoculated and inoculated plants, significant differences were observed. For inoculated plants
supplied with ideal B rate in comparison to non-inoculated plants, there were significant
decreases of 23, 23, and 54% for Chl a+b concentration (Fig. 5 A-B), and of 25, 20, and 41%
for carotenoids concentratiat 7, 11, and 15 dai (Fig. 5 C-D), respectively. For inoculated
plants supplied with high B rate in comparison to non-inoculated plants, there were significant
decreases of 36 and 47% for the Chl a+b concentration at 11 and 15 dai (Fig. 5 A-B) and of 17
30, and 41% for carotenoids concentration at 7, 11 and 15 dai (Fig.)5r€spectively.

Concentrations of TSP and LTGA derivatives

The TSP concentration significantly increased b3 1&r non-inoculated plants supplied
with high B rate in comparison to non-inoculated plants supplied with ideal B rate and for
inoculated plants supplied with high B rate in comparison to non-inoculated plants, there were
significant decrease of 8% at 15 dai (Fig. 5 A-B).

The LTGA derivatives concentration significantly increased for inoculated plants
supplied with ideal B rate in comparison to non-inoculated plants by 36, 25, 96 and 108% at 3,
5, 10, and 15 dai (Fig. 5 C-D), respectively. For inoculated plants supplied with high B rate in
comparison to non-inoculated plants the LTGA derivatives concentration significantly
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increased by 30, 95 and 146% at 5, 10, and 15 dai (Fig. 5 C-D), respectively. At 3 dai, non-
inoculated plants supplied with high B rate showed significant increase of 31% for LTGA
derivatives concentration in comparison to non-inoculated plants supplied with ideal B rate
(Fig. 5C).

Expression of defense- and B-related genes

Fold change was based on the medium value%‘of or non-inoculated plants supplied
with high B rate at 1 dai. Considering that the TEF1 gene was not expressed in non-inoculated
plants, its fold change was based on the medium value&®éff@r inoculated plants supplied
with the high B rate at 1 dai.

The expression of the defense-related gene PAL 1.1 for non-inoculated plants at the ideal
B rate increased at 3 and 15 dai (Fig. 7A). For non-inoculated plants at high B rate, there were
increased expression of PAL 1.1, PAL 1.3, and MMP2 at 10 daP&idA at 3 dai (Fig. 7B).
The expression of B-related genes INR-2, IDH, GME-1, LOC100794772, and LOC100797618
for non-inoculated plants at the ideal B rate increased at 15 dai and of HEMB gene at 3 dai (Fig.
7A). The expression of B-related genes IDH, HEMB, and LOC100780764 for non-inoculated
plants at the high B rate increased at 10 dai, of INR-2 at 5 dai, and of HEMB at 1i5 daB{F

There was no significant difference for the expression of defense-related genes in
inoculated plants regardless of B rate (Fig. D)CThe expression of B-related gene NR1-
increased at 5 and 10 dai for inoculated plants at ideal B rate (Fig. 7C) and increased at 3 dai
for inoculated plants at high B rate (Fig. 7D). For inoculated p&high B rate, the expression
of INR-2 increased at 10 dai and of LOC100780764 at 10 and 15 dai (Fig. 7D).

The expression of the defense-related g&Ads3.1, CHIAL, and CHI1BZ%or inoculated
plants at ideal B rate increased at 1 dai in comparison to their non-inoculated counterparts. The
expressions of PAL 1.1 and MMP2 increased at 10 and 15 dai for inoculated plants Bt ideal
rate (Fig. 7C). The expression of the defense-related genes CHIAL and fdMiR@culated
plants at high B rate increased at 3 dai in comparison to their non-inoculated counterparts. LOX7
expression increased at 5 dai while PAL 1.1 and CHI1B1 increased at 10 and 15 dai for

inoculated plants at high B rate (Fig.)/D
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The expression of B-related ger¢R1-2 and HEMHBor inoculated plants at ideal B rate
plants increased at 10 and 15 dai in comparison to their non-inoculated counterparts. INR-2
expression increased at 5 dai (FigCY The expression of the B-related geNB1-2 for
inoculated plants at high B rate increased at 3 and 5 dai in comparison to their non-inoculated
counterparts. LOC100794772 expression increased at 15 dai (Fig. 7D).

There was no significant changas the expressions of PAL 2.1, ICS1, and ICS2
regardless of B rates and plant inoculation during the time course evaluated (Fig. 7 A-D). There
was no significant change in TEF1 gene expression regardless of B rates during the time course
evaluated (Fig. 7 C-D).
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DISCUSSION

The present study brings novel information tike physiological, biochemical, and
molecular levels regarding the effect of B on the potentiation of soybean resistance against P.
pachyrhizi infection. Previous studies demonstrated that B was efficient in reducing the
development of some foliar diseases. Khatun et al. (2010) showed that the siahdafinc
to mustard plants reduced the severity of Alternaria leaf blight. Simitdirlgnd Punja (2019)
reported thatB application to canola plants reduced white mold symptoms. Moreover,
according to Guerra and Anderson (1985), B deficiency increased the infection of the roots of
common beans plants by Fusarium solani.

It is well known that an adequate mineral nutrition is essential to potentiate host defense
mechanisms against pathogemmsection (Barker & Pilbeam, 2007; Fageria, 2009; Broadley et
al., 2012). Furthermore, since P. pachyrhizi penetrates directly through the cuticle and
epidermis by forming an appressorium (Grigolli, 2015), the role of B in increasing cell wall
rigidity (e.g., lignin deposition) (Rajendra et al., 2014) could lead to a reduction in disease
symptoms. In the present study, plants supplied with either ideal and high B rates presented
similar symptoms of ASR in their leaflets. Moreover, as ASR develops, the TEF1 gene
expression, which corresponds to tiaslation elongation factor 1o of P. pachyrhizi, increased
regardless of the B rate used.

The foliar B concentration was greater for plants supplied with the high B rate compared
to the ideal B rate confirming, therefore, its uptake by the plants. The eff@dh aonferring
the resistance of many crops to important diseases deserves more investigation considering that
this micronutrient is the least understood among all micronutrients studied (Dordas, 2008
Frenkel et al., 2010). In the present study, inoculated plants showed Bigbrcentration than
non-inoculated plants. Thusly, highconcentration in leaf tissues could reduce the negative
effect of P. pachyrhizi infection to soybean plants, hypothesis that has not been proven in the
present study.

Photosynthesis is the major physiological process affected by pathogens infection in their
hosts as reported for many host-pathogen interactions (Silveira et al., 2015; Tatagiba et al.,
2015; Dias et al., 2018; Rios et al., 2D18 the present study, P. pachyrhizi infection
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dramatically decreased photosynthesis in soybean leaflets. An adequate concentration of
photosynthetic pigments is crucial for the maintenance of photosynthesis (Yahia et al., 2018).
The Chl a and Chl b are the major components of photosystem (PS) | and PSII, while
carotenoids act as minor accessory pigments by transferring light energy to chlorophyll
molecules. Thus, all pigments are important to defend the photosynthetic apparatus against
photooxidative damage (Jones et al., 2013). In the present study, as the ASR developed in the
leaflets, the concentration of photosynthetic pigments (Chl a, Chl b, and carotdreor@sised.

Even though B did not affect pigments concentration, ASR caused a reduction in healthy leaf
area resulting in less energy transferred to PSIl. Consequently, the photosynthetic process was
limited. Corroborating with these findings, Rios et al. (2018) reported reduction in the
concentration of pigments in the leaves of soybean plants infected with P. pachyrhizi. Similarly,
Novaes et al. (2019) reported that soybean plants infected by Sclerotinia sclerotiorum and
sprayed with phosphite containing manganese also showed a progressive decrease in the
concentration of photosynthetic pigments.

The Chl a fluorescence is an important technique due to the possibility of obtain detailed
information on the state of PSIl (Murch& Lawson, 2010). The parameters obtained by
analyzing the Chl a fluorescence are excellent indicators of stressed plants (Mardvell a
Johnson, 2000) considering that PSII is the most sensitive component to be damaged in the
thylakoid membranes (Guidi, 2019). The/fm parameter represents an estimator of PSII
maximal photochemical efficiency while the Y(ll) is a relative measure of PSII performance
(Fagundes-Nacarath et al., 2018; Guidi, 2019), and Y(NO) is directly related to the energy
destined to non-regulated losses (Einhardt et al., 2020). In the present study, P. pachyrhizi
infection contributed to progressively decreases in bgthand Y(ll) values while the Y(NO)
values increased. Thus, these trends suggest the occurrence of photoinhibition, a phenomenon
that leads to a reduction of photosynthetic activity (Alves et al., 2002) and, consequently,
damage to the PSIl. The Y(NPQ) indicates a controlled thermal dissipation being a
physiological mechanism of plant photoprotection (Dias et al., 2018). In the present study, there
was no change between non-inoculated and inoculated plants regarding Y(NPQ) indicating
therefore, that the excess of excitation energy was not dissipated as heat. In addition, as a result

of P. pachyrhizi infection, greater Y(NO) values linked to no changes on Y(NPQ) values
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demonstrated that energy thermal dissipation was insufficient, therefore, dissipative processes
were not being used to prevent photoinhibition and damage to the photosynthetic apparatus. In
line with this finding, Rios et al. (2018) demonstrated a progressive loss in the efficient use of
light energy through carbon fixation reactsan the leaves of soybean plants infected by P.
pachyrhizi. Furthermore, in this study, as ASR developed, ETR values dramatically decreased
corroborating with the above-mentioned information for the parameters studied. Thusly, all
results bring evidence that the regulatory mechanisms of protection become ineffective in the
leaflets infected by P. pachyrhizi. Similarly, Bergt al. (2004) showed that tomato plants
infected by B. cinerea showed a decrease in ETR values indicating low energy to be used for
host defense responses. Consistent with the Chl a fluorescence information presented in this
study, phosphites containing the micronutrients zinc or copper sp@gethmon bean plants
infected with S. sclerotiorum leaded to highefAm, Y(II), and ETR values linked to lower
Y(NO) values in comparison to non-sprayed plants (Fagundes-Nacarath et al., 2018)
According to these authors, these two micronutrients provided a beneficial effect to soybean
plants in response to the photooxidative damage caused by fungal infection. However, the
hypothesis thaB could help to maintain the proper functioning of the photosynthetic apparatus

of plants infected byP. pachyrhizi was not validated. In the present study, photochemical
dysfunction in the infected leaflets was not attenuated upon B supply.

The phenylalanine ammonia-lyase (PAL) is the key enzyme in the phenylpropanoid
pathway and catalyzes the deamination of L-phenylalanine to yield trans-cinnamic acid and
ammonia (Zhang et al., 2017). The PAL is widely distributed in higher plants and manly
involved in host defense responses (MacDonald’&unha, 2007). In the present study, PAL
expression progressively increased as the P. pachyrhizi infection took place. The PAL 1.1 had
greater expression in inoculated plants at 10 and 15 dai regardless B treatments. The PAL 3.1
expression increased earlier (1 dai) for plants supplied with the ideal B rate.Pligh
expression indicates its importance for soybean resistance against ASR as reported by other
researchers (Mortel et al., 2007; Hossain et al., 2018).

The cinnamic acid can be directed to the biosynthesis of salicylic acid, flavonoids, some
phenolics (Hossain et al., 2018) as well as lignin (Fortunato et al., 2014). Consequently, high

P AL activity should result in an increase in TSP and LTGA derivatives concentration. However,
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changes in phenolics compounds occurred only for non-inoculated plants supplied with the high
B rate at 15 dai. On the other hand, LTGA derivatives concentration was higher for inoculated
plants from 5 to 15 dai than for non-inoculated plants, regardless of B rates. It is possible that
the phenolics produced may have been allocated to the synthesis of lignin (Lygin et al., 2009).
Lignin is an essential component of cell wall by providing rigidity, structural support, and
impermeability to water (Bellaloui et al., 2012). Thus, it has been proposed that plant tissues
lignification can directly interfere with the mechanical penetration of fungal pathogens
(Bellaloui et al., 2012; Fortunato et al., 2014). Lygin et al. (2009) reported greater lignin
concentration in the leaves of plants from a resistant soybean cultivar to ASR compared to
susceptible ones.

The isochorismate synthase (ICS) is the enzyme responsible for transforming chorismate
into isochorismate, which is precursor of salicylic acid (SA). The SA plays an important role in
the systemic acquired resistance of plants against pathogens infection (Borsatti et al.n2015). |
the present study, it was expected high ICS activity in response to B supply, but no effect of
this micronutrient was noticed on ICS gene expression in soybean infected with P. pachyrhizi
In the present study, neither B nor infection by P. pachyrhizi can be directly linked to an
increase in ICS expression. Similarly, Wildermuth et al. (2001) detected no ICS2 transcript in
either non-infected or infected leaves of Arabidopsis plants by Erysiphe orontii.

The chitinases (CHI) catalyzes the hydrolyzes-@f4-N-acetyl-glucosamine linkages of
chitin polymers that are the major component of several fungi cell walls (Gijzen et al., 2001).
Chitin is an inducer of host defense responses in plants (Gijzen et al., 2001; Sanchez-Vallet et
al., 2014). In the present study, infected plants showedehiGHIAL expression with
significant difference only at 1 and 3 dai, for ideal and lBgiates, respectively. The results
are consistent with the findings of Cruz et al. (2013), who reported high CHI activity in soybean
plants infected with P. pachyrhizi at 3 dai.

The chalcone isomerase (CHAL) is an important enzyme in the biosynthetic pathway of
flavonoids in plants (Bednar & Hadcook, 1988), being a defense related enzyme in soybean.
Although CHI1B1 expression was up-regulated in inoculated plants rather than in non-

inoculated ones regardless of B treatment and evaluation time, its expression was not considered
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high. Similarly, Panthee et al. (2007) detected that gene encoding CHAL was up regulated when
affected by P. pachyrhizi in an early soybean growth stage.

The lipoxygenases (LOX) catalyzes the oxidation of polyunsaturated fatty acids to
produce hydroperoxides and their products have different cellular functions &PBdaha-

Sosa, 2002). The LOX in plants is classified into two major subfamilies (9-LOXs and 13-LOXs)
and most of the products derived from 9-LOXs pathway are involved in plant defense against
pathogens (Viswanath et al., 2020). Nevertheless, in the present study, LOX7 expression was
up-regulated in inoculated plants at 5 dai in contrast to non-inoculated plants iB ratgh

Since P. pachyrhizi is a biotrophic fungus, it does not release hydrolytic enzymes or toxins
when infecting soybean leaves (Mendgen & Hahn, 2002), which is a plausible hypothesis to
explain the low LOX7 expression.

The common response of plants against pathogens infection are changes in protein
metabolism that lead to the productionR#t-proteins (Jain & Khurana, 2018). No changes in
PRXA gene expression occurred for both non-inoculated and inoculated plants, therefore it
camot be linked to soybean resistance to ASR. The matrix metalloproteinase MMP2 gene that
produces antimicrobial peptides is activated in soybean in response to pathogens infection (Liu
et al., 2001). According to Marino and Funk (20IMP2 transcripts levels should increase
rapidly in infected plants by pathogens. However, in the present study, MMP2 expression was
up-regulated in inoculated plants at 3 dai at high B rate, and at 10 and 15 dai at ideal B rate, in
comparison to theirs nonoculated counterparts.

Nitrate (NQ) and ammonium are the major source of mineral N for plants (Baker &
Pilbeam, 2007). Once absorbed by rootszN&reduced to nitrite by nitrate reductase (NR)
and nitrite reduced to ammonium by nitrite reductase (NiR) (Forde, 2000). The NR1-2 encodes
both NR and NiR, while INR-2 encodes NiR. In the present study, under ideal B rat@, NR1-
was up-regulated at 10 and 15 dai for inoculated plants in comparison to non-inoculated ones
By contrast, under high B rate, NR1-2 was up-regulated at 3 and 5 dai. Furthermore, in infected
plants at 5 and 10 dai supplied with ideal B rate exhibited greater NR1-2 expression in
comparison to plants supplied with high B rate. Indeed, plants supplied with high B rate had
greater NR1-2 expression at 3 dai in comparison to plants supplied wéhBawate. The INR-

2 expression was greater for inoculated plants at 5 dai in comparison to non-inoculated ones,
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while under high B rate at 10 dai, INR-2 was up-regulated in comparison to plants supplied with
ideal B rate. Bellaloui et al. (2010) reported that foliar B application resulted in highyaofivit

NR in soybean leaves. In that study, it was hypothesized that the increase in NR activity, at
adequate B level, may be due to the increase of nitrate absorption. In the preser® study,
influenced mainly NR1-2 expression practically during all infection process of P. pachyrhizi.
At high B rate, N@ assimilation was higher in the early stages of P. pachyrhizi infection, while

at ideal B rate its assimilation was higher at advanced stages of fungal infection. It is known
that P. pachyrhizi is dependent on nutrients uptake by haustoria formed inside the cells in
soybean leaves (Lorrain et al., 2019). Similarly, Duplessis et al. (2011) showed that the apparent
incapacitation of nitrate assimilation pathways in fungi causing rust such as P. pachyrhizi in
soybean is consistent with their biotrophic lifestyle because of the great demand for reduced
nitrogen from plant cells. In the present study, both B and P. pachyrhizi infection may have an
indirect effect on N@ uptake and assimilation. After all, low B rate should decrease NR
activity, however it increased NR1-2 expression at advanced stages of P. pachyrhizi infection
suggesting a high demand 803 uptake and assimilation to keep a long infection period.

The rhamnogalacturonan Il (RG-Il) is a structurally complex pectic polysaccharide
present in primary cell wall’Neill et al., 2004; Bar-Peled et al., 2012). Under B sufficient
levels, more than 90% of RG-II are dimerized by borate in plant cell walls (Fun&kiiaa,

2015). The IDH encodes UDP-glucose dehydrogenase, which leads to UDP-glucuronic
production, a precursor for the synthesis of apiosyl, xylose, arabinose, and glucuronic acid
(Funakawa& Miwa, 2015). In the present study, there was high IDH expression for non-
inoculated plants at advanced stages of P. pachyrhizi infection. drhmotulated plants
supplied with ideal and high B rates presented a fold increase for IDH expression at 15 and 10
dai, respectively. No changes for IDH expression occurred for inoculated plants suggesting that
P. pachyrhizi infection had no effect on its expression. The HEMB encodes GDP-Mannose-4,6-
dehydratase, which is required for the synthesis of L-fucose (Fun&k&iwaa, 2015). In the
present study, at ideal B rate, HEMB was more expressed at 10 and 15 dai for inoculated plants
in comparison to their non-inoculated counterparts. However, non-inoculated plants had higher
HEMB expression at 10 dai in comparison to their inoculated counterparts and at 10 and 15 dai

in comparison to non-inoculated plants supplied with ideal B rate. The GME1, LOC 100794772,
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LOC 100806498, LOC 100797618, and LOC 100780764 encode GDP-D-Mannose 3'5'-
epimerase (GME) that is required for L-galactose synthesis (Voxeur et al., 2011; Fuakawa
Miwa, 2015). In the present study, GME1, LOC 100806498, and LOC 100797618 had greater
expression for non-inoculated plants (15 dai) at ideal B rate. On the other side, LOC 100794772,
LOC 100806498, and LOC 100780764 had greater expression for non-inoculated plants (10
dai) at high B rate and LOC 100806498 also at 15 dai. It seems like B influenced LOC
100780764 expression because at high B rate, its expression was high at 10 and 15 dai in
comparison to the ideal B rate supplied plants. Apiosyl, xylose, arabinose, glucuronic acid, L-
fucose, and L-galactose are six of all twelve monosaccharides presenfR@-thstructure
(Funakawa% Miwa, 2015). Matoh et al. (2000) showed that tobacco plants, under deficient
nutrition, had thicker cell walls and the organization of the pectic polysaccharide was disturbed
because most of RG-Il was not crosslinked. The plant cell wall provides a physical barrier
between pathogens and the cells contents (Vorwerk et al., 2004). Thus, it was expected that at
high B rate all genes encoding B®&-11 synthesis would have greater expression. Furthermore,

P. pachyrhizi infection should lead to an increase in RG-Il synthesis occurring the
reinforcement of the cell walls that could slower the colonization of leaf tissues. However, this
hypothesis proved not to be true. These findings indicated that nBither P. pachyrhizi
infection played an essential participation in RG-Il formation.

The P. pachyrhizi infection dramatically decreased photosynthesis and caused
photochemical dysfunctions, but hidgh rate did not help to constrain the physiological
impairments. Moreover, regardless of B rate, defense enzymes were more efficient for
inoculated plants. Taken together, despite the fact that B has many important physiological
functions in plants that could lead to a beneficial effect against P. pachyrhizi infection, based
on the results of the present study it can be conclude that high B rate, in comparison to ideal B
rate, did not play a measurable effect to reduce the ASR symptoms in a scenario where host

defense responses were not potentiated.
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TABLE AND FIGURES

Table 1.Analysis of variance of the effects of boron rates (B), plant inoculé®ignand the interaction
B x PI for Asian soybean rust (ASR) severity, foliar boron (B) concentrathlorophyll (Chl)a
fluorescence parameters (maximum PSII quantum efficienély-(f; photochemical yield (Y(I1)), yield
for dissipation by down-regulation (Y(NPQ)) and vyield for other non-photoitfa (non-regulated)
losses (Y(NO)), and electron transport rate (ETR)), concentrations of photosyrglggtients
(chlorophyll a (Chl a), chlorophyll b (Chl)btotal chlorophylls (Chl a+b), and carotenoids),
concentrations of total soluble phenolics (TSP) and lignin-thioglycolic BEiGA) derivatives as well
as the expressions of defense- and B-related genes (phenylalanine ammonia-lyase @1.3,
PAL2.1, and PAL3.1), chitinase (CHIAL), chalcone isomerase (CHI1B1), lipoxygeih&®ér),
metalloproteinase (MMP2), isochorismate synthase (ICS1 and ICS2), pathogelagsd protein 1
(PR1A), the translation elongation factor 1o of Phakopsora pachyrhiZiEF1), nitrate reductase and
nitrite reductase (NR1-2 and INR-2), UDP-glucose dehydrogenase (IBBR-mannose 4,6-
dehydratase (HEMB), GDP-D-mannose 3',5'-epimerase (GME1, LOC 100794772, 0806498,
LOC 100797618, LOC 100780764)).



Variables/Parameters B Pl B x PI
ASR severity 0.649 - -
Foliar B concentration <0.001 <0.001 0.509
Fu/Fm 0.024 <0.001 0.205
Y(I) 0.630 <0.001 0.603
Y(NPQ) 0.009 <0.001 0.018
Y(NO) 0.070 <0.001 0.041
ETR 0.794 <0.001 0.939
Chl a 0.378 <0.001 0.614
Chlb 0.852 <0.001 0.650
Chla+b 0.456 <0.001 0.602
Carotenoids 0.128 <0.001 0.894
TSP 0.005 0.365 0.955
LTGA derivatives 0.018 <0.001 0.954
PAL1.1 <0.001 <0.001 0.002
PAL1.3 0.013 0.608 0.265
PAL2.1 0.089 0.260 0.442
PAL3.1 0.250 0.008 0.108
CHIAL 0.748 0.008 0.404
CHI1B1 0.382 <0.001 0.316
LOX7 0.595 0.110 0.418
MMP2 0.286 <0.001 0.336
ICS1 0.499 0.330 0.094
ICS2 0.461 0.310 0.356
PR1A 0.100 0.239 0.139
TEF1 0.487 - -
NR1-2 0.001 <0.001 0.004
INR-2 0.121 <0.001 0.047
IDH 0.247 0.001 0.426
HEMB <0.001 0.046 <0.001
GME1 0.572 0.015 0.658
LOC 100794772 0.060 0.061 0.348
LOC 100806498 0.121 <0.001 0.060
LOC 100797618 0.180 0.841 0.373
LOC 100780764 0.710 0.065 0.438
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Table 2 Primer sequences for the genes phenylalanine ammonia-lyase (PAL1.1, PAIR3,, and
PAL3.1), chitinase (CHIAL), chalcone isomerase (CHI1B1), lipoxygenase (LOX7), patbeig-related
protein 1 PR1A), metalloproteinase (MMP2)he translation elongation factor lo of P. pachyrhizi
(TEFY), isochorismate synthase (ICS1 and ICS2), nitrate reductase and nitrite seqiNfgd-2 and
INR-2), UDP-glucose dehydrogenase (IDHEDP-mannose 4,6-dehydratase (HEMBRDP-D-
mannose 3',5'-epimerase (GME1, LOC 100794772, LOC 100806498, LOC 100797618, and LOC
100780764) analyzed by quantitative reverse transcription PCR in the leaves of soyfitsasupfaied

with ideal and high boron rates and non-inoculated or inoculated with Phakopsora pachyrhizi

Genes GenBank Primer sense5'-3' Primer antisense5'-3'
PAL1.1 Glymal9G182300 GCAAGTGCAACCATAATCATTT AACCAAAGCTCCGGCAAA
PAL1.3 Glyma03g181600 TTTGTACCTATGCAAGAAAAACCA TGAAGGAACATTGAAATTAGGCT
PAL2.1 Glymal0G058200 ATCTCCCTCCACTCACCATA GTTCAAGGGGTCATTAGCAC
PAL3.1  Glyma02G309300 TGCTCTTCAGAAGGAAATGGT GTTGCTGATTTAGGCAGTGT
CHIAL Glyma02G0425001 TTCTTGGCTCAAACTTCTCATGAA CCCACGCATATGGACCATCT
CHI1B1 Glyma20G2416001 GTTTCCCCTGCTTTGAAAGAGA GGATTGGCCTCTAACTCTTTGAAG
LOX7 Glymal3G347800 ACAAGCTAGGCACAACAAAA TTGTTTCCTCCGATGATTCCAA
PR-1A AF136636.1 GCACTACACACAGGTCGTTTGG CCTCCGTTATCACATGTCACTTTG
MMP2 Glyma01G0369001 TGGGCTCTTCCCAGTGAAA TTGCCGCACTCTCCAAGTC
TEF1 EF560586.1 ATTCGAAGCCGGTATTTCTAAAG CCACTTGGTTGTGTCCATCTTAT
ICS1 Glyma01G104100 GAAACAGTACAGTCCCTGCT TGTGGCTGGGAAAAGAAAAC
ICS2 Glyma03G070600 GCAACATCCTCGTACCTCTT CTCTCTGCAACCGTTCATTG
NR1-2 Glyma.13g084000 GTTTGACGCCATCCATTCT ATGCATGCACTGAAAGTTAAAG
INR-2 Glyma.069g109200 CTGTGGAGGTTGAGGTTTTG GACAGGAACGTACCATAACATT
IDH Glyma.08g160500 GGACTTCACAGAGAAACTGG AGAACAATCCCAGAGTCAGA
HEMB Glyma.04g247700 TGCAAGTGACCGAAGTCTA AGAGTAACCTAAGTGCAAGC
GME 1 Glyma_19G244600 TGGGGTTAAAATCACCTTGTT AACAAACACAGTGATGGACT
LOC100

294772 Glyma_03G247000 GGGGTCGTAATTCAGACAAT ACAAGGTGATTTTAACCCCAT
LOC100

e Glyma_20G224400 ATCATGAATTGGGCGAACAT AGCTATGACTGTTCCACAGA
LOC100

297618 Glyma_19G244700 GGGCCGTAATTCAGACAATA TACGGTGAAAACAAGGTGATT
HOC100 Glyma_10G162000 GGTGTTCGAGGTCGTAATTC TTCGCCCAATTCATGATAGTAA

780764
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Figure 1. Symptoms of Asian soybean ryst-F) and disease severity (G) in the leaflets of soybean
plants supplied with ideal (0.26M) (B and E) and high (1.8M) (C and F) boron (B) rates and non-
inoculated (A and D) or at 15 days after inoculation with Phakopsora pachyrhizi (Ba@ E). Bars
represent the standard error of the means. ns = no significant at 5% of probalbiltgshyn= 04.
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Figure 2. Foliar boron (B) concentration for soybean plants supplied with ideal (0.25 mM) and high
(1.0 mM) B rates and non-inoculated (Mi)at 15 days after inoculation (1) with Phakopsora pachyrhizi
Means between B rates, at each NI and | treatméilswed by an asterisk (*) and between NI and |
treatments, for each B rate, followed dyinverted triangle (V) are significantly different (& 0.05)
according td- test. Bars represent the standard error of the mean@4n
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Figure 3.Images of chlorophyll a fluorescence parameters: maximum PSII quanturenef§i¢k/Fn),
photochemical yield (Y(I1)), yield for dissipation by down-regulation (P®)), and yield for non-
regulated dissipation (Y(NO)) determined in the leaflets of soybean @appdied withideal (0.25

mM) and high (1.0mM) boron rates and non-inoculated (NI) or at 7, 11, and 15 days after inoculation
(dai) with Phakopsora pachyrhizi.
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Figure 4. Chlorophyll afluorescenc@arameters: maximum photosystem Il quantum efficien@§¢fF

(A andB), photochemical yield (Y (1)) (C and D), yield for dissipation by down-tation (Y (NPQ))

(E and F), yield for other non-photochemical (non-regulated) losses (Y({(@>gnd H), and electron
transport rate (ETR) (I and J) determined in the leaflets of soybeanglaplied with ideal (0.251M)

and high (1.0 mNiboron (B) rates and non-inoculated (NI) (A, C, E, G, and I) or inoculateB,(D,(

F, H, and J) with Phakopsora pachyrhizi. For each evaluation time, mearst&uwates followed by

an asterisk (*) and between NI and | treatments, for each B rate, followedityerted triangle (V)

are significantly different (B 0.05) according to F test. Bars represent the standard error of the means.
n=04.
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Figure 5. Concentrations of chlorophylls a+b (Chl a+b) (A and B), and carotenoids (C and D
determined in the leaflets of soybean plants supplied with ideal ft\M@5and high (1.0mM) boron

(B) rates and non-inoculated (NB and C) or inoculated (B and D) with Phakopsora pachyrhizi
For each evaluation time, means between NI and | treatments, for each B @teddlly an inverted
triangle (V) are significantly different (R 0.05) according to F test. Bars represent the standard error
of the means. FW = fresh weight=104.
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Figure 6. Concentrations of total soluble phenolics (TSP) (A and B) and lignin-thiogtyecid
(LTGA) derivatives (C and D) determined in the leaflets of soybean plantiestigvith ideal (0.25

mM) and high (1.0mM) boron (B) rates and non-inoculated (NI) (A) or inoculated (I) (Bhwit
Phakopsora pachyrhizi. For each evaluation time, means between Bltatesd by an asterisk (*)

and between NI and | treatments, for each B rate, followeu byverted triangle (V) are significantly
different (P< 0.05) according to F test. Bars represent the standard error of the means. FW and DW =
fresh and dry weights, respectively=104.
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Figure 7. Expression profile of defense- and boron-related genes determined in the fadtetbean
plants from the following treatments: (A) ideal (0.25 mM) boron (B) rate and non-ined (i) with
Phakopsora pachyrhizi, (B) high (1.0 mM) B rate and NI with P. pachyrhizgé@) (0.25 mM) B rate
and inoculagd (1) with P. pachyrhizi, and (D) high (1.0 mM) B rate and | wittp&chyrhizi. Color cells
represents the relative transcript levels ranging from blue (-3.0) t@.1@d The amplification of the
Ubiquitin-3 (UBIQ) gene from soybean was used as an internal control fondatealization. Fold
changes were calculated based on the transcript level for the highN1).8 rate and NI plants at 1
day after inoculation (dai), except for thEF-1 gene. In this case, the transcript level for the high (1.0
mM) B rate | treatment at 1 dai was used in the calculation. For eachatapfes four biological
replications were used with their respectiw® technical replicates. For each evaluation time, means
between B rates followed by an asterisk (*) and between NI and | treatments, f& reaehfollowed

by an inverted triangle (V) are significantly different (R 0.05) according to F test. n= 04.



