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ABSTRACT. We studied the effects of storage temperature on the activities of phenylalanine ammonia-
lyase (PAL), peroxidase (POD) and polyphenol oxidase (PPO) in minimally processed kale (Brassica oleracea 
var. acephala) that was stored for 15 and 9 days at 5 ± 1ºC and 10 ± 1ºC, respectively. The main visual 
evidence for quality loss in whole leaves was yellowing and loss of turgescence. Minimally processed leaves 
presented significant browning, indicating increased POD and PPO activities. The PAL activity in 
minimally processed leaves stored at 5ºC was fourfold higher than that of whole leaves after two days of 
storage. We showed that minimal processing influenced PAL, POD and PPO activities. The activity of all 
enzymes studied increased during storage, indicating that changes in phenolic metabolism play an 
important role in the decline of kale quality. PAL activity increased rapidly at the beginning of storage and 
exhibited a reduced rate of increase over time, while the PPO and POD activities increased continuously 
over time. The storage at 5 ° C was a great ally in delaying changes in phenolic metabolism; however, the 
absolute PAL activity was higher at 5 than at 10ºC.  
Keywords: Brassica oleracea cv. acephala, enzymatic browning, peroxidase, polyphenol oxidase, phenylalanine ammonia-lyase. 

Efeito da temperatura de conservação na qualidade e no metabolismo fenólico de folhas 
de couve inteiras e minimamente processadas 

RESUMO. Estudou-se o efeito da temperatura de armazenamento e do processamento mínimo sobre a 
atividade da fenilalanina amônia-liase (PAL), peroxidase (POD) e polifenol oxidase (PPO), em folhas de 
couve (Brassica oleracea var. acephala) por 15 e 9 dias, nas condições de 5 ± 1ºC e de 10 ± 1ºC, 
respectivamente. O amarelecimento e a perda de turgescência foram as principais causas para a redução da 
qualidade visual das folhas inteiras, enquanto nas folhas minimamente processadas apresentaram também, 
escurecimento, que coincidiu com o aumento na atividade da POD e PPO nas duas temperaturas 
estudadas. A atividade da PAL em folhas minimamente processadas mantidas a 5ºC mais que dobrou até o 
segundo dia de conservação em relação às conservadas a 10ºC. O processamento mínimo influenciou a 
atividade da PAL, POD e PPO. Todas as enzimas avaliadas, aumentaram a atividade durante a conservação, 
seja no início, no caso da PAL, ou no final, para a PPO e POD, indicando que as mudanças no 
metabolismo fenólico desempenha um papel importante no declínio da qualidade de couve. A conservação 
a 5ºC retardou as alterações no metabolismo fenólico, embora nessa temperatura, a atividade da PAL foi 
maior, em grandeza numérica, em relação às folhas armazenadas à 10ºC. 
Palavras-chave: Brassica oleraceae cv. acephala, escurecimento enzimático, peroxidase, polifenol oxidase, fenilalanina 

amônialiase. 

Introduction 

Currently, there is a high level of interest in the 
production of minimally processed fruits and 
vegetables for consumption at home, in fast-food 
restaurants and in hotels; this demand has been 
attributed to the desire for reduced preparation time 
(BEAULIEU et al., 1997). In developed countries, 
approximately  seventy  percent  of  minimally 

processed products are used in industrial cooking 
and fast-food restaurants (WILEY, 1994). Brazil has 
many commodities that are useful when they are 
minimally processed, such as cabbage, taioba and 
serralha (CARNELOSSI et al., 2005). The Brazilian 
population consumes a significant amount of kale 
(Brassica oleracea cv. acephala), and minimally 
processed kale is popular in Brazil. In the state of 
Brasilia, for example, the production of minimally 
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processed kale exceeds 12 tons per month; the shelf 
life of kale, however, is less than four days 
(CARNELOSSI et al., 2005). 

The main problems with the quality of 
minimally processed kale leaves (Brassica oleracea cv. 
acephala) are yellowing, browning, dryness and odor 
(CARNELOSSI et al., 2005), similar to enzymatic 
browning in lettuce (SALTVEIT; CHOI, 2007). 

Enzymatic browning in lettuce occurs when the 
metabolism of phenylpropanoids is activated, which 
is triggered by phenylalanine ammonia-lyase (PAL) 
activity (EC 4. 3. 1. 5). This enzyme transforms 
phenylalanine into cinnamic acid (KE; SALTVEIT, 
1989). The accumulation of phenolic compounds 
may increase susceptibility to browning because 
these compounds are natural oxidation substrates for 
peroxidases (POD) (EC 1. 11. 1. 7) and polyphenol 
oxidase (PPO) (EC 1. 14. 18. 1).  

During the storage of minimally processed kale, 
Carnelossi et al. (2005) observed and measured 
increasing darkness in leaves and attributed this 
change to PPO activity. 

Increased POD and PPO activities can decrease 
food quality significantly by causing browning, loss 
of sensorial characteristics (such as color, smell, and 
texture) and loss of nutrients (WHITAKER, 1995); 
however, there is disagreement regarding the 
possible contributions of PAL, POD and PPO to the 
browning of minimally processed lettuce during 
storage (CASTANER et al., 1999). 

The effect of different temperatures on the 
activity of the enzymes of phenolic metabolism in 
kale during postharvest storage was studied.  

The assessment of other variations in the 
biochemistry properties (SIMÕES et al., 2010) and 
phenolic metabolism of collard greens that may occur 
immediately after their minimal processing and during 
medium- and long-term storage at both suitable and 
non-suitable temperatures may provide additional 
knowledge of quality in collard greens. It is expected 
that the phenolic metabolism changes that occur soon 
after the minimal processing of collard greens will not 
progress if the product is stored at 10°C. 

Our objective was to measure the qualitative effects 
of PAL, POD and PPO on minimally processed kale 
by studying enzymatic activity in whole and minimally 
processed kale leaves stored at 5 and 10ºC. 

Material and methods 

The cabbage plants (Brassica oleracea var. acephala) 
of accession BGH 1578 used in our study are known 
as Portuguese cabbages. These plants were grown at 
the experimental farm of the Plant Science 
Department. The leaves were detached from the 

mother plant after the plant had grown to a height of 
approximately 0.35 m and were taken to the 
laboratory immediately. The stems were put in a 
tray with water for 24 hours to regain turgescence 
and then placed into a cold chamber at 5 ± 1ºC 
(CARNELOSSI et al., 2005). After this 24-hour 
period, a portion of the leaves was minimally 
processed, and the remainder was kept whole. 

We established the following processing steps 
(requiring approximately 1 hour): selection, 
standardization (leaves of approximately 35 cm in 
length) and washing (in tap water), cutting (slicing, 
1 mm thick), sanitization (sodium 
dichloroisocyanurate dihydrate) in 100 mg L-1 active 
chlorine for 10 min. at 5°C, rinsing (immersion in 
water at 5°C for 3 s) and centrifugation (10 min. at 
800 g). After processing, the product was packed in 
polypropylene (PP) bags. Whole leaves were packed 
in sacks that were 0.39 m long, 0.26 m wide and  
6 μm deep, with a ribbon of PP that was 4 μm wide 
and 5 cm long, and perforated with 648 punctures 
(810 μm in diameter) at the ends with the stems. For 
minimally processed leaves, we used sacks that were 
0.22 m long, 0.26 m wide and 6 μm deep, with a 
ribbon of PP that was 4 μm wide and 5 cm long, and 
perforated with 648 punctures (810 μm in diameter) 
on the ends. The ribbons of PP were sealed at the 
front and back of the sacks. We put approximately 
200 g of whole leaves (four leaves) and 
approximately 100 g of fresh-cut kale (approximately 
4 leaves) in the packages. 

The packed leaves were stored away from light in 
a refrigerated expositor with forced ventilation of air 
at 5 ± 1ºC and 10 ± 1ºC, both with 90 ± 5% RH, 
for a period of 15 and 9 days, respectively. The 
activity of PAL, PPO and POD was quantified at 
intervals of two days until the sixth day; then, 
assessments were made at intervals of three days. 
Each package consisted of one repetition, with a total 
of three packages per treatment. 

We evaluated the early senescence of leaves 
through visual observations by comparing the leaves 
evaluated during each time interval with freshly 
harvested leaves and newly processed leaves. The 
onset of senescence was characterized visually by 
yellowing, loss of turgor, dryness and browning. 

For extraction and testing of PAL (EC 4.3.1.5), we 
used the methodology of Ke and Saltveit (1986) with 
certain modifications. The enzymatic extract was 
obtained by homogenization of 3.0 g of the vegetal 
material in 6.0 mL of sodium borate buffer (0.1 M), 
pH 8.8 with β-mercaptoethanol (5 mm), EDTA  
(2 mm) and 1% insoluble polyvinyl pyrrolidone 
(PVPP) (p/v). The extract was centrifuged at 25,000 g 
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for 20 min. with a 4ºC desalinate in a Sephadex G25 
column (Sigma-Aldrich, EUA). 

For this assay, 2.0 mL of L-phenylalanine 
(Sigma-Aldrich, EUA) (60 mm) in sodium borate 
buffer (0.1 M), pH 8.8, was pre-incubated at 40ºC 
for 15 min. After pre-incubation, 0.5 mL of 
enzymatic extract was added, followed by 2 hours of 
incubation at 40ºC; the absorbance at 290 nm was 
measured before and after incubation. Sodium 
borate buffer (0.1 M) was used instead of  
L-phenylalanine as a blank. The activity of PAL was 
expressed as the increase in absorbance (∆Abs) at 
290 nm in 1 hour per milligram of protein in 
enzymatic extract, according to Bradford (1976).  

For the extraction and assay of POD (EC 
1.11.1.7) and PPO (EC 1.14.18.1), the enzymatic 
extract was obtained by homogenization of 1.0 g of 
vegetal material in 6.0 mL of sodium phosphate 
buffer (0.2 M), pH 6.0; the samples were then 
centrifuged at 10,000 g for 21 min. at 4ºC. 

The POD assay was performed added 10 μL of 
enzymatic extract to 1.0 mL of sodium phosphate 
buffer (0.2 M), pH 6.0, at 25ºC until the 
temperature stabilized. We then added 100 μL of 
guaiacol (Sigma-Aldrich, EUA) (0.5 %) and 100 μL 
of hydrogen peroxide (0.08 %) as an electron donor; 
the absorbance at 470 nm was measured every 30 s 
for 2 min. 

For the determination of PPO activity was added 
1.3 mL of sodium phosphate buffer (0.2 M), pH 6.0, 
mixed with 1.5 mL of catechol (Sigma-Aldrich, 
EUA) (0.2 M) as a substrate; the reaction mixture 
was incubated at 30ºC until the temperature 
stabilized. We then added 30 μL of enzymatic 
extract, and the absorbance at 425 nm was measured 
every 30 s for 2 min. 

One enzymatic unit (EU) of POD or PPO was 
defined as the amount of extract that was capable of 
increasing the absorbance by 0.001 absorbance unit in  
1 minute. As a blank, we used the enzymatic extract, 
which was boiled for 10 min., for both POD and PPO. 
For the three enzymes, the control corresponded to a 
previously boiled enzyme extract, as well as a 
replacement of the enzyme extract extraction buffer.  

We used a randomized design, with three 
replications in the subplot for each temperature (5 and 
10°C), different storage times for the main plot (0, 2, 4, 
6, 9, 12, and 15 days for leaf samples stored at 5°C and 
0, 2, 4, 6, and 9 days for leaves stored at 10°C) and two 
types of leaves (whole and minimally processed). We 
conducted an analysis of variance using the SISVAR 
software. For qualitative treatment (leaf types), we used 
a Tukey test at 5% probability, and the quantitative 
factors (conservation time) were analyzed for their 
ability to fit a regression equation. 

Results and discussion 

The main symptoms of visual whole leaf 
senescence observed were yellowing and loss of turgor. 
In leaves stored at 5°C, the onset of these symptoms 
began at nine days. For leaves stored at 10°C, 
senescence began at six days (Figure 1), a difference of 
3 days, which is significant in commercial terms. 

 

 
Figure 1. General appearance of whole cabbage leaves (left) and 
minimally processed leaves (right) maintained for 6 days at 10 
and 5°C.  

The signs indicating loss of quality in the 
minimally processed leaves consisted primarily of 
yellowing, turgidity loss that caused drying (particularly 
in the region near the micro holes in the packaging), 
and signs of hardening at the cut edges (data not 
shown). The onset of the signs of visual senescence 
occurred on the sixth day of storage in the minimally 
processed leaves stored at 10°C and on the 11th day of 
storage in the leaves stored at 5°C, indicating that 
although there was mechanical damage to the 
minimally processed leaves, storage at 5°C delayed the 
onset of the senescence symptoms. 
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Generally, the minimally processed leaves had a 
longer shelf life post-harvest when stored at 5°C 
compared with the intact leaves. Carnelossi  
et al. (2005) reported that for minimally processed 
kale green leaves of identical variety, quality was 
maintained over a period of up to 10 days at 10°C 
and 15 days at 5 and 1°C in PD 961, PD 941 and 
plastic boxes. Therefore, we did not observe the 
increase in useful life that was observed by the 
above-referenced authors. However, a storage 
period of up to 11 days at 5°C was determined to be 
commercially viable. 

There was a significant interaction between the leaf 
types and the storage times for PAL and PPO in leaves 
stored at 5°C and for PPO in leaves stored at 10°C 
(Figure 2). Analyses of PAL in leaves stored at 10°C 

 

 
Figure 2. PAL and PPO activity in whole and minimally 
processed cabbage leaves stored at 5 and 10°C. The letters within 
the graph represent the results of the Tukey test at 5% 
probability. ns = not significant.  

and of POD in leaves stored at 5 and 10°C showed that 
the interaction was not significant when the enzymes 
were considered independently. The results of these 
analyses were plotted as a function of storage times 
(Figure 3). We conducted a Tukey test at 5% 
probability to compare the leaf types (Table 1). 

Table 1. Mean values for all days for PAL and POD activity in 
whole and minimally processed leaves stored at 5 and 10°C. 

Leaves PAL, 10°C  

(Δ290 nm h-1 mg-1 
protein) 

POD, 5°C  

(EU min.-1 mg-1 
protein) 

POD, 10°C  

(EU min.-1 mg-1 
protein) 

Intact 0.002 b 3871.07 b 4257.77 b 
Minimally 
Processed 

0.006 a 5643.03 a 6157.31 a 

Averages followed by an identical small letter in the column do not differ significantly 
according to a Tukey test at 5% probability. 

 

 

Figure 3. PAL and POD activity in whole and minimally 
processed cabbage leaves stored at 5 and 10°C. The letters within 
the graph represent a Tukey test at 5% probability.  
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No adjustment was needed for the regression 
equation to obtain insight into the interactions 
among storage times for the different types of leaves. 
Thus, we split the interaction of leaf types, 
depending on the shelf life of each type, using the 
Tukey test at 5% probability (Figure 2). 

PAL activity increased approximately fourfold  
48 hours after minimal processing (Figure 2A). 
When whole leaves and minimally processed leaves 
were stored at 10°C, the amplitude of the difference 
was reduced but still significant (Table 1). This 
response may be the result of the effects of cutting 
and ethylene, as suggested by Hyodo and Fujinami 
(1989), who reported increased ethylene production 
with increases in PAL activity, even when the 
mechanisms involved were proportionally different. 

When minimally processed leaves were stored at 
5°C, the PAL activity on the second day of storage 
was approximately 5.5-fold greater than that of 
whole leaves at an identical temperature  
(Figure 2A); at 10°C, however, this value was only 
1.5-fold greater (data not shown). This difference 
may be the result of the stimulation of PAL by the 
stress of cold temperatures (VAMOS-VIGYAZÓ, 
1981). Molisch (1896) reported that chilling injury 
can alter the metabolism of phenylpropanoids and, 
therefore, the activity of PAL, which may result in 
the accumulation of phytotoxic compounds. In this 
experiment, despite not having observed symptoms 
of chilling injury, the leaves stored at 5ºC exhibited 
more stimulated PAL activity than those stored at 
10ºC. 

These results suggest that PAL activity was 
stimulated at the start of storage, particularly when 
the leaves were minimally processed and stored at 
lower temperatures (5°C), and decreased in later 
stages, as was also observed by Cantos et al. (2001). 
The decrease in PAL activity may have resulted from 
inhibition due to the accumulation of chlorogenic 
acid in the lettuce, a by-product of PAL (SARMA  
et al., 1997). In addition, the decrease may also have 
resulted from the biosynthesis of a protein known as 
the PAL inactivation factor (PAL-IF), which occurs 
slowly (approximately 12 hours after PAL 
induction) and is sufficient to allow for enzyme 
activation and phenol compound accumulation, 
causing the leaves to darken (RITENIOUR; 
SALTVEIT, 1996).  

In our study, throughout the time intervals 
tested, the greatest PAL activity was observed at  
48 hours after leaf processing (Figure 2). In a 
previous study on minimally processed lettuce, PAL 
activity peaked after 24 hours of storage at 5°C, thus 
inducing enzymatic darkening (KE; SALTVEIT, 
1989). One likely explanation for the peaks in PAL 

activity concerns the sequential induction of 
mRNAs of this enzyme, as previously reported by 
Ishizuka et al. (1991) in pieces of potato. 
Furthermore, Ke and Saltveit (1989) reported that 
cutting induces a repeated signal for PAL synthesis 
in lettuce. 

Inducing PAL activity also leads to the synthesis 
of lignin precursor compounds, as observed in 
lettuce by Ke and Saltveit (1989) and in fresh-cut 
cassava in stick by Junqueira et al. (2014). In our 
study, lignin synthesis most likely occurred and was 
then mediated both by PAL and by POD (Figures 2 
and 3, Table 1), which may contribute to sensorial 
quality loss in the product. 

Cantos et al. (2001) and Castaner et al. (1999) 
did not observe a correlation between susceptibility 
to darkening and PAL activity in lettuce cultivars. 
However, our results showed that increases in PAL 
activity at the start of storage may have contributed 
to phenol compound accumulation; these phenols 
may have been oxidized by PPO and POD, 
inducing darkening in the minimally processed 
leaves beginning at six days at 10°C and at 11 days at 
5°C. 

On average, minimally processed leaves 
presented approximately twice the POD activity of 
whole leaves (Table 1). Furthermore, POD activity 
increased steadily throughout the storage time 
(Figure 3B and C). A similar observation was 
reported by Ke and Saltveit (1989) in cut lettuce 
stored at 5°C. 

Between 4 and 9 days of storage at 10 and 5°C, 
we observed an increase in POD activity for 
minimally processed leaves that coincided with the 
start of darkening (Figure 3B and C, Table 1); this 
increase in activity is likely significant in the 
darkening process (RICHARD-FORGET; 
GAUILLARD, 1997) and in tissue senescence 
(VAMOS-VIGYAZÓ, 1981).  

The increase in POD activity after minimal 
processing (Table 1) may have been the result of 
certain chemical signals that induce the re-synthesis 
of this enzyme, as observed by Ke and Saltveit 
(1989) and Cantos et al. (2001) in lettuce. The 
increased POD activity may reflect a greater rate of 
lignin biosynthesis and a greater healing rate adopted 
by the leaves in an attempt to compensate for the 
damage suffered after cutting and to protect the 
tissue from pathogen attack, as suggested by Ke and 
Saltveit (1989) and Howard and Grinffin (1993). 

Although no significant interaction was 
observed, these results highlight the important role 
of POD in leaf quality and, thus, in the senescence 
of the collard green leaves studied by the above-
mentioned authors, by either acting on tissue 
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lignification or darkening. However, these 
mechanisms still must be studied in collard greens. 

Minimal processing induced increases in PPO 
activity, resulting in a doubling of enzymatic activity 
compared with activity of the control on day zero 
(Figure 2B). 

The minimally processed leaves presented 
significantly greater PPO activity compared with 
whole leaves immediately before the start of visual 
darkening at both storage temperatures (Figure 2B 
and C). Castaner et al. (1999) and Carnelossi  
et al. (2005) reported the involvement of PPO in the 
darkening of minimally processed lettuce and 
minimally processed collard greens, respectively. 
However, Cantos et al. (2002) were not able to 
establish a positive relationship between 
susceptibility to darkening and PPO activity in 
minimally processed potato cultivars. 

In our study, we observed that a storage 
temperature of 5°C delayed the increase in PPO 
activity (Figure 2B and C) and, consequently, the 
onset of darkening. The minimal processing likely 
activated the latent PPO in lettuce, as observed by 
Espín et al. (1999) and Cantos et al. (2001), or may 
also have been involved in its re-synthesis 
(CANTOS et al., 2002; THIPYAPONG  
et al., 1995).  

Tudela et al. (2002) reported that higher vitamin 
C content in minimally processed potato tissues 
reduced the susceptibility of the leaves to darkening 
as a result of PPO activity. High vitamin C content 
has been observed in kale green leaves (SIMÕES  
et al., 2010) and may be one reason why these leaves 
did not present darkening symptoms shortly after 
the beginning of storage. Instead, darkening began 
after the vitamin C levels had decreased by almost 
half (SIMÕES et al., 2010) at both temperatures 
studied. Furthermore,  recent study associated 
ascorbic acid with protection against enzymatic 
browning in rocket leaves (DEL’INNOCENTI  
et al., 2007). 

Minimal processing influenced PAL, POD and 
PPO activities. All of the evaluated enzymes showed 
increased activity during storage, indicating changes 
in phenolic metabolism and a possible loss of 
quality. PAL activity increased rapidly at the 
beginning of storage and then increased at a slower 
rate over time, while the activity of PPO and POD 
increased continuously over time. 

Furthermore, storage temperature helped delay 
certain changes in phenolic metabolism, particularly 
when the leaves were stored at 5°C; however, the 
absolute values of PAL activity were higher at 5 than 
at 10ºC. 

Conclusion 

We found that the changes in the PAL, PPO and 
POD activities preceded the browning of minimally 
processed cabbage. This finding indicates that the 
phenolic metabolism was directly related to sensory 
quality of minimally processed kale. The 
conservation of the leaves at 5°C delayed changes in 
PPO and POD activity and in browning. Although 
PAL activity was shown to have been extremely 
altered, more studies on this subject are necessary. 

These results show the importance of low 
temperature (5°C) for the maintaining the quality of 
whole and minimally processed kale. 
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