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Manganese (Mn) is an essential element for plants; however, high concentrations in certain soil con-
ditions can cause toxicity symptoms in the plant tissue. Here, we describe Mn toxicity symptoms and Mn
toxicity responses in soybean plants. Soybean plants exposed to excess Mn showed reductions in the CO2

assimilation rate and stomatal conductance, which in turn resulted in decreased shoot biomass.
Furthermore, peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT) activity were higher in
plants grown with the highest Mn concentration. The Mn doses increased the activity of antioxidant
enzymes such as CAT, POD, and SOD. The toxicity symptoms presented by the leaves included hyper-
trophying of the adaxial epidermis and the formation of necrotic areas with purple-colored veins.
Dramatic movement of calcium from the healthy region to the purple-colored necrotic region was
observed, as was the exit of potassium from the necrotic area to the healthy region of the tissue. The high
activities of POD and SOD in the presence of high Mn compartmented in the roots was the main
physiological responses at high Mn uptake by soybean plants.

© 2017 Elsevier Masson SAS. All rights reserved.
1. Introduction

Manganese (Mn) is an essential element in plants that partici-
pates in protein structure and phosphorylation enzymes. Its defi-
ciency causes damage to chloroplasts, affecting the water
photolysis in photosystem II, which supplies the electrons neces-
sary for photosynthesis (Fernando and Lynch, 2015). However, its
excess is also harmful because of toxicity to plants. The toxicity
of internal carbon use; ABET,
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served.
limit of Mn, as well as tolerance to excesses of this metal, is
dependent on the plant species, in addition to varieties or geno-
types (Kochian et al., 2004; Ducic and Polle, 2005). However, its
toxicity is favored in acidic soils (Fageria and Stone, 2008).

Excessive concentrations of Mn in plant tissues may alter
various processes, such as enzymatic activity, uptake, redistribu-
tion, and the use of other nutrients (Ca, Fe, Mg, N and P), in addition
to the productive responses of agricultural crops (Lavres Junior
et al., 2010). The literature has reported that toxicity by metals e

e.g., Mn e induces oxidative stress (St. Clair and Lynch, 2005; St.
Clair et al., 2005). However, the antioxidative system response to
this stress presents variable and controversial results
(Schutzendubel and Polle, 2002; Grat~ao et al., 2005; Gill and Tuteja,
2010). There are several factors responsible for this lack of
consensus: heavy metals that exert different stress induction
mechanisms; compartmentalization of antioxidants, leading to
differences between responses among the organelles, cells, and
tissues; and the detoxification and complexation of heavy metals
reducing its stimulating effects on oxidative stress (Grat~ao et al.,
2005). This lack of consensus emphasizes the need for further
studies describing the toxicity of different metals, such as Mn,
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because there is minimal description of its modification to the
antioxidative system as a function of its toxicity.

The toxicity caused by Mn results in the degradation of lipids,
proteins, carbohydrates, and nucleic acids, damaging the cell
metabolism and causing cell death in some cases (Fernando et al.,
2013). Plants signal Mn toxicity by means of receptors that trigger
molecular signal cascades that transmit the signals to the regu-
lating systems via ion channels, signaling proteins, and second
messenger compounds (Schmutz et al., 2010; Choudhary et al.,
2012; Le et al., 2012). Mn toxicity can also influence photosyn-
thesis; however, there is a lack of specific information on this topic.
Previous studies have indicated that during heavy metal stress, the
energized electrons are allocated to oxygen (Toth et al., 2011;
Fischer et al., 2015). Furthermore, a lower availability of oxygen
reduces the efficiency of the electron transport chain; hence, less
NADPþ is reduced, which decreases the CO2 fixation rate (Foyer and
Shigeoka, 2011; Gururani et al., 2015).

Effects on the decrease of the photosynthesis rate byMn toxicity
were reported by Weng et al. (2013) and Rojas-Lillo et al. (2014),
who attributed degradation of the photosynthetic apparatus in the
chloroplasts as the cause. When working with Phytolacca acinosa
(hyperaccumulator species ofMn),Weng et al. (2013) reported little
effect of the toxic Mn supply on photosynthetic activity, attributing
the Mn hyperaccumulator capacity of the species to efficient Mn
complexing and not to abruptly modifying the chloroplast struc-
tures. Undoubtedly, upon degradation of the photosynthetic
apparatus, such as through the stress effect caused by toxicity, one
can expect a direct effect on the growth and development of the
cultures.

Studies on the Mn toxicity effect on soybeans are scarce in the
literature; consequently, it is unknown how Mn toxicity can influ-
ence the development of the culture, knowing that in Brazil this
culture is highly produced in the Cerrado region (similar to sa-
vannas), where soils with high Mn contents are easily found
(Fageria and Stone, 2008). The present study hypothesizes that the
soybean responses mechanism to excess Mn is a direct result of
greater partitioning of the element in the roots in conjunction with
enzyme expression of the antioxidant system in the roots and/or
shoots e as a second barrier if there is no retention in the roots.
Based on the above information, the present study sought to
evaluate responses mechanisms and characterize Mn toxicity
symptoms in soybean plants by physiological, biochemical, and
ultrastructural analyses, as well as through energy-dispersive X-ray
spectroscopy (EDS) techniques for studies on the localization of Mn
and other nutrients in the cells of plant tissue.

2. Materials and methods

2.1. Growth conditions and experimental design

Soybean seeds of the variety BMX Potência RR were germinated
in plastic pots with vermiculite. Uniformyoung seedlings at 21 days
after sowing were washed with deionized water and transplanted
in 6-L polyethylene pots containing nutrient solution with 25%
ionic strength not containing Mn Hoagland and Arnon (1950). After
5 days of plant adaptation in the nutrient solution, Mn treatments
of 0 (deficient), 2, 10, 100, 200, and 300 mmol L�1, with 100% ionic
strength of the nutrient solution were applied. The nutrient solu-
tion containing 2 mmol L�1 of Mn was considered the control
treatment (Hoagland and Arnon (1950). Constant aeration was
maintained in all pots.

The experimental designwas completely randomized, with four
replications. The Mn was provided in the form of MnCl2. The
complete nutrient solution presented the following composition:
12.0 mmol L�1 of N-NO3

�, 4.0 N-NH4
þ mmol L�1, 2.0 mmol L�1 of P,
6.0 mmol L�1 of K, 4.0 mmol L�1 of Ca, 2.0 mmol L�1 of Mg,
2.0 mmol L�1 of S, 25.0 mmol L�1 of B, 0.5 mmol L�1 of Cu,
54.0 mmol L�1 of Fe, 2.0 mmol L�1 of Zn and 0.5 mmol L�1 of Mo. The
initial pH (approximately 5.0 ± 0.5) was monitored daily in each
experimental unit to ensure the available Mn; this pH range was
fixed throughout the experiment. Estimates of the Mn species were
obtained using the Visual Minteq version 3.1 software (Gustafsson,
2011), and in all of the treatments, approximately 90% of the Mn
was available (Mn2þ) for ready absorption.

Gas exchange, urease activity, and nitrate reductase activity
tests and extraction of antioxidative enzymes and proteins were
performed 48 h after plant exposure toMn between 8:00 and 12:00
a.m., using the first fully developed trifoliate. Antioxidative en-
zymes and proteins were also extracted from roots. At the end of
the experiment, when the symptoms of Mn toxicity had worsened
(10 days of exposure to Mn), the first fully developed trifoliate was
collected for foliar diagnosis (Lavres Junior et al., 2010) and for
characterization of theMn toxicity symptoms (leaf morphology and
scanning electron microscopy).

2.2. Gas exchange parameters

Evaluations of gas exchange consisted of non-destructive ana-
lyses using a portable gas exchange device (Infra Red Gas Analyzer
eIRGA, brand ADC BioScientific Ltd, model LC-Pro). The following
were determined: CO2 assimilation rate expressed by area (A - mmol
CO2 m�2 s�1), transpiration (E - mmol H2O m�2 s�1), stomatal
conductance (gS - mol H2O m�2 s�1), and internal CO2 concentra-
tion in the substomatal chamber (CI - mmol mol�1). The initial
conditions imposed for measurements were 1000 mmol m�2 s�1 of
photosynthetically active radiation (PAR), provided by LED lamps,
380 ppm of CO2, and a chamber temperature of 28 �C, according to
the study of Jiang and Xu (2001).

2.3. Activity of urease (EC 3.5.1.5)

Urease activity was measured according to the whole tissue
method described by Hogan et al. (1983) and with ammonium
determination as suggested by McCullough (1967). One hundred
mg of fresh tissue cut in discs was transferred to assay tubes con-
taining 8 mL of 50 mM phosphate buffer (pH 7.4), 0.2 M urea, and
0.6 M n-propanol for a period of 3 h. After incubation, an aliquot of
0.5 mL of supernatant was added to 2.5 mL of Reagent I (0.1 M
phenol and 170 mM sodium nitroprusside). Afterwards, 2.5 mL of
Reagent II (0.125 M NaOH þ 0.15 M Na2HPO4$12H2O þ NaOCl (3%
Cl2)) was added for the determination of ammonium. This reaction
was performed in capped assay tubes under continuous shaking in
a water bath at 37 �C for 35 min. Ammonium was measured in a
spectrophotometer at 625 nm, using a NH4Cl standard calibration
curve, and urease activity was expressed as mmol NeNH4

þ h�1 g�1

FW (fresh weight).

2.4. Activity of nitrate reductase (EC 1.7.1.1)

The in vivo nitrate reductase activity was determined according
to Reis et al. (2009) with slightly modifications. Leaf samples were
collected at 8:30 a.m., stored in plastic bags, and transported to the
laboratory on ice. Afterwards, 200 mg of fresh tissue cut in discs
was transferred to assay tubes containing 5 mL of phosphate buffer
solution, pH 7.5 (100 mM potassium phosphate buffer þ 100 mM
KNO3). Thereafter, the assay tubes (wrapped in aluminum foil to
protect from the light) were incubated in a 30 �C water bath for
60 min. The reaction was performed with 100 mL of
supernatant þ1.9 mL of distilled water þ0.5 mL of 1% sulfanilamide
in 2 M HCl, followed by 0.5 mL of 0.02% naphtylenediamine
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solution. The nitrite (NO2
�) produced was measured in a spectro-

photometer at 540 nm, using a nitrite standard calibration curve.
The enzyme activity was directly related to the amount of NO2

�, and
the results were expressed in mmol NO2

� g�1 h�1 FW.

2.5. Extraction of antioxidative enzymes and proteins

The plant material was macerated in a mortar containing liquid
nitrogen. The protein extracts were obtained from 1.5 g of fresh
plant material, together with the addition of PVPP (poly-
vinylpolypyrrolidone) corresponding to 20% (w:v). Protein extrac-
tion proceeded using a potassium phosphate buffer solution at
100 mmol L�1 (pH 7.5), EDTA (ethylenediaminetetraacetic acid) at
1 mmol L�1, and DDT (dithiothreitol) at 1 mmol L�1. The homoge-
nized extracts were centrifuged at 10.000 rpm for 30 min at 4 �C.
The supernatant was stored in Eppendorf tubes, frozen in liquid
nitrogen, and stored in a freezer at �80 �C. The soluble protein
concentration was determined by the method of Bradford (1976)
using BSA (bovine serum albumin) as a standard. Aliquots of
100 mL of the extract were mixed in 5 mL of Bradford reagent with
four replications. Reading was performed in a spectrophotometer
at 595 nm. The results were used to calculate the antioxidative
enzyme concentration.

2.6. Activity of peroxidase (POD, EC. 1.11.1.7)

The method of Allain et al. (1974) was used to determine the
POD activity present in the leaf tissues of soybean. From the tissue
extract obtained by the enzymatic extraction process described
above, an aliquot of 0.5 mL was removed and added to 0.5 mL of
potassium phosphate buffer 0.2 M (pH 6.7), 0.5 mL of H2O2
(hydrogen peroxide), and 0.5 mL of aminoantipyrine. The tubes
were placed in a water bath at 30 �C for 5 min. After incubation
(5 min), 2 mL of ethanol was added to stop the reaction, and after
being cooled at room temperature, the samples were vortexed and
read in a spectrophotometer (l ¼ 505 nm). In the control, the
enzyme extract was substituted by 0.2 M potassium phosphate
buffer (pH 6.7). The total enzyme activity was expressed in mmol de
H2O2 min�1 mg of protein�1.

2.7. Activity of the superoxide dismutase (SOD, EC 1.15.1.1)

The SOD activity was determined according to Giannopolitis and
Ries (1977). The reaction was conducted in a reaction chamber
(box) under the illumination of a 15 W fluorescent lightbulb at
25 �C. An aliquot (50 mL) of the sample was added to a mixture of
5 mL that contained sodium phosphate buffer (50 mmoL/L), pH 7.8,
methionine (13 mmoL/L), NBT (75 mmoL/L), EDTA (0.1 mmoL/L),
and riboflavin (2 mmoL/L). The tubes were placed inside the box,
closed to any external light, and maintained under the box lighting
for 15 min for the formation of the blue formazan compound
produced by the photoreaction of NBT. Other test tubes with the
same mixture were covered with aluminum foil to prevent light
exposure; these test tubes served as the control for each sample.
After 15min, thematerial was homogenized by vortexing. Readings
were taken in a spectrophotometer at 560 nm, and the results were
expressed in U SOD mg protein�1.

2.8. Catalase activity (CAT, 1.11.1.6)

CAT activity was determined by monitoring the degradation of
H2O2 at 240 nm according to the methodology of Azevedo et al.
(1998). In the test tubes, 1 mL of potassium phosphate buffer
100 mM, pH 7.5, and 2 mL H2O2 30% was added, followed by 150 mL
of protein extract. Immediately after the addition of the protein
extract, the tubes were quicklymixed by vortexing. Enzyme activity
was determined by the decomposition of H2O2 during a 2 min in-
terval in a spectrophotometer at thewavelength of 240 nm at 25 �C.
The results were expressed in mmoL min�1 mg protein�1.

2.9. Dry mass production of the plants

At harvest (at phonological stage V4, Fehr et al., 1971), the plants
were separated into shoots (leaves þ stem) and roots. The material
was identified, packaged in paper bags, and dried in an oven at ±
65 �C for 2 days, with the subsequent measurement of dry mass.

2.10. Chemical analysis of the plant tissue

The concentration of phosphorus (P), potassium (K), calcium
(Ca), magnesium (Mg), sulfur (S), boron (B), cupper (Cu), iron (Fe),
Mn and zinc (Zn) were determined in the shoot and root. Nitric-
perchloric digestion was performed (Miller, 1998), and the iden-
tity and amount of nutrients were determined using radial visual-
ization of the inductively coupled plasma optical emission
spectrometry (ICP-OES), equipped with a nebulization chamber.
The following emission line was used: P I 213.618 nm; K I
769.897 nm; Ca I 422.673 nm; Mg I 280.270 nm; S I 181.972 nm; B I

249.773 nm; Cu I 324.754 nm; Fe II 259.940 nm; Mn II 259.373 nm
and Zn II 231.865 nm.

2.11. Leaf and root morphology

After 7 days of exposure to Mn (at V1 phonological stage, Fehr
et al., 1971), the plants were collected for symptomatology and
histological section analysis. Fragments of leaves and roots were
collected and fixed in F.A.A. 70 solution (37% formaldehyde, acetic
acid, and 70% ethanol at a ratio of 1.0:1.0:18.0eV/V) and stored until
the date of the analysis according to the methodology described by
Lavres Junior et al. (2010).

All of the plant tissue fragments received the relevant proced-
ures for dehydration, diafanization, inclusion, and fixation. With
the aid of a Leica microtome table containing a steel blade, cross
sections of 8e14 mmweremade from each embedded fragment. For
the histological slides, the first cross-sections that showed the best
preserved material were selected, i.e., without damage or injury
caused by cutting the plant tissue. All of the chosen sections were
fixed with Mayer adhesive, stained with safranin 1% and mounted
on slides and cover slips with Entellan adhesive. All of the slides
were observed under an Olympus optical microscope with a
coupled camera for measuring the anatomical parameters by
means of the CellSens Standard image analysis program, calibrated
with a microscopic rule in the same zoom level of the photographs.

In the midrib region of the leaves in the cross-sections, the
following morphoanatomic characteristics were observed:
epidermal thickness of the lower or abaxial face (ABET); epidermal
thickness of the upper or adaxial face (ADET); leaf phloem diameter
(LPD); and leaf xylem diameter (LXD). The morphoanatomic root
characteristics were: root epidermis thickness (RET); root phloem
diameter (RPD); and root xylem diameter (RXD) (Carlquist, 1975).
For each characteristic, 10 measurements were performed per slide.
The plots were represented by the mean values obtained for each
characteristic.

2.12. Scanning electron microscopy

The leaf and root plant material was fixed in modified Karnov-
sky fixative (2.5% glutaraldehyde, 2.5% formaldehyde in sodium
cacodylate buffer 0.05M, pH 7.2), post-fixedwith osmium tetroxide
(OsO4), and dehydrated in increasing solutions of acetone (30, 50,
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70, 90, and 100%). Subsequently, the specimens were dried to their
critical point with liquid CO2 (Balzers CPD 030), coated with sput-
terer (MED 010 Balzers) for surface coating with a thin layer of gold,
and examined in a scanning electron microscope (EVO-LS15-ZEIS).

2.13. Analysis of the results

In all of the datasets considered, the normality of the data was
analyzed using the Anderson-Darling test, and homoscedasticity
was analyzed with the variance equation test (or Levenn's test). The
results were subjected to statistical analysis using SAS statistical
software e System for Windows 9.2. The means were compared
using the Tukey test (p < 0.05).

3. Results

3.1. Dry mass production

The effect of Mn toxicity in soybean plants was observed for the
shoots with no effect on dry root mass accumulation (Fig. 1). Thus,
plants cultivated in the control treatment (2 mmol L�1) presented
the highest production of dry mass. Plants cultivated with the dose
of 0 mmol L�1 also showed reduced growth, presenting results
similar to plants cultivated with 10 mmol L�1. The increase in Mn
available to plants reduced the dry mass accumulation of the soy-
bean shoots, with a reduction of 21% in the dry mass of the plants
cultivated in the highest concentration of Mn (300 mmol L�1)
compared to the average of the cultivated plants in the control
treatment. Thus, the soybean plant growth was compromised by
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the increase in Mn doses in the culture solution, resulting in
reduced dry mass production.

3.2. Gas exchange and nitrogen assimilating enzymes

Plants cultivated in the control treatment presented the highest
CO2 assimilation rate (A) and stomatal conductance (gS) (Fig. 2A and
D). The cultivated plants reduced the A and gS in function of the
increase in available Mn, and the plants grown under control of Mn
(2 mmol L�1) showed A and gS values that were 47 and 23% greater
than the plants cultivated in the highest Mn dose, respectively.
Moreover, Mn deficiency also promoted a reduction in A and gS. A
different result was observed for the transpiration rate (E) and in-
ternal CO2 concentration (Ci), in which the increased Mn concen-
trations resulted in higher results (Fig. 2C and D). The highest Mn
concentration increased E and Ci by 6 and 17%, respectively. Thus, a
reduced assimilation capacity (low A and gS) and lower carbon
usability (Ci) was observed, as well as the deregulation of E.

The lowest activity of nitrate reductase was found in the plants
grown with the highest dose of Mn (Fig. 3A); the plants cultivated
in the control treatment and the Mn deficient plants showed the
highest activity of this enzyme. The plants cultivated in the highest
Mn dose showed a 39% reduction in enzyme activity compared to
the plants cultivated in the control treatment (Fig. 3A). Thus, similar
to photosynthetic rate (Fig. 2), the toxicity of Mn compromised
nitrate assimilation in soybean leaves. The lowest urease activity
was detected in the plants deficient in Mn and in the plants grown
at the highest dose of Mn (Fig. 3B). Thus, both the omission of Mn
and the greater availability of Mn in the nutrient solution
compromised urea metabolism in soybean plants. However, the
plants cultivated with doses of 10 mmol L�1 presented higher ac-
tivity of this enzyme than the plants cultivated with the control Mn
dose.

3.3. Antioxidant enzymes

Enzyme activity of the antioxidant systems evaluated e POD,
SOD, and CAT e were higher in the plants cultivated with higher
Mn doses, both in the roots and in the leaves (Fig. 4AeF). The ac-
tivity of these enzymes in the root was approximately 10 times
greater than in the leaves, except for CAT. This result indicates the
greater effects of POD and SOD in the roots for Mn toxicity re-
sponses in soybean plants. CAT presented the highest protective
effect against the formation of ROS (reactive oxygen species) in
soybean leaves. The plants deficient in Mn that were cultivated in
the control nutrient solution showed similar activity of these en-
zymes, indicating no effect of Mn deficiency on the production of
ROS.

3.4. Leaf and root morphology

The observations made by optical microscopy allowed the
identification of modifications in the leaf and root structures due to
increased Mn availability in the nutrient solution (Figs. 5 and 6).
The plants deficient in Mn did not differ from those grown in the
control nutrient solution (Figs. 5e7). The Mn doses reduced the
adaxial epidermis thickness (ADET), making it thinner (Fig. 6B).
However, there were no effects of the Mn doses on the abaxial
epidermal thickness (ABET), the LPD, or the LXD (Fig. 6). Thus, Mn
toxicity in soybean plants mainly modified the ultrastructure of the
root anatomy and epidermis on the upper surface of the leaf. The
leaf diagnosis used for the biochemical and physiological analyses,
as well as the analysis of the deficiency symptoms and Mn toxicity,
leaf morphology, and scanning electron microscopy, are shown in
Fig. 7. The major visual differences were found in the leaves of
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plants grownwith higher Mn doses (200 and 300 mmol L�1) (Fig. 7E
and F). These leaves showed visual symptoms of toxicity, in which
this symptom is indicated by distortion of the leaf blade and the
appearance of chlorotic spots on the edges of the leaves (Fig. 7E),
with subsequent necrosis (Fig. 7F) and purple spots (Fig. 8).

3.5. Symptomatology of Mn toxicity in soybean leaves

Via the EDS technique, the distribution of the nutrients K, Ca,
Mn, Mg, and P was characterized in the necrotic area caused by Mn
toxicity in soybean leaves (Fig. 8). The other essential elements with
potential characterization by scanning electronmicroscopy showed
no change in the distribution pattern. Compared to the lesioned
area, Mg, P, and K showed superior intensity outside of necrosis
(Fig. 9BeD), corresponding to 65, 45, and 80% of the intensity,
respectively. The greatest intensity outside the lesioned area was
observed for K, characterizing an antagonistic distribution effect
with Mn and Ca between the healthy and lesioned area. Mn and Ca
presented three intensity ratios in the necrotic lesion (Fig. 9E and
F). A greater intensity of Mn and Cawas observed between necrosis
and the uninjured leaf tissue (Fig. 9A and E). For Ca, the highest
intensity was observed in the necrotic tissue (Fig. 9A and F).

The ultrastructural characteristics of the root and leaf in relation
to Mn doses in the nutrient solution are observed in Fig. 10 (AeF)
and Fig. 11 (AeF), respectively. The images reveal disorganization
and small changes in the adaxial epidermis. The disorganization
and cellular disarray on the adaxial part of the soybean leaves
cultivated in a nutrient solution with a high concentration of Mn
occurred because of the reduced ADET, becoming thinner as
observed in Fig. 6B. There was no reduction in the stomata number
in relation to the control treatment (2 mmol L�1). At the highest Mn
dose (300 mmol L�1), there were changes in the epidermis and
tissue agglomeration, resulting in epidermal hypertrophying, i.e., a
large disruption in the cellular arrangement (Fig. 10F). With regards
to the roots, no external cell disorganization was observed
(Fig. 11AeF).

3.6. Concentration of macro and micronutrients

The concentrations of P in the shoot and K in the shoot and root
were influenced byMn doses (Fig. 12A and B). The Ca concentration
in the root tissue decreased with the increase of Mn in the culti-
vation solution (Fig. 12C). A similar result was observed for Mg
concentrations in shoots (Fig. 12D) and for S concentrations in roots
(Fig. 12E), which were reduced as a function of the increase in Mn
concentration. The highest B concentration in the shoot was
detected in plants cultivated with 200 mmol L�1 Mn. However, the
highest B concentration in the roots was found in plants cultivated
with dose of 100 mmol L�1 (Fig. 12F).

Regarding cationic micronutrients, the Mn concentration
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influenced the concentrations of Cu, Fe, Mn and Zn in the roots
(Fig. 13). Concentrations of Mn in the shoots and roots were influ-
enced by the Mn dose (Fig. 13C). Moreover, the plants cultivated
with doses of 300 mmol L�1 presented highest concentrations of Mn
in the shoots and roots.

4. Discussion

4.1. Dry mass production, gas exchange, and nitrogen assimilating
enzymes

The dry mass productivity of the soybean plants decreased with
the increase in Mn dose (Fig. 1); moreover, plants cultivated under
higher Mn doses presented high Mn concentrations in shoots and
roots (Fig. 13C) and symptoms of toxicity (Fig. 7E and F) in the
leaves, similar to that observed in soybean (Lavres Junior et al.,
2010), Vigna unguiculata (Wissemeier et al., 1992) and rice (Lidon,
2002). Thus, the higher concentrations of Mn caused toxicity ef-
fects in the present work. The lower dry mass reduction is an
excellent indicator of species or genotypes tolerant to Mn toxicity
(Fernando and Lynch, 2015). In sugarcane, Mn toxicity decreased
the drymass production according to genotype analyzed (Zambrosi
et al., 2016). The reduction in dry mass accumulation byMn toxicity
was related in soybean shoots (Lavres Junior et al., 2010; Millaleo
et al., 2013; Shuai, 2016) and roots (Chen et al., 2016).
Reduced shoot growth was the result of the toxic accumulation
of Mn in the plant tissue (Fig. 13C), which in turn compromised the
carbon and nitrogen metabolism of the soybean plants (Figs. 2 and
3). The reduction of CO2 assimilation (Fig. 2A) in plants cultivated
under high Mn concentrations suggests the negative effect of this
metal in toxic concentrations on the carbon fixation process. This
effect occurs because plants cultivated in toxic Mn concentrations
also showed a higher internal carbon concentration in the sub-
stomatal chamber (Fig. 2B), indicating low carboxylation efficiency
of the plants. The lower Calvin cycle efficiency in plants with stress
occurred because of the reduced availability of NADPþ for the car-
bon fixation process and the reduced stability of photosystem II
(Gururani et al., 2015). In Arabidopsis thaliana, degradation of
photosystem I was reported byMn toxicity (Millaleo et al., 2013). In
the present study, Mn toxicity indicated a similar effect on the
photosynthesis process in soybean plants.

The lower growth of plants grown in toxic concentrations of Mn
is also explained by lower transpiration. This was the result of
physiologically uncontrolled water use caused by oxidative damage
resulting fromMn toxicity. This result was evidenced by the results
of a low gS (Fig. 2B) and a high E (Fig. 2D) of plants cultivated in
higher concentrations of Mn, i.e., even with low stomata open
indices, the plants maintained high transpiration rates. However,
under severe conditions of Mn toxicity, there was a high disorga-
nization of the plant tissue, characterizing low stomatal opening.
Lidon (2002) observed that stomatal opening and the length of the
stomata decreased significantly in rice plants cultivated in nutrient
solution containing 2.4, 145, and 582 mmol L�1. The author
concluded that the reduction of stomatal conductance is associated
with the physiological control of rice plants as a mechanism
responsible for low Mn transport from the roots to shoots. In the
present study, although the stomatal opening was small, the tran-
spiration was greater; these factors are responsible for the high
translocation of Mn from the roots to shoots, in which the leaf
concentration ranged from 12 to 501 mg kg�1 (Fig. 13C).

The high translocation of Mn to the shoot and accumulation in
the shoot can result in damage to the photosynthetic apparatus.
The production of ROS by the plants as a function of the Mn toxicity
degrades the photosynthetic apparatus, which in turn reduces the
photosynthetic capacity (Weng et al., 2013; Rojas-Lillo et al., 2014).
In the present study, degradation of the photosynthetic apparatus
directly influenced the efficiency of carboxylation and water use by
soybean plants.

Metal toxicity causes negative effects of ROS accumulation in
chloroplasts and inhibits renewal of the D1 protein, which is
required for the repair of photosystem II (Nishiyama et al., 2011);
moreover, the suppression of ROS degrades chloroplast enzymes
(Kato and Sakamoto, 2014) and promotes breakdown of the
thylakoid architecture (Grat~ao et al., 2009). Some studies with Mn
(Weng et al., 2013; Rojas-Lillo et al., 2014) have demonstrated that
the toxicity of this metal reduces the photosynthesis rate by
degradation of the photosynthetic apparatus.

4.2. Antioxidative enzymes

The negative effect of Mn toxicity on the photosynthetic process
in the present study was a function of oxidative stress. Increased
activity of enzymes of the antioxidant system e SOD, CAT, and POD
e indicated excessive production of H2O2 and ROS in plants culti-
vated under stress - Mn toxicity. The plants deficient in Mn
(0 mmol L�1) showed antioxidant enzyme activity similar to plants
cultivated in the control treatment (2 mmol L�1), both in the leaves
and in the roots (Fig. 4). Thus, oxidative stress was affected by the
Mn toxicity conditions and not by deficiency of this nutrient. Ac-
tivity of the antioxidant enzymes was more accentuated in soybean



Fig. 4. Antioxidant activities of POD (A; B), SOD (C; D) and CAT (E; F) in soybean leaves and roots as a function of Mn concentrations in the nutrient solution. Error bars indicate the
standard error of the mean (n ¼ 4).
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plants at doses of 10 mmol L�1 and higher (Fig. 4). However, visual
symptoms of aggravated toxicity were observed only in plants
cultivated in a dose 150 times greater than recommended
(300 mmol L�1).

The soybean plants showed distinct activity patterns for the
enzymes tested according to the tissue analyzed. The activity of CAT
was greater in the leaves than the roots (Fig. 4E and F). CAT rep-
resents the major constituent of the matrix of peroxisomes (Reis
et al., 2015). However, POD activity was contrary to that observed
for the other peroxidase analyzed e CAT e exhibiting lower activity
in leaves and higher values in the roots. POD acts directly on the
reduction of H2O2 to prevent oxidative damage, protecting cellular
constituents (Merlin et al., 2012). The increased activity of POD in
the root e the first tissue in contact with the toxic element e is
mainly explained by the participation of this enzyme in the
biosynthesis of lignin, which can prevent absorption of the toxic
element via the construction of a physical barrier (Grat~ao et al.,
2005), in addition to its antioxidant function. The increased CAT
activity in leaves is a result of its metabolic function of oxidizing
toxins using H2O2 (Noctor et al., 2002). These toxins (e.g., phenols,
formic acid, and formaldehyde) have naturally higher concentra-
tions in the plant shoots. Aibibu et al. (2010) found the same pattern
of CAT and POD when studying the toxic effects of cadmium (Cd) in
vetiver grass (Vetiveria zizanioides), which is tolerant to metal
stress.

The results observed for SOD indicate the same activity pattern
as POD e high in the roots and low in the leaves. This enzyme
catalyzes the removal of the superoxide radical by dismutation
(Grat~ao et al., 2009). High SOD activity in the root is explained by its
dominant role in the antioxidant system of several species; there-
fore, its activity tends to be higher in the tissue in contact with the
source of toxicity (Grat~ao et al., 2005). Thus, POD and SOD had an
important role in protection against ROS in the root, whereas CAT
was more important in the leaves. This information is essential to
the understanding that different antioxidant enzymes showed
different contributions to the oxidative state of the cell.

4.3. Symptomatology of Mn toxicity and ultrastructural alterations
of leaves and roots

TheMn doses significantly reduced the RET, RPD, and RXD of the
soybean, as shown in Fig. 5. However, no alteration or external cell
derangement of the roots was observed via scanning electron mi-
croscopy, which may be an indicator of greater Mn partitioning in
the root apoplast and the action of PODs in this compartment
(Führs et al., 2009; Lavres Junior et al., 2010). This mechanism can
be understood as a synchronous result of strategies, the first of
which is based on the apoplastic exclusion of Mn toxic to the root
apex by the release of ligands/chelating agents such as organic
acids - citrate, malate, and oxalate, and phenolic compounds. The
second strategy is the internal/symplastic detoxification by ligands/
chelating agents such as organic acids (citrate, malate, and oxalate),
phytochelatins, and compartmentalization of the Mn-complex in
vacuoles (Millaleo et al., 2010).



Fig. 7. Soybean leaves showing manganese deficiency and toxicity symptoms; where (a) control, (b) 2 mmol L�1, (c) 10 mmol L�1, (d) 100 mmol L�1, (e) 200 mmol L�1, (f) 300 mmol L�1.
The leaves were harvested after 7 days of exposure to manganese treatments.
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The deleterious effects of Mn toxicity on many species have
mainly been studied considering the morphological, anatomical,
ultrastructure, and biochemical aspects of the plant shoots,
particularly where the toxic symptoms are manifested: the leaves.
However, there is a lack of studies on the toxic effects of Mn in root
cells (Santandrea et al., 1998; Lavres Junior et al., 2010). Santandrea
et al. (1998) reported that plants tolerant to excess Mn
(5000.0 mmol L�1) exhibited a greater number of xylem elements
(protoxylem and metaxylem) with lignified walls compared to
plants of the control treatment (100.0 mmol L�1). They also
concluded that in the control treatment, the roots exhibited only
protoxylem elements.

An external manifestation of abnormality (visible symptoms)
caused by the toxicity of a mineral element is the result of a chain of
events where the final alteration is a subcellular modification,
which leads to epidermal modifications and alterations (Lavres
Junior et al., 2010). In the present study, an increase in roughness
and cellular derangement was observed in the adaxial portions of
the leaves at the highest Mn dose (300 mmol L�1), resulting in
epidermal hypertrophying, i.e., a large disruption in the cellular
arrangement (Fig. 10F). This epidermal hypertrophying is caused by
thinning of the adaxial leaf epidermis in response to Mn toxicity, as
observed in Fig. 6B.

The necrotic lesions on the leaves caused by Mn toxicity began
to appear on the edges of the leaves (Fig. 7E), increasing in con-
centration as a result of increased Mn in the cultivation solution
(Fig. 7F). Page et al. (2006) reported that the highest concentration
of Mn occurs at the edges of the leaves because Mn participates in
the leaf transpiration stream. Thus, lesions on the soybean leaves in
the present study were observed on the leaf tissue of the plants
submitted to the highest Mn concentration.

Excess Mn in the leaf tissues causes necrotic spots with dark
purple-colored inclusions (Fig. 8), generally interpreted as a stress.
Phytotoxicity of Mn is primarily mediated in the apoplast, causing
callose and the formation of purple-colored necrotic regions
(Fernando and Lynch, 2015). These purple-colored necrotic regions
contain deposits of Mn oxides and oxidized phenols, and increase
with POD activity in the apoplast (Wissemeier and Horst, 1992).
Blamey et al. (2015) also found high concentrations of Mn (III)
deposited in the part between the necrotic area and the healthy
area of soybean leaves. Furthermore, Hughes and Williams (1988)
concluded that Mn transporters in eukaryotic cells are practically



Fig. 8. Scanning electron micrographs showing the symptoms of manganese toxicity in soybean leaf. The leaf sample was collected from the plants receiving 300 mmol L�1 Mn after
7 days of exposure. Energy dispersive system (EDS) analysis revealed the distribution of potassium (K), calcium (Ca), manganese (Mn), magnesium (Mg) and phosphorus (P) outside
and inside the lesion area caused by manganese toxicity in soybean leaves.

Fig. 9. Energy dispersive system (EDS) analysis revealed the distribution of potassium (K), calcium (Ca), manganese (Mn), magnesium (Mg) and phosphorus (P) outside and inside
the lesion area caused by manganese toxicity in soybean leaves. The leaf sample showing manganese toxicity was collected from the plants receiving 300 mmol L�1 treatment after 7
days of exposure.
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in the vesicle portion of the cell instead of the cytoplasm, where the
Mn concentration is toxic (Führs et al., 2009). High Mn concen-
trations in the veins (the region between the healthy part and the
lesioned part) suggest the absence of an efficient Mn drain in
soybean leaves. Excess Mn retained in cell walls of the internerval
region causes necrosis from the oxidation of phenolic compounds



Fig. 10. Scanning electron micrographs showing the adaxial part of soybean leaves under manganese treatment collected after 7 days of exposure. (a) Control, (b) 2 mmol L�1, (c)
10 mmol L�1, (d) 100 mmol L�1, (e) 200 mmol L�1, (f) 300 mmol L�1.

Fig. 11. Scanning electron micrographs showing the soybean roots under manganese treatment collected after 7 days of exposure. (a) Control, (b) 2 mmol L�1, (c) 10 mmol L�1, (d)
100 mmol L�1, (e) 200 mmol L�1, (f) 300 mmol L�1.
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(Wissemeier et al., 1992) and the high activity of apoplastic POD
(Horst et al., 1999). The oxidation of Mn (II) to Mn (III) can be a
consequence of callose formation by cell injury (Blamey et al.,
2015), causing the purple spots found on soybean leaves. The
purple spots found on the leaves are the main symptoms of Mn
toxicity (St. Clair et al., 2005). Other symptoms characteristic of
toxicity include chlorosis and distorted leaves with small dark le-
sions (Blamey et al., 2015). These lesions were demonstrated with
cowpea (Vigna unguiculata) containing oxidized Mn and callose
(Wissemeier et al., 1992), which form through an intracellular re-
action of elevated Ca contents (Kartusch, 2003). Further studies are
necessary to elucidate the mechanism that causes the vacuolar
difference of Mn and Ca in soybean leaves (Blamey et al., 2015).

Calcium was the only nutrient that presented higher concen-
trations in the lesion of the leaves with pronounced symptoms of
Mn toxicity than in the tissue surrounding the lesion (Fig. 9), similar
to that observed by Blamey et al. (2015) in soybean leaves. The
necrotic lesions on the leaves of plants exposed to Mn toxicity have
high concentrations of Mn oxide and callus formation (Wissemeier
et al., 1992), which in turn increases the concentration of intracel-
lular Ca in necrotic cells (Kartusch, 2003). The necrotic lesions
result in phenolic compounds (Wissemeier and Horst, 1992) and
increase POD activity in the apoplast (Horst et al., 1999).

4.4. Concentration of macro and micronutrients

Mn is absorbed in the form of Mn(II) by the roots, but the high
Mn concentration in the shoot tissue generates antagonism with
other similar ions (St. Clair and Lynch, 2004; St. Clair et al., 2005).
Unlike the Mn toxicity response of some species (Millaleo et al.,
2010; Ueno et al., 2015; Yao et al., 2015) and common to other
heavy metals (Grat~ao et al., 2005), soybean plants concentrated Mn
predominantly in the shoots of the plant (Fig. 13C). Thus, in this
study, no reduction in Mn translocation from the root to the shoot



Fig. 12. Concentration of P (A), K (B), Ca (C), Mg (D), S (E) and B (F) in the soybean shoot and root tissue as a function of the Mn concentration in nutrient solution. Error bars indicate
the standard error of the mean (n ¼ 4). The same lowercase and uppercase letters, for shoot and root, respectively, indicate no significant differences according to Tukey's test
(p < 0.05). ns: not significant.
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was observed. The first strategy of plants against the toxicity of
metals is exclusion and complexation at the root (Grat~ao et al.,
2005). The results of this study indicate that soybean has no
regulation mechanisms for the absorption of Mn in toxic condi-
tions, with the reduced expression of genes related to absorption
and complexation of this element in grapes (Yao et al., 2015). Excess
Mn can also cause stress by combined absorption with other ions
such as Mg, Ca, K, and Fe (St. Clair and Lynch, 2005).
The Mn toxicity in plants is a nutritional disorder that is often
not clearly identified. In turn, it can be the result of complex in-
teractions of Mn with other elements (nutrients such as K, Ca, and
Fe and beneficial element such as Si) and some edaphic and climatic
factors. The plant physiology response to excess metal accumula-
tion depend on the plant growth rate, particularly the absolute
growth rate of roots (Reis and Lavres Junior, 2011), cell size, and the
vacuole, which is the main location of Mn accumulation. These



Fig. 13. Concentration of Cu (A), Fe (B), Mn (C) and Zn (D) in the soybean shoot and root tissue as a function of the Mn concentration in nutrient solution. Error bars indicate the
standard error of the mean (n ¼ 4). The same lowercase and uppercase letters, for shoot and root, respectively, indicate no significant differences according to Tukey's test (p < 0.05).
ns: not significant.
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mechanisms, in turn, involve biochemical routes that differ signif-
icantly between species and varieties/cultivars. Mn toxicity is
associated with increased root absorption, rapid transport to the
shoot, and localized accumulation in the form of Mn oxide,
resulting in brown spots on the leaves, as observed in the plants of
this study. This abnormality is also attributed to the accumulation
of phenolic compounds in the tissue, revealing coloration resulting
from contact of the POD with easily oxidized substrates such as
chlorogenic and caffeic acid, causing lower activity of antioxidant
enzymes such as CAT, SOD, and POD, for example. Contrarily, in
genotypes more tolerant to excessive or toxic quantities, there are
reports of reductions in the quantities absorbed and transported
over long distances and evidence of Mn toxic concentrations in the
tissues. This Mn toxicity response is directly related to nutrition in
P, K, Ca, Mg, or Fe, as well as more homogeneous distribution of Mn
in the shoots (Lavres Junior et al., 2010).

5. Conclusion

The soybean plants showed symptoms of Mn toxicity at the
doses of 200 and 300 mmol L�1, reducing the photosynthetic rate
and subsequently resulting in low dry mass yield. These Mn doses
increased the activity of antioxidant enzymes such as CAT, POD, and
SOD. The results of the present study enhance the understanding of
several basic mechanisms ofMn toxicity in soybeans, which are still
poorly understood, by describing the distribution of nutrients such
as K, Ca, Mn, Mg, and P in the necrotic lesion caused by Mn toxicity.
Ca and Mn are found exclusively in the lesion, K is outside the
lesion, and Mg and P are in both regions, with the former at higher
concentrations outside the lesion compared to inside the lesion.
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