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1  | INTRODUC TION

Frogeye leaf spot (FLS), caused by the fungus Cercospora sojina K. 
Hara, is considered one of the most destructive foliar diseases af-
fecting soybean plants, particularly during their reproductive 

growth stage (Mian, Missaoui, Walker, Phillips, & Boerma, 2008). 
Significant yield losses of soybean ranging from 10% to 60% have 
been attributed to FLS under hot and humid growing conditions 
(Mian, Missaoui, Walker, Phillips, & Boerma, 2008). On leaves, FLS 
symptoms begin as small water-soaked spots; as lesions expand, they 
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Abstract
Frogeye spot, caused by Cercospora sojina, is one of the major diseases causing yield 
losses in soybean. Considering the potential of silicon (Si) to attenuate the physiologi-
cal impairments imposed by pathogens infection, this study investigated its effect on 
leaf gas exchange and chlorophyll (Chl) a fluorescence parameters as well as on the 
concentrations of photosynthetic pigments and carbohydrate pools on soybean 
plants from cultivars Bossier and Conquista (susceptible and resistant to frogeye 
spot, respectively) grown in hydroponic culture containing 0 or 2 mM Si (−Si and +Si 
plants, respectively) that were noninoculated or inoculated with C. sojina. Plants from 
cultivar Bossier were more susceptible to frogeye spot compared to cultivar Conquista 
regardless of Si supply. Frogeye spot severity increased by Si supply regardless of the 
cultivar. There were no changes in the physiological parameters for noninoculated 
+Si plants. Even though the susceptibility of plants from cultivar Bossier to frogeye 
spot increased by Si supply, they showed lower values for the leaf gas exchange pa-
rameters, photochemical efficiency and concentration of photosynthetic pigments. 
The impairments imposed by C. sojina infection on the physiology of plants from 
cultivar Conquista were governed chiefly by reductions in stomatal conductance re-
gardless of Si supply. The increase in hexose concentration for inoculated plants of 
the two cultivars was associated with their resistance to frogeye spot. Considering 
that the increased susceptibility of +Si plants from cultivar Conquista did not result in 
physiological impairments, it is plausible to rule out that the lower photosynthetic 
efficiency of plants from cultivar Bossier occurred due to a sharp reduction in the 
photosynthetically active leaf tissue.
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develop a bright-brown centre surrounded by reddish-purple mar-
gins on the adaxial leaf surface while on the abaxial leaf surface le-
sions are grey with intense fungus sporulation (Almeida et al., 2005). 
Lesions coalescence gives the lesions an irregular shape (Almeida 
et al., 2005). Water-soaked lesions evolving into dark-brown circu-
lar lesions on stem and pods and brown to grey spots of different 
sizes have also been noticed (Almeida et al., 2005). Great reduction 
on soybean yield caused by frogeye spot has been reported in warm 
and humid growing regions of Argentina, Brazil, China, Nigeria and 
southern United States (Scandiani et al., 2012; Zhang, 2012). The 
decrease on soybean yield is linked with a reduction in the active 
photosynthetic area of leaves containing several necrotic lesions 
surrounded by chlorotic halo as a consequence of the nonselective 
toxins secreted by the fungus and also to the premature defoliation 
(Kim, Lee, Kim, Kim, & Kim, 2011; Mian et al., 2008).

Reduction in photosynthesis is one of the most critical factors that 
explain the yield losses caused by pathogens infection (Kumar et al., 
2013). There are many reports about the negative effect of patho-
gens of different lifestyles on photosynthesis (Bassanezi, Amorim, 
Bergamin Filho, & Berger, 2002; Bastiaans & Roumen, 1993; Bilgin, 
Zavala, Steven, Clough, & Ort, 2010; Dallagnol, Rodrigues, Chaves, 
Vale, & DaMatta, 2013; Kumar et al., 2013; Resende et al., 2012). The 
decrease in photosynthesis resulting from pathogens infection can be 
due to changes on stomatal and mesophyll resistance to the CO2 influx, 
on biochemical reactions associated with photosynthesis, on chloro-
plast structure and on the repression of genes involved in the primary 
metabolism (Bilgin et al., 2010; Pinkard & Mohammed, 2006).

Notably, changes in the photosynthetic apparatus of plants in-
fected by pathogens can be detected via alterations in the chlorophyll 
(Chl) a fluorescence emission kinetics (Alves, Guimarães, Chaves, 
DaMatta, & Alfenas, 2011; Berger, Sinha, & Roitsch, 2007; Gao 
et al., 2011; Rahoutei, García-Luque, & Barón, 2000). Reduction in 
photosynthesis may decrease the availability of carbon skeletons for 
carbohydrates metabolism and also for the production of defence-
related compounds that help the plants to counteract the infection 
by pathogens (Bispo, Araujo, Ávila, DaMatta, & Rodrigues, 2016). The 
rapid synthesis of secondary metabolites is of detrimental impor-
tance for host resistance against diseases and depends directly on 
the ability of the infected plants to mobilize carbon sources that are 
close or distal to the infection sites that demand energy expenditure 
(Guérard, Maillardb, Bréchet, Lieutiera, & Dreyerb, 2007). Additional 
changes in carbon metabolism and consequential alterations in the 
source-sink patterns occur due to an increase in the demand for as-
similates for mounting host defences (Berger et al., 2007).

Silicon (Si) plays a pivotal role in the nutritional status of a 
wide variety of monocot and dicot plant species and helps them, 
whether directly or indirectly, counteract abiotic and/or biotic 
stresses. However, the most notable effect of Si is the reduc-
tion in the intensities of a number of seedborne, soilborne and 
foliar diseases in many economically important crops that are 
caused by biotrophic, hemibiotrophic and necrotrophic plant 
pathogens (Debona, Rodrigues, & Datnoff, 2017). Some diseases 
on soybean such as stem canker (Diaporthe phaseolorum f. sp. 

meridionalis), Asian soybean rust (Phakopsora pachyrhizi) and root 
rot (Phytophthora sojae) have been controlled by Si supply either 
through foliar spray or when plants were grown in nutrient solu-
tion containing Si (Debona et al., 2017; Rasoolizadeh et al., 2018). 
By contrast, Nascimento et al. (2014, 2016) noticed an increase in 
the susceptibility of soybean plants to FLS when supplied with Si. 
Deshmukh et al. (2013) identified Si transporters in soybean con-
firming that this species is able to uptake and translocate Si from 
roots to shoot. Some studies have demonstrated that the physio-
logical limitations imposed by pathogens on their hosts are atten-
uated on plants supplied with Si. Resende et al. (2012) reported 
that sorghum plants inoculated with Colletotrichum sublineolum 
and supplied with Si showed lower decreases in the values of net 
carbon assimilation rate (A), stomatal conductance to water vapour 
(gs) and transpiration rate (E) in contrast to noninfected and non-Si-
supplied plants. Dallagnol et al. (2013) demonstrated that A values 
were less compromised due to an increase in foliar Si concentra-
tion (FSC) of rice plants infected by Bipolaris oryzae. Additionally, 
on rice plants supplied with Si and infected by Pyricularia oryzae, 
the values of the maximum photochemical efficiency of the pho-
tosystem II (PSII) (Fv/Fm) were similar to the ones obtained from 
noninfected plants nonsupplied with Si (Gao et al., 2011).

Frogeye spot has been controlled using resistant cultivars and 
fungicides spray (Missaoui, Ha, Phillips, & Boerma, 2007). The report 
of C. sojina isolates more sensitive to fungicides places frogeye spot 
in the spotlight of the plant breeders (Zhang, 2012). Therefore, the 
search for novel alternatives for frogeye spot control becomes pri-
mordial importance nowadays. Considering that Si provides many 
agronomic benefits to both monocot and dicot plants species, mainly 
related to the control of fungal diseases (Debona et al., 2017), it is 
hypothesized that Si could attenuate the negative effects imposed 
by C. sojina infection on the photosynthesis of soybean plants from 
two cultivars differing on their basal levels of resistance to frogeye 
spot.

2  | MATERIAL AND METHODS

2.1 | Nutrient solution preparation

The nutrient solution used to grow the soybean plants was pre-
pared based on Clark (1975) with some modifications as fol-
lows: 1.04 mM Ca(NO3)2.4H2O, 1 mM NH4NO3, 0.8 mM KNO3, 
0.069 mM KH2PO4, 0.931 mM KCl, 0.6 mM MgSO4.7H2O, 
19 μM H3BO3, 2 μM ZnSO4.7H2O, 0.5 μM CuSO4.5H2O, 7 μM 
MnCl2.4H2O, 0.6 μM Na2MoO4.4H2O, 60 μM FeSO4.7H2O and 
90 μM ethylenediaminetetraacetic acid (EDTA). Potassium silicate 
was passed through a cation-exchange resin (Amberlite IR-120B, 
H+ form; Sigma-Aldrich, São Paulo, Brazil) to obtain the monosi-
licic acid (Ma, Tamai, Ichii, & Wu, 2002). The Si concentration of 
2 mM (+Si) was used to prepare the nutrient solution (Debona 
et al., 2017; Nascimento et al., 2014, 2016) to allow the highest Si 
uptake by plants during their growth.
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2.2 | Plant growth

Seeds from soybean cultivars Bossier and Conquista, suscepti-
ble and resistant to frogeye spot, respectively (Gravina, Sediyama, 
Martins, Moreira, & Cruz, 2004), were surface sterilized in 10% 
(v/v) NaOCl for 3 min, rinsed in sterilized water and germinated on 
distilled water-soaked germitest paper (Fischer Scientific Co.) in a 
germination chamber at 25°C for 6 days. The seedlings were trans-
ferred to plastic pots with one-fourth strength nutrient solution 
without Si. Two days after, seedlings (three per pot) were transferred 
to new plastic pots with 5 L of one strength nutrient solution with or 
without Si under continuous aeration. The nutrient solutions were 
replaced every 4 days or when the electrical conductivity was 85% 
of the initial value. The pH was checked daily and kept at 5.5 using 
NaOH or HCl (1N) solutions. Plants were grown in a greenhouse 
(temperature of 30 ± 5°C, relative humidity of 70 ± 5% and natural 
photosynthetically active radiation (PAR) of 950 ± ten μmol photons 
m−2 s−1 (measured at midday)).

2.3 | Plant inoculation

The isolate UFV-DFP Cs 01 of C. sojina was used to inoculate the 
plants. This isolate was preserved on stripes of filter paper placed 
into glass tubes containing silica gel at 4°C. Two pieces of filter 
paper containing fungal mycelia were placed in Petri dishes con-
taining potato dextrose agar (PDA). After 7 days, discs of the PDA 
containing fungal mycelia were transferred to new Petri dishes 
containing the V8 medium, which were maintained in a growth 
chamber at 25°C with a 12-h photoperiod for 7 days. After this 
period, conidia were carefully removed from the Petri dishes after 
the addition of 10 mL water containing gelatin 1% (w/v) using a 
soft bristle brush. The adaxial and abaxial leaf blades of plants (V6 
growth stage, Fehr, Caviness, Burmood, & Pennington, 1971) were 
inoculated with a conidial suspension (4 × 104 conidia mL−1) of C. 
sojina (20 mL per plant) until run-off using a VL Airbrush atom-
izer (Paasche Airbrush Co., Chicago, IL). After inoculation, plants 
were maintained in a plastic mist growth chamber (tempera-
ture of 25 ± 2°C (day) and 20 ± 2°C (night), relative humidity of 
90 ± 5%, and natural PAR of 825 ± 15 μmol photons m−2 s−1) inside 
a greenhouse.

2.4 | Assessment of the FLS severity

The sixth trifoliolate leaf, from base to top, of each plant was col-
lected at 16 days after inoculation (dai), scanned at 600 dpi resolu-
tion, and the images obtained were processed to determine the FLS 
severity (FLSS) using the software QUANT (Resende et al., 2012).

2.5 | Determination of leaf gas exchange and Chl a 
fluorescence parameters

The leaf gas exchange and the Chl a fluorescence parameters were 
assayed on the central leaflet of the sixth leaf of each plant per 

replication of each treatment at 8, 14 and 16 dai. The net carbon 
assimilation rate (A), stomatal conductance to water vapour (gs), 
internal CO2 concentration (Ci) and transpiration rate (E) were es-
timated from 09:00 to 12:00 hr (solar time) using a portable open-
system infrared gas analyzer (LI-6400, LI-COR Inc., Lincoln, NE, 
USA) under an external CO2 concentration of 400 μmol mol−1 air. All 
of the measurements were conducted under artificial and saturat-
ing photon irradiance (1,000 μmol m−2 s−1) at the leaf level. The Chl a 
fluorescence parameters were determined using a fluorometer with 
a modulated pulse (MINI-PAM) (Walz, Effeltrich, Germany) on the 
same leaflets used for the leaf gas exchange parameters measure-
ment. The leaflets, dark-adapted for 30 min, were initially exposed 
to a weak far-red light pulse (1–2 μmol m−2 s−1) for the determination 
of the initial fluorescence (F0). Then, a saturating light pulse for 1 s, 
with a PAR of 6,000 μmol (photons) m−2 s−1, was applied to estimate 
the maximum emitted fluorescence (Fm). After, the leaflets were il-
luminated for 30 s with continuous actinic light (1,000 μmol m−2 s−1) 
to obtain the transient fluorescence (Fs). Thereafter, light saturat-
ing pulses were applied to estimate the maximum fluorescence (Fm′). 
The actinic light was turned off, and then, the far-red light was ap-
plied for the measurement of the F0 from light-adapted plants (F0′). 
With these parameters, the maximum photosystem II (PSII) photo-
chemical efficiency (Fv/Fm), the quantum yield of electron transport 
(ΦPSII) as well as the photochemical (qP) and nonphotochemical 
(NPQ) quenching coefficients were estimated. For the calculation 
of the electron transport rate (ETR), it was considered that the PSI 
and PSII absorbed equal light amounts. The ETR was estimated as 
follows: ETR = [PAR effectively intercepted by the leaf] × [foliar ab-
sortance] × ΦPSII × 0.5 (Stefanov & Terashima, 2008).

2.6 | Determination of Chl a fluorescence images

The Chl a fluorescence images were obtained at 16 dai at the same leaf-
lets used for the leaf gas exchange and Chl a fluorescence parameters 
measurements using an IMAGING-PAM fluorometer coupled with the 
Imaging Win software (Heinz Walz GmbH, Effeltrich, Germany). The 
leaflets, dark-adapted for 30 min, were fixed on a bracket at 18.5 cm 
from an IMAG-K4 chamber resulting images with the resolution at 
640 × 480 pixels, which were obtained using the following parameters: 
measure light intensity 2, frequency 1, saturating pulse intensity 10, 
gain 7 and damp 2. The images from the Fv/Fm, ΦPSII, qP, NPQ, and ETR 
parameters were obtained based on the F0, Fm, F0′ and Fm′ values ac-
cording to Behr, Humbeck, Hause, Deising, and Wirsel (2010). The size 
of the sampled area on the leaflets was standardized to 2.8 cm width 
and 2.9 cm length with the resolution of 110 × 160 pixels.

2.7 | Determination of Chl a, Chl b and carotenoids 
concentrations

The Chl a, Chl b and carotenoids (CAR) were extracted using ace-
tone 85% (v/v), at 4°C, from leaf discs (8 mm2) sampled at 16 dai on 
the same leaflets used for the leaf gas exchange measurements and 
quantified according to Lichthenthaler (1987).
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2.8 | Determination of carbohydrate pools

The fourth, fifth and sixth leaves, from top to base, of each plant per 
replication of each treatment were sampled at 8, 14 and 16 dai and 
used to determine the concentrations of glucose (GLU), fructose (FRU), 
sucrose (SUC) and starch (STA) according to Trethewey et al. (1998).

2.9 | Determination of foliar Si concentration

After determining the FLSS, the leaves were washed with deionized 
water, dried at 65°C for 72 hr and ground in a Thomas-Wiley mill 
(Thomas Scientific, Swedesboro, NJ, USA) with a 40-mesh sieve. The 
foliar Si concentration (FSC) was colorimetrically determined using 
0.1 g of alkali-digested dry leaf tissue (Resende et al., 2012).

2.10 | Experimental design and data analysis

A 2 × 2 × 2 factorial experiment with four replications consisting of two 
Si concentrations (0 or 2 mM, hereafter referred to −Si and +Si plants, 
respectively), two cultivars (Bossier and Conquista) and noninoculated 
or inoculated plants arranged in a completely randomized design was 
used to evaluate the FLSS and FSC. A 2 × 2 × 2 factorial experiment 
(with four replications consisting of −Si or +Si plants, two cultivars and 
noninoculated or inoculated plants) was arranged in a completely ran-
domized design and used to determine the leaf gas exchange and Chl 
a fluorescence parameters as well as the concentrations of photosyn-
thetic pigments and carbohydrates. The experiments were repeated 
once. Data were subjected to analysis of variance (ANOVA) and the 
means compared by F test (p ≤ 0.05) using the software sas (v. 6.12; SAS 
Institute, Inc., Cary, NC, USA). For ANOVA, two experimental designs 
were considered. For FLSS and FSC, a 2 × 2 × 2 factorial experiment 
consisting of +Si and −Si plants and two soybean cultivars was consid-
ered. For the leaf gas exchange and Chl a fluorescence parameters as 
well as the concentrations of total Chl (Chl a+b), CAR, GLU, FRU, SUC 
and STA, a factorial experiment 2 × 2 × 2 × 3 (−Si or +Si plants, nonin-
oculated or inoculated plants, two cultivars and three sampling times 
(8, 14 and 16 dai) was used. Each experimental unit consisted of a 5-L 
plastic pot containing three plants.

3  | RESULTS

3.1 | FSC

Only the factor Si concentration was significant (Table 1). The FSC 

was significantly higher for +Si plants than for −Si ones (Figure 1).

3.2 | FLSS

The factors cultivars and Si concentrations and their interaction were 
significant for FLSS (Table 1). The FLSS symptoms were more expres-
sive on plants from cultivar Conquista than from cultivar Bossier re-
gardless of Si concentration (Figure 2). FLSS was significantly higher for 
+Si plants than for −Si ones regardless of the cultivar (Figure 2).

3.3 | Leaf gas exchange and Chl a fluorescence 
parameters and carbohydrate concentrations

The parameters A, gs, Ci, E, Fv/Fm, ΦPSII, qP, NPQ and ETR and the 
concentrations of GLU, FRU, SUC and STA were significantly in-
fluenced by at least one of the factors studied as well as for some 
of their interactions (Table 1). The interaction cultivars × plant in-
oculation × sampling times × Si concentration was significant for 
A, Fv/Fm, ΦPSII, qP, NPQ, ETR, GLU and FRU (Table 1). All of the 
above parameters were unaffected by Si for noninoculated plants 
of the two cultivars (Figures 3–5). For inoculated plants from cul-
tivar Bossier, the A, E, Fv/Fm, ΦPSII, qP and ETR values were lower 
while the NPQ values were higher at 14 and 16 dai; gs values were 
lower, and Ci values were higher at 16 dai for +Si plants than for 
−Si ones (Figures 3 and 4). The GLU concentration was high for 

F IGURE  1 Foliar silicon (Si) concentration for soybean plants 
from cultivars Bossier and Conquista grown in hydroponic culture 
containing 0 or 2 mM Si (−Si and +Si, respectively). Means from −Si 
and +Si treatments followed by an asterisk (*) are significantly 
different by F test (p ≤ 0.05). Bars represent the standard errors of 
the means
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F IGURE  2 Frogeye spot severity on the leaves of soybean 
plants from cultivars Bossier (a) and Conquista (b) grown in 
hydroponic culture containing 0 or 2 mM silicon (Si) (−Si and +Si, 
respectively) at 16 days after inoculation with Cercospora sojina. 
Means from −Si and +Si treatments followed by an asterisk (*) 
are significantly different by F test (p ≤ 0.05). Bars represent the 
standard errors of the means
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+Si inoculated plants relative to their control counterparts at 8 dai 
(Figure 5). The FRU concentration was high for +Si plants than for 
−Si ones at 8 dai, but the opposite was observed at 14 and 16 dai 
(Figure 5). There were lower concentrations of SUC at 14 dai and 
of STA at 8 dai for +Si plants in comparison to −Si ones (Figure 5). 
There was no significant difference between inoculated +Si and 
inoculated −Si plants from cultivar Conquista for the leaf gas ex-
change and Chl a fluorescence parameters evaluated (Figure 4). 
FRU concentration was lower for +Si plants than for −Si ones re-
gardless of sampling time (Figure 5). The concentrations of GLU 
and SUC at 16 dai and of STA at 8 dai were significantly higher 
for +Si plants in comparison to −Si ones (Figure 5). The inoculated 
plants from cultivar Bossier showed lower A, gs, E, ΦPSII, qP and 
ETR values at 14 and 16 dai and higher NPQ values at 8, 14 and 
16 dai regardless of Si concentration (Figures 3 and 4). Inoculated 

+Si plants had higher Ci values at 16 dai in comparison to the noni-
noculated ones (Figure 3). The GLU concentration was higher for 
inoculated plants than for the noninoculated ones regardless of Si 
concentration (Figure 5). High FRU concentration was observed 
for −Si inoculated plants at 8, 14 and 16 dai and for +Si plants 
inoculated plants at 8 dai relative to their control counterparts 
(Figure 5).

The −Si inoculated plants at 14 and 16 dai and the +Si inoculated 
plants at 16 dai showed lower STA concentration in comparison to 
their control counterparts (Figure 5). For inoculated plants from cul-
tivar Conquista, there were reductions on A values at 16 dai and 
on gs and E values at 14 and 16 dai regardless of Si concentration 
(Figure 3). Lower Ci values were obtained for +Si inoculated plants 
in comparison to noninoculated ones at 16 dai (Figure 3). The Chl a 
fluorescence parameters did not change for inoculated plants from 

F IGURE  3 Net carbon assimilation rate (A), stomatal conductance to vapour water (gs), internal CO2 concentration (Ci) and transpiration 
rate (E) determined in the leaves of soybean plants from cultivars Bossier and Conquista grown in hydroponic culture containing 0 or 2 mM 
silicon (Si) (−Si and +Si, respectively) and noninoculated (NI) or inoculated (I) with Cercospora sojina. Means from −Si and +Si treatments within 
evaluation time and NI or I treatments that are followed by an asterisk (*) are significantly different by F test (p ≤ 0.05). Means from the NI 
and I treatments within evaluation time and for −Si or +Si treatments followed by an inverted triangle (▼) are significantly different by F test 
(p ≤ 0.05). Bars represent the standard errors of the means
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cultivar Conquista regardless of Si concentration (Figure 4). The FRU 
concentration was higher for −Si inoculated plants at 8, 14, and 16 
dai and at 16 dai for +Si inoculated plants than for their control coun-
terparts (Figure 5). The +Si inoculated plant, compared to their con-
trol counterparts, displayed lower STA concentrations at 8, 14 and 
16 dai and lower SUC concentration at 8 and 16 dai, but higher GLU 
concentration at 8 dai (Figure 5). The −Si inoculated plants had high 
GLU concentration at 8 and 16 dai followed by a decrease at 14 dai 
relative to their control counterparts (Figure 5).

3.4 | Concentrations of Chl a+b and CAR

Alone, the factor plant inoculation was more important to explain 
the variations in the concentrations of a+b and CAR (Table 1). The 
interaction cultivars × plant inoculation × Si concentrations was 
significant for the concentrations of Chl a+b and CAR (Table 1). For 
noninoculated plants from the two cultivars, the concentrations 
of Chl a+b and CAR were unaffected by Si (Figure 6). However, 
for inoculated plants from cultivar Bossier, lower concentrations 

F IGURE  4 Maximum photochemical efficiency of photosystem II (PSII) (Fv/Fm), quantum yield of electron transport (ΦPSII), 
photochemical (qP), nonphotochemical (NPQ) quenching and electron transport rate (ETR) determined in the leaves of soybean plants from 
cultivars Bossier and Conquista grown in hydroponic culture containing 0 or 2 mM silicon (Si) (−Si and +Si, respectively) and noninoculated 
(NI) or inoculated (I) with Cercospora sojina. Means from the −Si and +Si treatments within evaluation time and NI or I treatments followed 
by an asterisk (*) are significantly different by F test (p ≤ 0.05). Means from the NI and I treatments within evaluation time and for −Si or +Si 
treatments followed by an inverted triangle (▼) are significantly different by F test (p ≤ 0.05). Bars represent the standard errors of the means
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of Chl a+b and CAR were found for +Si plants than for −Si ones 
(Figure 6). Lower concentrations of Chl a+b and CAR were ob-
tained for inoculated plants from cultivar Bossier in comparison 
to their control counterparts (Figure 6).

3.5 | Images of Chl a fluorescence

For noninoculated plants from both cultivars, the standard of col-
ours for the fluorescence images of the parameters Fv/Fm, qP, NPQ 
and ETR did not qualitatively differ between −Si and +Si treat-
ments (Figures 7 and 8). The changes on the images of the Fv/Fm, 
ΦPSII, qP, ETR and NPQ were more drastic for inoculated plants 
from cultivar Bossier regardless of Si concentration (Figure 7). 
For plants of this cultivar, there was the loss of their photosyn-
thetic capacity as noticed for the brown-dark or dark colour for 

the Fv/Fm, ΦPSII, qP, NPQ and ETR parameters particularly for +Si 
plants (Figure 7). For plants from cultivar Conquista, there were 
no apparent changes in colour for the images of Chl a fluorescence 
parameters regardless of Si concentration (Figure 8).

3.6 | Pearson correlation

For cultivar Bossier, there was a positive correlation of A with gs, 
E, Fv/Fm, ΦPSII, qP, ETR, Chl and CAR, but negative with Ci, NPQ, 
FSC and FLSS (Table 2). The gs was positively correlated with E 
and negatively with FSC and FLSS. The Ci was positively corre-
lated with NPQ, FSC and FLSS and negatively with CHL and CAR. 
The E was positively correlated with CAR and negatively with FSC 
and FLSS. There was a positive correlation of Fv/Fm with ΦPSII, 
qP, ETR, CHL and CAR and a negative correlation with NPQ, FSC, 

F IGURE  5 Concentrations of glucose (GLU), fructose (FRU), sucrose (SUC) and starch (STA) determined in the leaves of soybean 
plants from cultivars Bossier and Conquista grown in hydroponic culture containing 0 or 2 mM silicon (Si) (−Si and +Si, respectively) and 
noninoculated (NI) or inoculated (I) with Cercospora sojina. Means from the −Si and +Si treatments within evaluation time and NI or I 
treatments followed by an asterisk (*) are significantly different by F test (p ≤ 0.05). Means from the NI and I treatments within evaluation 
time and for −Si or +Si treatments followed by an inverted triangle (▼) are significantly different by F test (p ≤ 0.05). Bars represent the 
standard errors of the means. FW = fresh weight
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and FLSS. The ΦPSII was positively correlated with qP, ETR and 
CAR, but negatively correlated with NPQ, FSC and FLSS. The qP 
was positively correlated with ETR and CAR, but negatively corre-
lated with NPQ, FSC and FLSS. The NPQ was positively correlated 
with FSC and FLSS, but negatively correlated with ETR, CHL and 
CAR. There was a positive correlation of ETR with CHL and CAR, 
of CAR with FRU, and of STA with FSC and FLSS. ETR, CHL, CAR 
and FRU were negatively correlated with FSC and FLSS. The GLU 
concentration was negatively correlated with STA concentration. 
For cultivar Conquista, there was positive correlation among gs, 
Ci, E, CHL, FLSS, GLU, FRU, SUC, FRU and SAC as well as between 
FSC and FLSS. There were negative correlations between CHL and 

GLU, FRU and FSC, and among GLU, SAC, FSC and FLSS (Table 2).

4  | DISCUSSION

The present results not only bring support to the concept soybean 
susceptibility to frogeye spot can be potentiated by Si (Nascimento 
et al., 2014, 2016), but also provide the first evidences at the physi-
ological and biochemical levels. The susceptibility of soybean plants 
to frogeye spot potentiated by Si was linked to a reduction on their 
photosynthetic performance, especially for those of the most sus-
ceptible cultivar. The physiological parameters and the carbohy-
drate pools of noninoculated plants from the two cultivars tested, 
regardless of the basal level of resistance to frogeye spot, were not 
affected by Si. Resende et al. (2012) reported that sorghum plants 
noninfected with Colletotrichum sublineolum and supplied with Si 
did not show changes on A, gs and E values in comparison to plants 
nonsupplied with Si. Taken together, these results suggest that the 

effect of Si on the physiology of plant species such as sorghum and 
soybean is limited to situations where stresses are absent. Therefore, 
the increased soybean susceptibility to C. sojina accompanied by a 
decrease on photosynthesis due to Si cannot be linked to changes in 
the basal level of photosynthesis.

Some studies reported that lower A values on plants infected by 
pathogens are intrinsically linked to their lifestyle (Alves et al., 2011; 
Bassanezi et al., 2002; Berger et al., 2007; Luque, Cohen, Savé, Biel, 
& Álvarez, 1999; Resende et al., 2012; Vélez, Silva, Troncoso, & 
Greslebin, 2012). In the present study, the negative effect of C. sojina 
infection on A values from plants from cultivar Conquista was gov-
erned chiefly by a reduction in the gs values. However, the changes 
in the gs values were not enough to trigger changes in the A values 
between −Si with +Si plants. Interestingly, the lower Ci values for 
+Si plants were not related to decreases in A values suggesting that 
the high frogeye spot severity on +Si plants from cultivar Conquista 
was not a crucial factor to damage their photosynthetic apparatus. 
Thus, for −Si and inoculated plants from cultivar Conquista, reduc-
tions in the A values were governed chiefly by stomatal limitations 
and a lower concentration of photosynthetic pigments. Conversely, 
the susceptibility of plants from cultivar Bossier supplied with Si to 
frogeye spot was enhanced as noted by the remarkable decreases 
in the A values due to stomatal and biochemical impairments be-
sides a decrease on the concentration of photosynthetic pigments. 
Additional support for this conclusion is provided by the positive 
correlations of A with gs and of A with the concentration of photo-
synthetic pigments as well as the negative correlations of A with Ci 
and A with the FSC. Noteworthy, the reductions in gs and E values 
probably occurred by an intense loss of water on the leaf tissues 
infected by C. sojina.

F IGURE  6 Concentrations of chlorophylls a+b (CHL) and carotenoids (CAR) determined in the leaves of soybean plants from cultivars 
Bossier (a, b) and Conquista (c, d) grown in hydroponic culture containing 0 or 2 mM silicon (Si) (−Si and +Si, respectively) and noninoculated 
(NI) or inoculated (I) with Cercospora sojina. Means from the −Si and +Si treatments within evaluation time and NI or I treatments followed 
by an asterisk (*) are significantly different by F test (p ≤ 0.05). Means from the NI and I treatments within evaluation time and for −Si or +Si 
treatments that are followed by an inverted triangle (▼) are significantly different by F test (p ≤ 0.05). Bars represent the standard errors of 
the means
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Considering that C. sojina aggressiveness is directly proportional to 
the release of nonselective toxins and hydrolytic enzymes and, conse-
quently, an increase in the generation of reactive oxygen species (ROS), 
it is plausible to assume that the reduction in the concentration of pho-
tosynthetic pigments on plants from cultivar Bossier occurred due to 
an increase in their oxidative degradation potentiated by Si. Thus, de-
creases in A values for plants from cultivar Bossier may be explained, at 
least partially, by a reduction in the interception of solar radiation due 
to a lower concentration of photosynthetic pigments. In agreement 
with these results, tomato plants infected by Botrytis cinerea showed 
reduced chlorophylls concentration (Kuźniak & Skłodowska, 2001). 
This decrease, similarly reported in the present study, was linked to an 
increase in the concentration of ROS in the leaflets of soybean plants 
supplied with Si and infected by C. sojina (Nascimento et al., 2016).

Overall, the infection of leaves of plants from cultivar Conquista 
by C. sojina did not trigger quantitative changes in the values of the Chl 
a fluorescence parameters and caused only marginal, if at all, changes 
in their images. These results lend additional support to explain why 
infection by C. sojina was not capable of damaging the photosynthetic 
apparatus of plants from cultivar Conquista. Conversely, the lower 
A values on plants from cultivar Bossier infected by C. sojina were 
closely associated with the changes in Chl a fluorescence kinetics es-
pecially in the presence of Si. These changes include lower and high 
values for Fv/Fm and ETR, respectively, suggesting that infected plants 
displayed impairments on light capture which was consistent with the 
lower concentration of photosynthetic pigments. Furthermore, infec-
tion by C. sojina was related to the lower capacity of the reoxidation 
of the primary electron acceptor (QA) based on the parameter qP, 

F IGURE  7  Images of chlorophyll a 
fluorescence for maximum photochemical 
efficiency of photosystem II (PSII) (Fv/Fm) 
(A1–A4), quantum yield of electron 
Transport (ΦPSII) (B1–B4), photochemical 
(qP) (C1–C4), nonphotochemical quenching 
(NPQ) (D1–D4) and electron transport 
rate (ETR) (E1–E4) determined in the 
leaves of soybean plants from cultivar 
Bossier grown in hydroponic culture 
containing 0 mM silicon (−Si) (A1, A3, B1, 
B3, C1, C3, D1, D3, E1 and E3) or 2 mM Si 
(+Si) (A2, A4, B2, B4, C2, C4, D2, D4, E2 
and E4) and noninoculated (NI) (A1, A2, 
B1, B2, C1, C2, D1, D2, E1 and E2) or at 
16 days after inoculation with Cercospora 
sojina (A3, A4, B3, B4, C3, C4, D3, D4, E3 
and E4) [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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which estimates the ratio of the opened reaction centres of the PSII 
(Schreiber, Bilger, & Neubauer, 1994). These data, together with lower 
A values, suggest that the infection of plants from cultivar Bossier 
by C. sojina triggered an excess of excitation energy mainly when Si 
was available to them. Importantly, this excitation energy was unlike 
to have been dissipated as heat given that no increase in the NPQ 
values was noticed. As a final consequence, there was no extensive 
photooxidative damage to the photosynthetic apparatus. Additional 

support for this conclusion is given by the negative correlations of 
A with Fv/Fm, qP and ETR and positive correlation between A with 
NPQ. The images of Chl a fluorescence confirmed that the negative 
effect of C. sojina infection on the physiology of plants from cultivar 
Bossier was not restricted to the infection sites, but also extended 
to nonsymptomatic leaf tissue especially for plants supplied with Si.

The negative effect of pathogens infection on the physiology of 
their hosts was extended to nonsymptomatic leaf tissue (Bastiaans, 

F IGURE  8  Images of chlorophyll a fluorescence for maximum photochemical efficiency of photosystem II (PSII) (Fv/Fm) (A1–A4), quantum 
yield of electron transport (ΦPSII) (B1–B4), photochemical (qP) (C1–C4), nonphotochemical quenching (NPQ) (D1–D4) and electron transport 
rate (ETR) (E1–E4) determined in the leaves of soybean plants from cultivar Conquista grown in hydroponic culture containing 0 mM silicon 
(−Si) (A1, A3, B1, B3, C1, C3, D1, D3, E1 and E3) or 2 mM Si (+Si) (A2, A4, B2, B4, C2, C4, D2, D4, E2 and E4) and noninoculated (NI) (A1, A2, 
B1, B2, C1, C2, D1, D2, E1 and E2) or at 16 days after inoculation with Cercospora sojina (A3, A4, B3, B4, C3, C4, D3, D4, E3 and E4) [Colour 
figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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1991; Berger et al., 2007; Gruber, Kruger, & McManus, 2012; Pinkard 
& Mohammed, 2006; Rahoutei et al., 2000; Resende et al., 2012). 
However, in sharp contrast with the results of the present study, Gao 
et al. (2011) reported a positive effect of Si on the photochemical ef-
ficiency (evidenced by a lower decrease in the Fv/Fm values and high 
concentration of photosynthetic pigments) for rice plants infected 
by P. oryzae. Similarly, the infection of rice and sorghum plants by B. 
oryzae and C. sublineolum, respectively, impaired photosynthesis, but 
for a lesser extent on plants supplied with Si (Dallagnol et al., 2013; 
Resende et al., 2012). However, considering that one of the effects 
of Si on the resistance of plants against pathogens infection is on the 
increase on H2O2 concentration (Shetty et al., 2011; Sun et al., 2010) 
and photorespiratory process (Van Bockhaven, De Vleesschauwer, & 
Höfte, 2013), which also increase the H2O2 levels, it is believed that 
the infection by C. sojina had benefited itself by the high ROS gen-
erated at the infection sites that culminated to a great impairment of 
the photosynthetic apparatus as previously reported by Nascimento 
et al. (2016).

In the present study, the reduction in A values was not correlated 
with the concentrations of GLU, FRU, SUC and STA regardless of 
cultivar used. However, considering that an increase in hexose con-
centration can trigger the activation of genes involved in host de-
fence (Herbers, Meuwly, Frommer, Metraux, & Sonnewald, 1996), 
such an increase for plants from cultivars Conquista and Bossier 
might suggest that the enhanced soluble carbohydrate pools may 
be a defence strategy mounted by soybean plants to counteract 
against C. sojina infection. This finding can be supported by the 
high concentration of hexoses and sucrose for plants from cultivar 
Conquista nonsupplied with Si at advanced stages of fungal infec-
tion. Additional support for this hypothesis is the negative correla-
tions obtained among GLU, SUC, FSC and frogeye spot severity as 
well as the negative correlation between FRU and FSC for cultivar 
Conquista.

Considering that Si-increased susceptibility of soybean plants 
from cultivar Conquista to frogeye spot did not cause physiologi-
cal impairments, it seems plausible to conclude that the lower pho-
tosynthetic efficiency of plants from cultivar Bossier was due to a 
reduced amount of photosynthetically active leaf tissue because of 
intense frogeye spot symptoms.
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