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Abstract 

 

Most studies on crop responses to Cr toxicity lack using acidic growing medium in order to maximize Cr uptake and taking measures 

to prevent Cr-induced Fe deficiency. Also, the evaluation of protein profiles is still to be carried out in association with physiological 

responses to Cr stress. The purpose of this study was to investigate the effects of Cr3+ on the physiology and protein profiles of Fe-

enriched palisadegrass seedlings in an acidic nutrient solution under controlled conditions. Following 30 days of continuous stress, a 

sharp reduction in leaf area was the most evident alteration caused by Cr3+ stress, while a tendency of depressing effects was 

observed in the other physiological variables. Nutrient solution acidity had no significant effect, which could be associated with the 

high tolerance of palisadegrass to acidic soils. Symptoms of Fe deficiency in Cr3+-treated seedlings were minimal, suggesting Fe-

enrichment was efficient in isolating such a stress from Cr3+ effects. Proteins were differentially expressed in Cr3+-treated leaf 

samples, as revealed by microfluidic electrophoresis and SDS-PAGE profiles. In both cases, protein spots were less noticeable under 

Cr3+ stress. It is concluded that a depressed leaf area is the most rapid and detectable response of the species to Cr3+ toxicity, along 

with an overall down-regulation of protein spots. Other variables, such as number of leaves, number of dead leaves, shoot length and 

chlorophyll level are putative indicators for a prolonged exposure to Cr3+. 

 

Keywords: Brachiaria brizantha, Cr3+, iron supply, medium pH, microfluidic electrophoresis, palisadegrass, physiological 

indicators, toxicity. 

Abbreviations: AEBSF_4-(2-aminoethyl) benzenesulfonyl fluoride; C4H_cinnamate 4-hydroxylase; Chl_Chlorophyll content; 
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utylamide, trans-Epoxysuccinyl-L-leucylamido-(4-guanidino)butane; HCl_hydrochloric acid; LA_leaf area; LA/SL_Leaf area/Shoot 

length; MM_molecular mass, NaOH_sodium hydroxide; NL_Number of leaves; PAL_phenylalanine ammonia-lyase; RL_root 

length; SL_shoot length. 

 

 

Introduction 

 

The contamination by toxic metals in soils and water sources 

has reached alarming levels, especially due to the increasing 

impact of agronomic and industrial activities (Mirlean et al., 

2007). In this regard, chromium (Cr) has been reported as an 

important contaminant with severe negative effects on many 

crops (Volland et al., 2014). As extensively reviewed (Singh 

et al., 2013), toxicity of Cr to plants is influenced by its 

valence state, in which Cr6+ is highly toxic and mobile, 

whereas Cr3+ is less toxic but more intensively bound to soil 

organic matter. Because plants are devoid of corresponding 

transporting systems, Cr is taken up by carriers of essential 

ions such as sulfate or iron (Fe). Toxic effects of Cr on plant 

growth and development include impairment of germination, 

expansion of roots, stems and leaves and yield reduction. Cr 

also induces harmful effects on physiological processes such 

as photosynthesis, water relations and mineral nutrition 

(Subrahmanyam, 2008). Toxic Cr-induced metabolic 

alterations include direct effects on enzymes and other 

metabolites, and the generation of reactive oxygen species 

which may cause oxidative stress (Shanker et al., 2005). The 

Cr contamination issues have been intensively approached 

through the use of plants for soil phytoremediation. In this 

case, most studied Cr hyper-accumulator species are either 

low in biomass or slow in growth; thus, limiting their 

sustainable application (Diwan et al., 2008). Species with 

agronomic importance tend to have limited phytoremediation 

potential because Cr accumulates in the root system and if a 

high Cr content occurs in the shoots, toxicity will be extreme 

(Shahandeh and Hossner, 2000). 

Nevertheless, efforts remain towards examining high 

biomass forage grasses capable of providing useful data to 

further ameliorate plant tolerance to Cr toxicity and 

alleviation of Cr pollution in soils. Recently, guinea grass 

(Panicum maximum) was found as a potentially moderate 

Cr3+ accumulator (Olatunji et al., 2014). In Brazil, pastures of 

palisadegrass (Brachiaria brizantha Hochst. Ex A. Rich) 

Stapf. (syn. Uruchloa brizantha (Hochst. Ex. A. Rich) R.D. 

Webster) cover about 30 million ha of mostly acidic soils 

(Boddey et al., 2004) including areas with long-reported 

incidence of Cr contamination (Jordão et al., 2005).  

Palisadegrass might have a role in bioremediation since 

closely related Brachiaria species are Cr hyperaccumulators 

(Pires et al., 2007). The known genetic variability of the 

species is small but the possibility of generating crossbreds 
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with other species of the same genus (Fuzinatto et al., 2012) 

is likely to favor genetic breeding for desirable Cr tolerance 

traits. In this particular case, knowledge on protein profiles 

and their alterations in response to stress could be potentially 

useful for supporting early selection strategies. 

Protein profiles enable distinctive insights into biological 

systems that cannot be acquired from genomic or 

transcriptomic approaches (Sharmin et al., 2012). The 

application of such a strategy to verify biomolecular 

responses to heavy metal stress has been useful for 

identifying putative metal-specific protein markers of 

susceptibility (Takac et al., 2011). The microfluidic analysis 

systems (Wu et al., 2008) provide additional advantages in 

the small sample volumes required, reduced reagent 

consumption, enhanced mass detection, and yielding 

analytical figures of merit superior to traditional slab gel 

electrophoresis. 

In spite of such prospects, most investigations on Cr 

toxicity in plants lack studying physiological alterations as 

associated with protein profiles. Additionally, the strategies 

are short of approaching two important methodological 

details, which may lead to further advances in the matter. 

One is the use of acidic growing media, since Cr uptake 

depends upon an acidic aqueous fraction with a pH near 4.00 

(Singh et al., 2013). Such a measure could be additionally 

advantageous for matching the soil acidity commonly 

verified in the wet subtropics (Joris et al., 2013); thus, 

improving possibilities of practical application of the 

findings. The other is the Cr-induced sharp decrease in Fe 

contents in both the growing medium and the plant tissues 

along with the appearance of Fe deficiency symptoms 

(Mallick et al., 2010). Therefore, the conduction of studies 

under acidic conditions could optimize Cr absorption and the 

inclusion of a Fe supply step prior to inducing Cr stress could 

help preventing Fe deficiency to provide a better isolation of 

Cr effects. 

To date, there is no report on the effects of toxic Cr on the 

behavior of palisadegrass. The currently available 

information for other species strongly suggests that the 

assessment of the effects on physiological variables along 

with protein profiles has the potential to reveal new 

behavioral patterns, which may be useful for progress in 

knowledge with direct use in the genetic improvement of the 

species. Therefore, this study was aimed at studying such a 

species regarding the effects of Cr3+ on physiological 

indicators and protein profiles measured by microfluidic 

electrophoresis technology. Seedlings were gown in acidic 

nutrient solution and received Fe supply prior to treatment 

exposure, as an attempt to optimize Cr uptake and alleviate 

possible interferences of Fe deficiency. 

 

Results 

 

Visual symptoms of the effects of low pH and Cr3+ exposure 

on Fe-enriched palisadegrass 

 

The typical visual aspects of plants grown under each studied 

treatment are shown in Fig. 1. The more conspicuous 

alterations in relation to the control were a depressed volume 

of the root system in response to pH 4.0, a reduction in LA as 

caused by Cr+3 and a light weakening of the green 

pigmentation in leaves as observed in pH 4.0 and Cr+3. The 

inhibition of leaf growth appears to be a direct response to 

Cr3+ toxicity, as verified in other species (Sundaramoorthy et 

al., 2010). The loss of pigmentation suggests a decrease in 

chlorophyll concentration as caused by both the acidic pH 

and Cr3+ stress, but also a Cr3+-effected Fe deprivation, as 

previously verified elsewhere (Ali et al., 2011). Finally, 

plants under Cr+3 treatment were the only ones to show 

incidence of dead leaves, a behavior which could be further 

verified as an additional indicator of response to Cr3+ toxicity 

in palisadegrass. The root system, in turn, showed no other 

apparent alteration than an evident decline in the volume of 

adventitious roots in plants exposed to Cr3+. 

 

Effects of low pH and Cr3+ exposure on growth and 

physiology of Fe-enriched palisadegrass 

 

The results obtained with growth and physiological indicators 

are exhibited in Table 1. The only significant effect (p  0.05) 

was observed with LA, for which exposure to toxic Cr3+ was 

substantially depressing. Most variables (i.e. RL, SL, NL, 

LA/SL ratio, transpiration and Chl), albeit with no significant 

variation, showed a tendency of decreasing responses as Cr3+ 

was added to the nutrient solution. FW means, in turn, were 

not altered. Under the pH 5.5 treatment, there was a tendency 

of enhanced transpiration rates and RL and SL, while pH 4.0 

tended to promote LA and LA/SL ratio. 

The reported tendencies appear to signal a rapid response 

of palisadegrass to Cr toxicity as reported in other species 

(Chigbo and Batty, 2013). Such an absence of statistically 

significant differences for most variables might be explained 

by the relatively short duration of the assays (Pandey et al., 

2005). The tendency of increased FW after addition of Cr3+ 

would need further investigation. On the other hand, the 

sharp reduction in LA clearly indicates that the effects of Cr3+ 

toxicity in the species are practically immediate. Given 

longer evaluation times, other variables might show 

depressing responses. 

 

Effects of low pH and Cr3+ exposure on protein profiles of 

Fe-enriched palisadegrass 

 

The linear regression equation for standard protein data was 

𝑦 =  0.0401𝑥 +  0.0057, and the corresponding coefficient 

of determination was R2 = 0.9372. The experiment was 

performed using 1 µg µL-1 of sample. 

The gel-like images obtained in the microfluidic 

electrophoresis system using this protein extraction are 

shown in Fig. 2. The proteins expressed in each treatment 

were separated according to their respective molecular mass 

and retention times. Protein profiles revealed eight protein 

bands. The most conspicuous protein bands were observed in 

the sizes of nearly 20.7 and 25.7 kDa in all treatments, and 

also of approximately 51.4 and 53.6 kDa. Those profiles 

indicate that proteins were differentially expressed in 

treatments. Also, the intensity of the protein bands was 

greater with pH 4.0 rather than pH 5.0 or Cr+3 (Fig. 2). 

Comparisons focused on the plotted areas of these detected 

protein mass values revealed even more distinct contrasts 

(Fig. 3). The electropherograms showed that the areas 

relative to the 20.7 and 25.7 kDa were greatly reduced in Cr+3 

when compared to those obtained with the other treatments. It 

should be noted that the seedlings exposed to Cr3+ did not 

express proteins with 51.4 or 53.6 kDa (Fig. 3). Moreover, 

other molecular mass peaks, which coincided with the 

treatments lacking exposure to Cr3+ were observed but not 

considered for the evaluations because they represented low  

level (below 5%), which is below the precision threshold of 

the technique. The same criterion was applied to several
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Table 1. Effects of varying pH and Cr+3 exposures of the growing medium on growth and physiological responses of palisadegrass 

seedlings. 

Treatment SL 

(cm) 

RL 

(cm) 

NL Fresh wt. (g) 

Control 48.6± 3.77a 15.23± 1.98a 25.2± 3.54a 0.95± 0.21a 

pH 5.5 53.0± 3.58a 18.32± 1.64a 22.4± 1.85a 0.99± 0.14a 

pH 4.0 48.6± 4.50a 16.07± 2.55a 26.6± 7.55a 0.95± 0,13a 

Cr+3 40.4± 9.73a 14.45± 1.09a 17.8± 5.53a 1.02± 0.29a 

Treatment LA 

(cm2) 

LA/SL Ratio (cm) Transpiration (cm2.s-1) Chl (SPAD) 

Control 82.074± 5.40ab 1.6909± 0.0545a 28.80± 22.71a 48.24± 12.75a 

pH 5.5 81.366± 12.60ab 1.5458± 0.2818a 36.10± 22.34a 46.72± 11.77a 

pH 4.0 85.806± 14.05a 1.7867± 0.3652a 30.84± 11.38a 49.50± 11.76a 

Cr+3 53.404± 20.55b 1.2738± 0.2124a 25.60± 12.91a 38.90± 10.71a 
          For each variable, means followed by the same letter are not significantly different (P>0.05) by the Tukey test. 

 

 

 
Fig 1. Palisadegrass depressed root volume in response to lowered pH and diminished leaf area in response to the addition of Cr+3 to 

the growing medium.  

 

Table 2. Treatment-effects on palisadegrass leaf protein molecular masses (kDa). Estimations were carried out with the microfluidic 

technique and data reliability was verified against profiles obtained with SDS-PAGE technique. 

Absence of values indicates lack of band detection. 

 

 
Fig 2. Gel-like images obtained in the microfluidic chip electrophoresis system with the proteins extracted from leaf samples of 

palisadegrass in response to the studied nutrient solution treatments. Proteins were separated according to molecular mass and 

retention time. Critical protein bands were detected in sizes close to 20.7 and 25.7 KDa. Band intensity was superior in pH 4.0 and 

gradually decreased in the order of pH 5.0, Control and Cr+3. 

 

 

 Control pH 5.5 pH 4.0 Cr+3 

Peaks 
SDS-

PAGE 
Microfluidic 

SDS-

PAGE 
Microfluidic 

SDS-

PAGE 
Microfluidic 

SDS-

PAGE 
Microfluidic 

1 109.66 --- 108.51 --- 104.79 --- 106.55 --- 

3 66.75 66.20 65.17 66.30 63.75 62.50 --- --- 

4 56.57 53.70 55.55 53.60 54.35 52.90 55.68 --- 

5 51.28 51.80 51.29 51.40 --- 50.96 --- --- 

6 41.13 39.10 --- 38.90 --- 37.80 --- --- 

7 35.72 35.00 34.83 35.30 34.51 34.80 --- --- 

8 27.61 25,40 26.91 25.50 27.00 25.31 27.04 25.75 

9 21.61 20.70 21.18 20.80 21.92 20.53 22.64 20.30 

10 14.24 --- 13.77 --- 13.66 --- 13.62 --- 

11 11.42 12.50 11.04 12.50 11.37 12.56 11.06 --- 
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Table 3. Protein molecular mass, concentration, total percentage and plot area for palisadegrass leaf samples in response to the 

nutrient solution treatments. 

Treatment Protein spot 

 

MM Protein 

concentration 

Protein 

total 

Protein 

plot area 

(KDa) (ng.µL-1) percentage 

Control 1 20.80±0.07 54.50±13.70 2.8±1.80 56.7±30.90 

 2 25.60±0.20 156.80±60.80 7.4±2.30 165.8±48.80 

 3 51.30±0.20 23.50±14.70 0.7±0.40 20.3±13.00 

 4 53.50±0.04 70.60±22.50 3.1±0.60 90.6±29.04 

pH 5.5 1 20.78±0.03 36.80±8.01 1.5±0.40 36.1±7.04 

 2 25.62±0.14 144.04±27.50 4.3±0.70 110.8±15.10 

 3 51.25±0.13 12.97±1.00 0.5±0.04 15.6±1.40 

 4 53.54±0.18 63.40±11.50 2.2±0.40 76.5±18.40 

pH 4.0 1 20.50±0.11 117.30±26.60 6.4±4.15 85.9±46.70 

 2 25.28±0.30 410.30±13.40 22.1±15.34 338.7±104.90 

 3 51.00±0.60 133.90±111.10 5.9±4.7 93.2±54.30 

 4 53.04±0.70 106.10±47.50 3.8±1.4 136.1±84.70 

Cr+3 1 20.70±0.20 30.90±1.80 1.7±1.00 22.2±4.60 

 2 25.80±0.10 95.00±9.80 7.4±4.70 61.0±17.00 
Protein plot areas refer to graphical representations of detected protein mass values as performed with the software Molecular Analyst. 

 

 
Fig 3. Lab-on-a-chip capillary electrophoresis analysis of palisadegrass leaves shown as (a) elution profiles in response to pH 4.0, pH 

5.5 and Cr+3 with critical peaks detected from nearly 20.7 to 25.7 KDa, (b) electropherogram and respective simulated gel pattern (on 

the left) comparing Control and pH 4.0, and (c) electropherogram and respective simulated gel pattern (on the left) comparing 

Control and Cr+3. 
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Table 4. Proteins currently identified in palisadegrass according to the database of the National Center for Biotechnology 

Information (2014) and respective molecular masses as determined elsewhere under varying conditions. 

Protein Molecular Mass 

(kDa) 

Reference  

Ribosomal protein L16 19.0 Klein at al. (2004)  

NADH dehydrogenase subunit F 30.0 Lamattina et al. (1993)  

GAPDH 36.0 Russell and Sachs (1989)  

Cinnamoyl-CoA reductase 37.5 Hu et al. (2011)  

Caffeic acid O-methyltransferase 39.7 Kim et al. (2006)  

C4H 57.8 Pina et al. (2012)  

PAL 80.0 Kawamata et al. (1992)  

 

 
Fig 4. SDS-PAGE electropherograms of proteins extracted from palisadegrass leaf samples showing the band profiles obtained with 

Control, pH 5.5, pH 4.0 and Cr+3. 

 

other small peaks, which apparently indicate the occurrence 

of proteolysis during protein extraction. 

Further comparisons revealed a greater graph area of pH 

4.0 as compared to the one of the control, relative to protein 

masses of 20.7 and 25.7 KDa, and 51.4 and 53.6 KDa (Fig. 

3). Thus, lowered pH in the growing medium is likely to have 

contributed to a higher expression of those protein fragments. 

The separation achieved with the microfluidic electrophoresis 

technique was compared with the corresponding one obtained 

using SDS-PAGE (Fig. 4, Table 2). Both methodologies 

yielded similar protein profiles, although SDS-PAGE 

revealed 11 protein fragments and characterized two of them 

with molecular masses of, respectively, around 14 kDa and 

108 kDa. The latter could not be detected on the microfluidic 

electrophoresis, since the utilized kit was specific for the 

molecular mass range of 5-80 kDa. The SDS-PAGE gel 

image showed that proteins were differentially expressed in 

treatments by means of the intensity of the protein bands 

(Fig. 4). 

Table 3 shows data on molecular mass, protein 

concentrations, peak area (electropherograms) in response to 

the studied treatments, which were estimated by the Agilent 

2100 Expert Software. The highest concentration was found 

for proteins of 20.8, 25.6 51.3 and 53.5 kDa. The control 

condition yielded proteins of 20.8 and 25.6 kDa, with relative 

concentrations of respectively 54.5 and 156.8 ng µL−1, and of 

51.3 and 53.5 kDa, with relative concentrations of 

respectively 23.5 and 70.6 ng µL−1. The pH 5.5 treatment 

yielded concentrations similar to those obtained under control 

condition. The pH 4.0 treatment had the highest relative 

concentrations. Proteins with sizes of 51.3 and 53.5 kDa 

which were not expressed with Cr+3 and proteins with sizes  

 

 

of 20.5 and 25.3 kDa were found with the lowest relative 

concentrations. 

 

Discussion 

 

The concomitant evaluation of physiological responses and 

protein profiles has seldom been conducted in studies of Cr 

toxicity in plants, leaving a wide range of questions 

unanswered that could lead to advancements in the 

knowledge on the matter which may favor breeding 

programs. On the other hand, the use of acidic media and the 

prevention of Fe-deficiency have not been carried out so far 

in Cr-stress studies. Both aspects were approached in our 

investigation, leading to the discovery of tendencies which 

are likely to improve the way Cr toxicity is studied. Finally, 

the evaluation of such stress on palisadegrass with attempts to 

solve the above limitations is unprecedented, with the 

remarkable potential of contributing to progress in future 

related research work. 

It is worth clarifying some details of the procedure utilized 

in this study. Cr3+ was chosen over Cr6+ because it is the 

oxidation state that prevails on the root surface (Zayed et al., 

1998) and promotes much greater Cr accumulation in plant 

tissues (Zhang et al., 2007). Secondly, the applied level of 

toxic Cr3+, although much lower than other contents 

evaluated elsewhere (Sharmin et al., 2012), has been long-

reported as the initial toxic concentration in studies carried 

out in nutrient solution (Vernay et al., 2007) and corresponds 

to the lowest contamination level registered for natural soils 

(Oze et al., 2007). In the present work, the Cr3+ proved to 

cause rapid physiological damage and protein profile 

alterations; thus; eliminating the need for evaluating more 

toxic concentrations. Finally, the step of a pre-treatment with 
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Fe-enriched solution followed by the suppression of that 

micronutrient during exposure to Cr3+ was carried out in 

order to prevent Fe deficiency during the studies, since Cr3+ 

impairs Fe uptake (Volland et al., 2012). Since Fe deficiency 

symptoms are very mild in the Cr3+-treated plants, the 

carrying out of Fe pre-supply apparently minimized such an 

interaction. 

Under those novel experimental conditions, results revealed 

a series of relevant plant responses. The acidic pH in the 

nutrient solution caused only a slight decrease in the leaf 

green pigmentation and no other physiological alteration. 

Although this mild response differs from more depressing pH 

effects verified with other grasses (Passos et al., 1999), such a 

behavior would not be surprising, since palisadegrass is long-

regarded as tolerant to low fertility acid soils (Adamowski et 

al., 2008). With reference to Cr3+ toxicity, the most rapid and 

evident influence on physiological indicators was the 

decrease in LA and the tendencies of depressed NL and SL. 

Such an overall behavior is in agreement with previous 

reports (Sharmin et al., 2012). The observed Cr3+-induced 

incidence of dead leaves has not been verified in similar 

approaches (Arduini et al., 2006). 

The observed tendency of a decrease in Chl is consistent 

with the reduction in the green pigmentation of plants 

exposed to Cr, resembling the onset of Fe deficiency. From 

these observations it seems that a prolonged exposure to Cr3+ 

would cause more pronounced reductions in those variables, 

as verified elsewhere (Ali et al., 2011). The results apparently 

confirm that Cr3+ impairs or greatly reduces Fe uptake 

(Sundaramoorthy et al., 2010) and chlorophyll biosynthesis 

(Pandey and Sharma, 2003), even with the care of providing 

substantial Fe supply prior to Cr3+-stressing the plants. As 

observed by Sharma and Sharma (1999), leaf growth 

variables are likely to serve as suitable indicators of Cr 

pollution and as well of tolerant genotypes in selection 

programs. 

Other important findings were achieved with the protein 

profiling approach. The protein profiles obtained with 

palisadegrass leaf samples as analyzed through the traditional 

SDS-PAGE technique revealed 12 protein bands which 

varied in size from approximately 8 to 109 kDa. This result is 

not in agreement with data reported by Machado Neto et al. 

(2002), who determined the protein profiles in husked seeds 

of five palisadegrass genotypes and observed 17 different 

SDS-PAGE polypeptide bands with molecular mass ranging 

from 18.7 to 100.6 kDa. Such a contrast in the number of 

bands may have been caused by genetic differences between 

the populations evaluated in each case. So, new studies 

considering a greater extent of the genetic basis of the species 

are still needed to provide a more detailed assessment. 

Regarding characterization, seven proteins are reported for 

palisadegrass in the database of the National Center for 

Biotechnology Information (2014), and their respective 

molecular masses have been determined in different species 

(Table 4). The polypeptide molecular masses detected in this 

study (Table 2) are consistent with those proteins. Once 

treatments were applied, such a profile experienced only a 

fading of band intensities in Cr3+-treated samples as revealed 

by the SDS-PAGE technique. This indicates that possible 

alterations are likely to appear in a more extended time frame 

than the one covered in this study. Studies on Cr toxicity in 

other species (Sharmin et al., 2012) have reported Cr-

responsive proteins, such as inositol monophosphatase, 

nitrate reductase, adenine phosphoribosyl transferase, formate 

dehydrogenase and a putative dihydrolipoamide 

dehydrogenase. In the present study, no protein profile 

matched the molecular masses of those proteins; thus, 

indicating that the occurrence of such a behavior in 

palisadegrass merits further research. 

Taking the mass profiles obtained from SDS-PAGE 

approach into account, observing a variation margin of 3 

kDa, it is reasonable to suggest the following as possibly 

detected proteins and respective primary functions: ribosomal 

protein L16 (19 kDa), which is required for early stages of 

ribosome assembly (Wolfe et al., 1992), NADH 

dehydrogenase subunit F (30 kDa), which catalyzes the 

transfer of electrons from NADH to plastoquinone (Mus et 

al., 2005), GAPDH (36 kDa), which catalyzes the oxidation 

of triose phosphates during glycolysis (Holtgrefe et al., 

2008), caffeic acid O-methyltransferase (39.7 kDa), which 

catalyzes key steps in the pathway of lignin monomer 

biosynthesis (Parvathi et al., 2001), and C4H (57.8 kDa), 

which participates in the phenylpropanoid pathway giving 

rise to an array of metabolites (Achnine et al., 2004). Hence, 

further advancement in the knowledge of this subject must 

consider the definition of the structure of each detected 

protein to confirm whether the respective aminoacid 

sequences are homologous to the present identifications, and 

the evaluation of the responses of the regulated processes to 

Cr3+ toxicity. 

To the best of our knowledge, the current study can be 

considered as the first report of Cr3+ toxic effects on 

palisadegrass and also the first inclusion of a Fe pre-treatment 

to minimize Cr3+-induced Fe-deficiency. Our results indicate 

that there is room for seeking additional understanding about 

the mechanisms of Cr3+ toxicity and also physiological 

sources for tolerance in palisadegrass. Besides evaluating 

longer times of exposure, putative niches for progress in this 

area would be monitoring Cr3+ accumulation in tissues 

(Vajpayee et al., 1999), its relation to the uptake of essential 

elements (Sundaramoorthy et al. 2010) and the evaluation of 

enzyme-effected oxidative changes in tissues 

(Subrahmanyam, 2008). 

With reference to Cr3+ translocation, much work is still 

needed. Although recent evidence indicated that Cr 

accumulation is much greater in roots than in shoots 

(Sundaramoorthy et al., 2010), the opposite situation has also 

been reported (Ramachandran et al., 1981). Moreover, the 

observation of a consistent translocation of Cr to dead leaves 

(Arduini et al., 2006) indicates this aspect should be 

considered in verifications of Cr toxicity in plants. 

Very few data are available about plant genetic variability 

for tolerance to Cr toxicity. Diwan et al. (2008) carried out 

such an evaluation in Indian mustard (Brassica juncea (L.)) 

and observed that all the genotypes responded to Cr-induced 

oxidative stress by modulating nonenzymatic (glutathione 

and ascorbate) and enzymatic antioxidants (superoxide 

dismutase, ascorbate peroxidase, and glutathione reductase). 

Since the level of induction differed among the genotypes, 

there is room for genetic selection towards tolerance to Cr. 

Therefore, enzymatic evaluations along with detailed 

proteomic approaches have a high potential to serve as a 

basis for genotypic selection of palisadegrass for tolerance to 

Cr3+. 

The behavioral profiles detected in this study are 

potentially useful for breeding purposes, particularly when 

the extreme demand for improving Brachiaria under acidic 

soil conditions are taken into account (Fuzinatto et al., 2012). 

Further progress is to be achieved with approaches including 

the measurement of Cr3+ levels in the plant tissues, and more 

detailed analyses in the rhizosphere. Also, the exam of the 

genetic variability of palisadegrass regarding tolerance to 

Cr3+ toxicity aiming at increased forage production in acidic 

soils is of paramount importance. 
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Briefly, the present study demonstrated that palisadegrass 

seedlings exhibit detectable visual symptoms and significant 

physiological responses to Cr3+ toxicity such as growth and 

leaf area inhibition and decrease in leaf chlorophyll content. 

Those responses are readily detectable when plants are grown 

under acidic conditions and without the interference of Cr-

induced Fe deficiency. The initial examinations of Cr3+ 

toxicity effects on protein profiles also detected changes; 

thus, leading to the possibility of further progress with more 

detailed proteomic approaches. 

 

Materials and Methods 

 

The study was conducted in the Laboratories of 

Biotechnology and Plant Physiology and Molecular Genetics 

of Embrapa Dairy Cattle, Juiz de Fora, Brazil. All chemicals 

used were of analytical grade. 

 

Plant growth conditions 

 

Seedlings were obtained through in vitro micropropagation 

according to the protocol of Cabral et al. (2011) with minor 

modifications. Acclimated plants were subsequently 

transferred to pots containing 200 mL of aerated half-strength 

Clark’s nutrient solution (Clark, 1975) with 8-fold the 

recommended iron supply to mitigate the Cr+3-effected Fe 

deficiency (Pandey and Sharma, 2003), except for the 

seedlings to be evaluated in the control. Such a magnitude of 

Fe-enrichment was estimated to be sufficient for plant growth 

during the total length of each essay, based upon reported Fe 

contents in Cr-stressed and Cr-unstressed plant tissues in the 

same or similar periods of time (Vernay et al., 2007). Plants 

were kept in this condition for seven days. 

 

Treatment description 

 

Seedlings were then transferred to pots containing 200 mL of 

aerated half-strength Clark’s nutrient solution, with one of the 

following treatments: Control: complete half-strength nutrient 

solution, pH 5.5-6.5; pH 5.5-half-strength nutrient solution 

without Fe, pH 5.5-6.5; pH 4.0-half-strength nutrient solution 

without Fe, pH 4.0; and Cr+3-half-strength nutrient solution 

without Fe added 5 mg L-1 Cr3+ supplied as CrCl3.6H2O, pH 

4.0 (i.e. 96.1 µM Cr). The pH level of the nutrient solution 

was altered to 4.0 or 5.5 or kept in the original range of 5.5-

6.5 according to the corresponding experimental treatment. 

Subsequently, pH levels were checked twice a day and 

adjusted with 1 N HCl or 1 N NaOH when needed. The pH 

measurements were performed with a Metrohm 827 pH-

meter. Nutrient solution volumes were completed with 

distilled water whenever needed and solutions replaced every 

seven days. Plants were grown for 30 days under controlled 

conditions (28±2oC, 60±4% RH, 16h photoperiod and 280 

mol.s1.m-2 radiation). Experiments were repeated four times, 

totaling 800 seedlings. 

 

Experimental design 

 

The stage of growing seedlings in nutrient solution, 

conducting growth and physiological evaluations, and 

extracting protein considered a complete randomized design, 

with four treatments, five replications and 10 plants per plot. 

The analysis through microfluidic electrophoresis considered 

a complete block design, with four treatments, 12 blocks (i.e. 

the number of microfluidic chips) and one observation per 

plot. 

SDS-PAGE evaluations considered a complete randomized 

design, with four treatments, six replications (i.e. the number 

of wells) and one observation per plot. 

 

Growth and physiological evaluations 

 

Plant physiological indicators were determined at harvest, 

which was performed at 10:00 AM of the thirtieth day of 

continuous growth. While plants were still undisturbed, 

chlorophyll levels were measured with a portable chlorophyll 

meter (Minolta, Model SPAD-502) in the midpoint of the last 

fully developed leaf (Hoel, 1998). Also, transpiration rates 

were determined in the base of fully expanded leaf blades 

using a diffusion porometer (Delta-T devices, Model AP4). 

Plants were then harvested and immediately evaluated 

regarding RL and SL (with a precision ruler, Trident, Model 

RM-TR Molegata), number of leaves, LA (measured with a 

portable leaf area meter, LI-COR Model LI-3000A), fresh wt. 

(determined with an analytical balance, Shimadzu Model 

AUX-220), and LA/SL ratio. Subsequently, leaf samples 

were frozen with liquid N and stored at -80oC until further 

processing. 

 

Protein extraction 

 

Protein extraction was performed with a commercial kit 

(Sigma-Aldrich) with minor alterations in the established 

protocol (Tastet et al., 2003). The kit includes a chaotropic 

reagent with enhanced solubilizing power (protein extraction 

reagent type 4 - PER-4) and a protease inhibitor cocktail 

(PIC). PER-4 consists of 7.0 M urea, 2.0 M thiourea, 40 mM 

Tris-(hydroxymethyl) aminomethane, 1.0% C7BzO, pH 10.4. 

PIC is a mixture of protease inhibitors with broad specificity 

for inhibiting serine, cysteine, metalloproteases, aspartic and 

aminopeptidases. It includes pepstatin A, AEBSF, E-64, 

leupeptin, 1,10-phenanthroline, and bestatin. PIC was diluted 

in methanol (10 µL.mL-1) and this solution (MSol) was used 

in the same day. 

In short, for preparing each experimental sample, frozen (-

80oC) leaf tissue was ground to a fine powder with mortar 

and pestles with the aid of liquid N2 and immediately 

processed or otherwise kept at -20oC. The sample was added 

1.5 mL MSol, briefly vortexed and incubated for 5 min at -

20oC with periodic vortexing. The suspension was then 

centrifuged at 28,000 x g for 5 min at 4oC (Hermle 

refrigerated centrifuge model Z323K, Hermle Labortechnik, 

Wehingen, Germany). The supernatant was discarded and the 

pellet processed as above for two more times. All visible 

residues of MSol were removed from the final pellet, 

followed by addition of 1.5 mL acetone, brief vortexing, and 

incubation for 5 min at -20oC. Such a suspension was then 

centrifuged at 28,000 x g for 5 min at 4oC. The supernatant 

was removed and the undisturbed pellet was allowed to dry 

for 10 min at room temperature (RT) in order to completely 

remove the acetone. PER-4 was then applied to the dried 

sample (4 mg µL-1) and the pellet was completely broken up 

by vortexing. The suspension was incubated for 15 min at RT 

with intermittent vortexing and subsequently centrifuged at 

28,000 x g for 30 min to pellet debris. The supernatant (total 

protein extract) was removed and transferred to a 2 mL v-

bottom labeled freezing vial and stored at -20oC until 

processing. 

 

Protein level determination 

 

Determination of sample microgram protein levels was 

carried out through the Bradford Coomassie brilliant blue 
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(CBB) assay (Bio-Rad), adapted from Bearden (1978). CBB 

reagent was diluted five-fold with ultrapure water, according 

to the manufacturer. Bovine serum albumin (BSA) solutions 

(Sigma-Aldrich) were prepared with ultrapure water in order 

to obtain increasing concentrations in the range 200-2,000 µg 

mL-1 which were used to construct the standard curves. For 

the routine determination of protein levels, a minimum 

volume of 4 µL of either standards or samples was dissolved 

into 200 µL of diluted CBB reagent. The microtubes with 

their respective mixtures were homogenized and their 

absorbance was measured after 5 min incubation at RT. 

Ultraviolet spectrophotometry was measured at 595 nm in 

NanoDrop spectrophotometer ® ND-1000. Protein contents 

were obtained from the calculated linear regression equation. 

 

Microfluidic electrophoresis (Lab-on-a-Chip technology) 

 

The microfluidic electrophoresis was conducted using an 

Agilent 2100 Bioanalyzer system and the associated Protein 

80 kit (Agilent Technologies, Waldbronn, Germany). The kit 

includes the chips on which electrophoresis is performed, 

corresponding reagents such as the gel matrix solution, 

protein dye concentrate solution, marker protein buffer 

solution and a protein molecular mass ladder solution 

(Anema, 2009). The gel matrix and destain solutions were 

prepared according to the protocols supplied with the chips. 

 

SDS-PAGE 

 

SDS-PAGE was performed using Amersham ECL Gel Box 

system (GE Healthcare Bio-Sciences AB, Björkgatan, 

Sweden). The samples were prepared by adding 10 µL of 

sample and 10 µL of sample buffer (0.125 M Tris-HCl, pH 

6.8, 4% (v/v) SDS, 20% glycerol, 0.2 M DTT and 0.02% 

(v/v) bromophenol blue) and heated at 95°C for 5 min. 

Initially, a pre-run gel was conducted for 12 min at 160 V. 

Then, samples and pre-stained protein standards (Invitrogen) 

were loaded in the 15-well precast 8-16% gradient gels 

(Amersham ECL) and dispersed in the Amersham ECL Gel 

Running Buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, 

pH 8.3 - GE Healthcare). The gels were run at 140 V and 45 

mA for approximately 90 min. After each run, the gels were 

stained overnight using 0.1% (w/v) Coomassie Brilliant blue 

R-250, 50% (v/v) ethanol and 12% (w/v) trichloroacetic acid. 

Next, gels were destained using an 8% (v/v) acetic acid 

solution and 25% (v/v) ethanol until a clear background was 

achieved. Subsequently, the gels were digitally documented 

with a densitometer (Bio-Rad) and the integrated intensities 

of the protein bands were analyzed with the Molecular 

Analyst program (Bio-Rad). The calibration was based upon 

standard protein spots with known molecular masses. 

Parameters such as volume and area were used to compare 

the quantity of the protein spots from the gels. 

 

Statistical analysis 

 

Data were processed by analysis of variance (Statistical 

Analysis System program, Version 9.2, SAS Institute, 2008). 

Comparisons of means were made by the Tukey test. A 

significant level was defined as a probability of p 0.05. 
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