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Abstract 

 

The sweet cassava root age and pre-harvest managements can modulate the oxidative metabolism and provide a longer shelf life.  

Moreover, the evaluation of enzymes envolved in oxidative protection regarding the phenolic metabolism can be an additional 

approach to understand how the cultivation affects the post-harvest physiological deterioration tolerance in sweet cassava roots. 

Thus, the aim of this study was to evaluate the oxidative enzymatic protection associated to oxidation mediate by PPO and POD, in 

response to population density and harvest time of sweet cassava roots, cv. "Mossoró". The roots were cultivated in field conditions 

in the Brazilian Semiarid, under irrigation. The experimental design was a randomized complete block with three replications. 

Treatments corresponded to four harvest times (240, 300, 360, 420 days after planting - DAP) and four population densities (10,000, 

12,500, 15,000 and 17,500 plants ha-1). Sweet cassava roots were sampled and the total soluble phenol content as well as soluble 

protein content were measured. Also, polyphenol oxidase (PPO), peroxidase (POD), superoxide dismutase (SOD), catalase (CAT) 

activity was evaluated. The roots showed higher total soluble phenol content at 300 and 360 DAP and higher protein content at 240, 

300 and 360 DAP, for all densities avaluated. Planting densities extremes, of 10,000 and 17,500 plants ha-1, resulted in higher levels 

of phenolics compounds and SOD activity. However, did not promote difference in the levels of soluble proteins. There was a 

significant reduction at PPO, SOD and CAT activity with late harvest, which did not occur for POD activity. Therefore, younger 

roots have higher oxidative enzymatic protection when compared to older roots in Semiarid conditions.  
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Introduction 

  

Sweet cassava (Manihot esculenta Crantz) is a crop of 

worldwide importance, being the primary food source to 

about 750 million people, secondary only to rice and maize 

(Silva et al., 2013). Brazil is the fourth largest producer of 

cassava, behind Nigeria, Thailand and Indonesia (FAO, 

2016). According to data from IBGE (2016), cassava 

production in Brazil reached 23.9 million tons by November 

2016, with the highest contributions from the north (42.2%), 

south (21.9%) and northeast (20.6%) regions. 

Much of the Brazilian production can be ruined even before 

reaching the consumer’s table, mainly due to the high post-

harvest physiological deterioration (PPD) of roots. PPD can 

occur within 24 to 48 hours after harvest (Buschmann et al., 

2000); then, microbiological deterioration happens, 

culminating in total decomposition of the roots (Vieites et al., 

2012). 

PPD is a disorder that occurs in large quantities of edible 

roots, as well as in other prominent organs such as fruits and 

vegetables. Browning is the main PPD type in the post-

harvest of cassava roots. The symptoms begin as darkened 

streaks in vascular tissues, reducing the acceptance and 

quality of the product (Uarrota et al., 2015). The main cause 

of this process is the oxidation of phenolic compounds by 

polyphenoloxidase (PPO) and peroxidase (POD) activities, 

which convert phenols to quinones. The latter, in turn, 

undergo polymerization, resulting in darkened pigments 

(Tomás-Barberán and Spín, 2001; Ramos et al., 2013). 

Phenol oxidation is closely related to the typical changes in 

plant response to injury, which is characterized by increased 

production of reactive oxygen species (ROS), such as 

superoxide (O2
• -) and hydrogen peroxide (H2O2) (Zidenga et 

al., 2012). The H2O2 is a substrate to POD enzyme in the 

oxidation of phenols, linking ROS accumulation to browning 

(Tomás-Barberán and Spín, 2001). In the case of roots, the 

main process by which ROS are produced is cellular 

respiration, wich can be potentialized by the presence of 

cianidric acid (HCN) (Zidenga et al., 2012). 

Several studies have demonstrated the importance of the 

performance of superoxide dismutase (SOD), catalase (CAT) 

and ascorbate peroxidase (APX) enzymes in the tolerance to 

oxidative stress. This leads to the elimination of excess ROS, 

particularly the superoxide radical (O2
•-) and hydrogen 

peroxide (H2O2), which can cause irreversible damage to 

cellular metabolism (Neill et al., 2002). 

Xu et al. (2013) demonstrated that overexpression of SOD 

and CAT enzymes reduced browning rate and prolonged the 

shelf life of cassava roots. This suggests that tissues with 

higher activity of these enzymes show less susceptibility to 

enzymatic browning and, consequently, reduction of PPD 

intensity. Therefore, in sweet cassava, ROS accumulation is 
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correlated with the intensification of the enzymatic browning 

of roots, which is regulated by oxidative defense 

mechanisms. 

Planting density and harvest time have been relatively well 

studied regarding agronomic characteristics. Studies report 

that, to a certain extent, increasing population density 

influences the increase in root yield (Aguiar et al., 2011) and 

the shape and yield of commercial roots (Silva et al., 2013). 

Notwithstanding, increased population density favors 

competition for water, light and nutrients, which may lead to 

a stress condition for the plant (Maia-Almeida et al., 2011). 

 Couto (2013) evidenced that root harvest time can modify 

the activity of PPO and POD enzymes, which act in the plant 

defense against pathogens attack of and in response to 

wounding. These enzymes appear to be some of the main 

involved in browning in cassava roots (Rickard, 1985; Freire 

et al., 2015; Coelho et al., 2017). Additionaly, there are 

divergences in the PPD tolerance of different cassava 

genotypes harvested at 180 (Zidenga et al., 2012), 300 (Canto 

et al., 2013), and 330 DAP (Venturini, 2015).  

Thus, it is believed that the standardization of pre-harvest 

factors, root age and planting density can help in the 

identification of PPD-tolerant in roots. Moreover, the 

enzymes of oxidative protection (SOD and CAT) associated 

to oxidation mediate by PPO and POD can be an additional 

tool for understanding the PPD process in sweet cassava 

roots. 

Therefore, the objective of this study was to evaluate the 

oxidative protection associated to oxidation mediate by PPO 

and POD, in response to population density and harvest time 

of sweet cassava roots, cv. "Mossoró". This approach will be 

an additional tool for agronomic management to minimize 

PPD. 

 

Results and Discussion 
 

Data analysis showed a significant interaction between the 

factors, at 5% probability, for total soluble phenols (TSP) and 

for the enzymes activity: polyphenol oxidase (PPO) 

peroxidase (POD) and catalase (CAT). The analyses of 

soluble proteins and SOD activity did not show interaction 

and their results were presented alone. 

 

Harvest time changed the total soluble phenols and protein 

content 

 

The TSP contents of the cassava roots presented quadratic 

behavior, except for the density of 12,500 plants ha-1, where 

it remained constant (Fig. 1B). Moreover, TSP values were 

maximum from 300 to 360 DAP (Fig. 1A). This variation 

may be related to seasonality, since the metabolism of 

phenylpropanoids and flavonoids was stimulated by lower 

temperatures (Grace et al., 1998; Rodziewicz et al., 2014). 

This fact was verified in the present study, in which the 

highest values of TSP coincided with the time of lower 

environmental temperatures (Fig. 2).As for the 420 DAP, a 

redction of TSP was detected, which can be explained as a 

consequence of the process of root development, since an 

increase in the fiber content is reported with increasing age in 

sweet cassava (Cerada, 2005). Thus, probably some soluble 

phenols are allocated to lignin synthesis pathway (Boerjan, 

Ralph and Baucher, 2003; Vanholme et al., 2010).  

Regarding population density, it was observed a higher 

content of soluble phenols at the 10,000 plants ha-1 and 

17,500 plants ha-1densities of, which were statically higher 

than the other densities (Fig. 1B). As the number of plants per 

area increases, some plants are expected to demonstrate some 

stress signs, resulting from intra- and interspecific 

competition for water, light and nutrients. In cassava, this is 

evident when related to root yield (Aguiar et al., 2011). In 

contrast, in the case of secondary metabolism, such response 

was not predictable, given that in the population density of 

10,000 and 17,500 plants ha-1, which represented the 

situations of least and most competition, respectively, the 

roots presented higher TSP content (Fig. 1B). This suggests a 

behavior not yet explained.  

In the first three harvest times, the soluble protein content 

remained around 2.26 mg g-1 FW, and decreased about 21.8% 

at 420 DAP (1.65 mg g-1 FW), adjusting to a quadratic model 

(Fig. 3A). Changes in protein content occur due to changes in 

synthesis and/or degradation, in this case atributed to root 

senescence, which consequently affects protein balance 

(Ishihara et al., 2015). The soluble protein content did not 

change as a function of the increase in planting density and 

there was no regression adjustment (Fig. 3B). 

In general, these results suggest that very low and high 

densities (10,000 and 17,500 plants ha-1), in addition to 

harvests occurring at periods of low ambient temperature, 

contributed to the highest levels of total phenolic compounds, 

but do not affect protein levels. In addition, late harvest 

reduced the levels of soluble proteins. 

 

Enzymes of the phenolic metabolism presented contrasting 

behavior 

 

PPO activity showed a considerable reduction from 300 to 

420 DAP, for all densities (Fig. 4A). In the present study, a 

33.7% reduction, in average, was observed with increasing 

harvest time. This was also observed by Couto (2013). On the 

other hand, POD activity increased significantly at 420 DAP, 

when it was 53.6% higher than at 360 DAP (Fig. 5A). This 

indicates that POD activity was more active in older roots, in 

contrast to PPO, which was more active in young roots (Fig. 

4A and 5A). This suggests that POD activity can be related to 

lignin synthesis in older roots of sweet cassava (Cantos et al., 

2002; Ramos et al., 2013), considering that cassava roots tend 

to become more fibrous with age progress. As for densities, 

no difference was observed for POD activity (Fig. 5B). 

Freire et al. (2015) observed that PPO and POD activities 

were the main cause of browning in processed sweet cassava 

roots. Furthermore, there is the possibility of a synergy 

between these enzimes, consisting in the production of ROS 

by PPO, which during the oxidation of some phenolic 

compounds also produces H2O2 (Subramanian et al., 1999; 

Oms-Oliu et al., 2010). In turn, POD uses the reducing power 

of phenolic compounds to reduce H2O2 so the performance of 

these enzymes results in oxidation of phenols, cumminating 

in thehe production of browned compounds and, 

consequently, PPD (Tomás-Barberán and Espıń, 2001). 

There is controversy regarding the involvement of PPO 

activity in browning (Vitti et al., 2011), since for the reaction 

to occur, a high cell membranes integrity loss is necessary, so 

that the phenols that are usually located in the vacuole can 

contact the PPO, placed in plastids (Boeckx et al., 2015). 

Thus, considering the increase of POD activity (Fig. 5A), it 

would be reasonable to say that possibly one of the enzymes 

responsible for PPD in older cassava roots would be POD. 

 

Younger roots have higher oxidative enzymatic protection 

 

The SOD activity decreased with advanced harvest time, 

which was confirmed by the difference of 20.4% between 

240 and 420 DAP (Fig. 6A). Furthermore, SOD activity was 

statistically  higher  in  the  densities  of  10,000  and  17,500  
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Fig 1. Total soluble phenols (mmol kg-1 GAE), in sweet cassava roots, according to the harvest time (240, 300, 360 and 420 days 

after planting, A) and the population density (10000, 12500, 15000 and 17500 plants ha-1, B). The vertical bars represent the standard 

deviation from the mean. Data from four replications. 

 
Fig 2. Mean air temperature (°C) and accumulated monthly rainfall (mm), during cultivation of sweet cassava, between September 

2013 and November 2014. The rectangle (□) indicates the month of harvest. 
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Fig 3. Soluble protein (mg g-1), in sweet cassava roots, according to the harvest time (240, 300, 360 and 420 days after planting, A) 

and the population density (10000, 12500, 15000 and 17500 plants ha-1, B). The vertical bars represent the standard deviation from 

the mean. Data from four replications. 
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Fig 4. Polyphenol oxidase activity (µmol catechol mg-1 protein min-1), in sweet cassava roots, according to the harvest time (240, 

300, 360 and 420 days after planting, A) and the population density (10000, 12500, 15000 and 17500 plants ha -1, B). The vertical 

bars represent the standard deviation from the mean. Data from four replications. 
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Fig 5. Peroxidase activity (mmol guaiacol g-1 protein min-1), in sweet cassava roots, according to the harvest time (240, 300, 360 and 

420 days after planting, A) and the population density (10000, 12500, 15000 and 17500 plants ha-1, B). The vertical bars represent 

the standard deviation from the mean. Data from four replications. 
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Fig 6. Superoxide dismutase activity (U mg-1 protein min-1) in sweet cassava roots, according to the harvest time (240, 300, 360 and 

420 days after planting, A) and the population density (10000, 12500, 15000 and 17500 plants ha-1, B). Data from four replications. 
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Fig 7. Catalase activity (mmol H2O2 mg-1 protein min-1) in sweet cassava roots, according to the harvest time (240, 300, 360 and 420 

days after planting, A) and the population density (10000, 12500, 15000 and 17500 plants ha-1, B). The vertical bars represent the 

standard deviation from the mean. Data from four replications. 

 

 

plants ha-1 compared to the other densities (Fig. 6B). This 

evidenced that both the lowest and highest densities studied, 

10,000 and 17,500 plants ha-1, increased the oxidative 

protection of roots. 

Similar to SOD, CAT also reduced its activity with 

advanced harvest time (Fig. 7A), with a 39.2% reduction in 

activity at 420 DAP, compared to the first harvest. Regarding 

population densities, no significant difference was observed 

for CAT activity (Fig. 7B). 

In the present study, the enzymes related to the oxidative 

protection showed reduced activity as the roots aged, except 

for POD, which increased its activity at the highest harvest 

time studied (Fig. 5A). This may imply a greater 

susceptibility to ROS accumulation, since part of the cellular 

defense system, represented by SOD and CAT (Ferreira-Silva 

et al., 2011), presented a activity decrease at the most 

advanced harvest times (Fig. 6A and 7A). This did not occur 

in young roots, in which the high PPO activity did not result 

in browning, possibly because SOD and CAT activities were 

also higher, evidencing oxidative protection.  Additionally, 

ROS accumulation can provide a favorable environment for 

phenols oxidation, especially for POD activity, since its role 

as a connecting point between ROS accumulation and 

oxidation of phenolic compounds through H2O2 has been 

evidenced. 

Hence, it was evident that older roots of sweet cassava 

presented smaller PPO, SOD and CAT activities, and an 

oxidative protection supposedly less efficient than younger 

roots, that presented higher activity for these enzimes. 

Moreover, POD activity was higher in older roots. This can 

be associated with lignin synthesis. Therefore, the sweet 

cassava harvest in a shorter period can result in roots with 

higher conservation potential and less prone to enzymatic 

browning.  

 

Materials and Methods 

 

Plant materials and experimental design 

 

The roots of sweet cassava, cv. Mossoró, were cultivated at 

the experimental station of the Academic Unit of Serra 

Talhada - UAST, Federal Rural University of Pernambuco - 

UFRPE. The Unit is in a region classified as BSWh climate, 

according to the Köppen classification, being characterized 

by a hot and dry climate, with annual average rainfall of 632 

mm, average air temperature of 25.2 °C and relative air 

humidity of 61% (DCA-UFCG, 2015). The monthly variation 

of average air temperature and rainfall during the 

experimental period can be visualized in Fig 2. 

The experimental design was a randomized complete block 

with three replications, with treatments arranged in a 

subdivided plot. The treatments corresponded to four harvest 

times (240, 300, 360, 420 days after planting) and four 

planting densities (10,000, 12,500, 15,000 and 17,500 plants 

ha-1). 

 

Soil preparation, planting and harvest 

 

Mechanized soil preparation was performed using a subsoiler 

and plow and disk harrow. Fertilization was done according 

to the recommendation determined to the state of 

Pernambuco (IPA, 2008). Then, stem cuttings were 

distributed at 1 m spacing between rows and 1, 0.8, 0.67 and 

0.57 m between plants for the densities of 10,000, 12,500, 

15,000 and 17,500 plants ha-1, respectively. The estimate of 

the daily irrigation need was performed according to the 

method proposed by Hargreaves-Sarmmani, and distributed 

through a drip system. Weed control was done manually. 

Subsequently, the roots of the useful area were harvested 

manually at 240, 300, 360 and 420 days after planting (DAP), 

randomly selected and peeled; then, samples of the root 

surface tissue were collected and stored at - 80 ° C 

(Ultrafreezer, - 86 °C, Panasonic/Sanyo). 

 

Total Soluble Phenols and Soluble Protein 

 

The roots were submitted to evaluation of total soluble 

phenol (TSP) content, determined by spectrophotometric 

method at 725 nm (spectrophotometer model libra S8; 

Biochrom), with extraction in concentrated methanol. The 

reaction used 0.25 N Folin-Ciocalteau's reagent, with results 

estimated by means of a gallic acid (Freire et al., 2015). The 

determination of soluble protein content was made according 

to the methodology proposed by Bradford (1976), in which a 

solution containing Coomassie Brilliant Blue G-250 (0.01%), 

ethanol (4.7%) and phosphoric acid (8.5%) promotes a 

colorimetric reaction quantified in a spectrophotometer at 595 

nm, determined by means of a standard curve of BSA (bovine 
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serum albumin). Both results were expressed on a fresh 

weight basis. 

 

Polyphenol Oxidase and Peroxidase 

 

Polyphenol oxidase activity (PPO, EC 1.10.3.1) was 

determined by spectrophotometry at 425 nm and calculated 

based on the molar extinction coefficient of 3400 M.cm-1. 

Extraction was performed by homogenizing 0.25 g of the 

tissue in phosphate buffer (0.2 M; pH 6.0), according to the 

methodology described by Junqueira et al. (2014) and in the 

presence of liquid nitrogen. Subsequently, the assay was 

performed, in which the enzymatic extract, in the presence of 

oxygen, promotes the oxidation of catechol (0.2 M), which 

causes the color change of the medium, at 25 °C. Peroxidase 

activity (POD, EC 1.11.17) was determined according to 

Freire et al. (2015), where the enzyme extract was reacted 

with guaiacol (40 mM), having H2O2 as a substrate (23 mM), 

at 25 °C. During the reaction, readings were carried out at 

470 nm, every 30 seconds, for three minutes. Peroxidase 

activity was calculated based on the molar extinction 

coefficient of 26.6 mM.cm-1 for guaiacol.  

 

Superoxide Dismutase and Catalase 

 

The evaluation of superoxide dismutase activity (SOD, EC 

1.15.1.1) was performed according to Giannopolitis and Ries 

(1977), in which the enzyme extract was submitted to a 

medium containing 1.6 ml of 50 mM sodium phosphate 

buffer (pH 7.8) containing 1 μM EDTA and 13 mM 

methionine, 40 μl of 1 mM riboflavin and 200 μL of 750 μM 

nitroblue tetrazolium chloride (NBT). The reaction was 

performed in a clear chamber, remaining under light 

incidence (two fluorescent lamps of 18 W) for five minutes. 

The readings were carried out at 540 nm. The activity was 

determined based on the inhibition of NBT reduction, a unit 

of activity being defined as the amount of enzyme required to 

inhibit 50% of photoreduction (Beauchamp and Fridovich, 

1971). Catalase activity (CAT, EC 1.11.1.6) was determined 

according to Havir and Mchale (1987), by the addition, to the 

extract, of 50 mM sodium phosphate buffer (pH 7.0) 

containing H2O2 (20 mM). The reaction occurred at 30 °C 

with readings at 240 nm. Catalase activity was calculated 

based on the molar extinction coefficient of 36 M-1.cm-1 for 

H2O2.  

 

Statistical analysis 

 

Data were submitted to analysis of variance through the 

SISVAR 5.6 software followed by regression adjustment, 

when that data was not suitable to regression adjustiment, the 

means and their standard deviations were presented using 

SigmaPlot 12.0 Software. 

 

Conclusion 

 

Harvest time progression decrease PPO, SOD and CAT 

activity as well as reduce soluble proteins but increase POD 

activity. Thus, younger roots have higher oxidative enzymatic 

protection than older roots. 

Extreme planting densities, of 10,000 and 17,500 plants ha-1, 

resulted in higher levels of phenolics compounds and SOD 

activity, and had no influence in soluble proteins levels. 
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