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ABSTRACT

The prickly pears (Opuntia ficus indica) belonging to the Cactaceae family are grown in arid and semi-arid regions and harvested in
summer to fall season in the Mediterranean basin, the United States, and South America. Besides having pleasure flavor, high betalain
pigment, vitamin C, mineral content, and amino acids such as proline and taurine are made prickly pear as very useful functional food or
food ingredient. In this study, biochemical properties (optimum temperature, optimum pH, the maximum reaction rate (Vmax), substrate
specificity (Km), and thermal stability) of the Pectin methylesterase (PME) obtained by partial purification from prickly pear were
investigated. PME activity was measured by titremetric method and apple pectin was used as substrate for calculations. The enzyme has
optimum activity at pH 7.0 and an optimum temperature of 40 °C. Km and Vmax values of the enzyme were calculated as 0.162 mg/mL
and 3.05 units/mL, respectively. Activation energy (Ea) and value of Z are calculated as 57.86 kj.mol™ and 41.32 °C, respectively. In
thermal inactivation studies at 70, 80, and 90 °C reaction rate constants (k) were found as 0.16, 0.23, and 0.50 min‘, thermal half-life
times (ty,) were calculated as 4.35, 3.08, and 1.42 min, and decimal reduction time (D-value) was calculated as 14.44, 10.25 and 4.74 min,
respectively. In addition, by analyzing the biochemical properties of the PME enzyme found in prickly pear fruit, researchers expect to
gain insights into the ideal processing temperature and other factors that impact the quality of the fruit when it is processed into different

food products.
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INTRODUCTION

A member of the cactus genus Opuntia and a member of the Cactaceae family, the
prickly pear (Opuntia ficus indica) is a perennial succulent native to arid and semi-
arid regions where water for cultivation is limited. The prickly pear is the most
productive species of the genus Opuntia and its fruits have a very delicious aroma.
The homeland of the prickly pear, which is known to be of Mexican origin, is the
American continent. In addition, Mexico ranks first in the world for the production
and consumption of prickly pears. It is known that Christopher Columbus, with the
discovery of the New World, brought it to Spain and from there spread to other
Mediterranean countries (Fernandez-Lopez et al., 2002; Messina et al., 2021).
Sicily and Calabria, for instance, are home to the majority of the ficus indica plant
in Italy (Maniaci et al., 2024). More than thirty countries, including those in
Africa, Asia, and southern Europe, cultivate this cactus for food and medicinal
purposes (Demir et al., 2023). In addition to its medicinal uses due to its positive
health effects, prickly fig is also used as a colourant for food, juices, liquors,
confectionery, and animal nutrition (Livera-Muiioz et al., 2024). The prickly pear,
which has orange-yellow colors, is generally harvested between August and
September in Tiirkiye. Although the composition of the fruit varies according to
the plant variety and environmental conditions, in general, the fruit contains
approximately 45-67% pulp, 33-55% prickly skin, and 2-10% seeds. Edible fruit
pulp has a water content of 84-90%, a water-soluble dry matter content of 12-17°,
and a pH value of 5.3-7.1. The titratable acidity rate in terms of citric acid is in the
range of 0.05-0.18%, and it has been reported to be among the foods with low
acidity (Piga, 2004; Saenz, 2000). Carotenes, phenolic compounds, and
antioxidants are all key nutrients found in the Opuntia ficus indica plant. It also
contains large amounts of betanin, indaxanthin, vitamin C, magnesium, calcium,
phosphorus, fiber (lignin, cellulose, hemicellulose) and free amino acids (proline,
glutamine, taurine). Since these bioactive compounds give the fruit functional
properties such as antioxidant, hypoglycemic, hypolipidemic,
hypocholesterolemic, anti-cancerogenic, and anti-inflammatory, it has been
utilized for a variety of medicinal purposes in folk medicine. It has been reported
to help in the treatment of a variety of chronic illnesses. It is, furthermore, used in
pharmaceutics or cosmetic industries (Barba et al., 2020; Cakmak et al., 2020;
Medina et al., 2007; Silva et al., 2021). In addition, the main issue in the
production and marketing of prickly pears is the short harvest season and high
perishability, which leads to post-harvest losses of up to 60% (Cruz-Cansino et
al., 2016). The species, growth stage, maturity, harvest period, and postharvest

handling all affect the chemical and nutritional makeup of prickly pears. Prickly
pears’ nutritional, practical, and medicinal qualities have made them one of the
most significant crops in recent years from an economic standpoint. They exhibit
significant promise for use in pharmaceutical, cosmetic, and environmental
applications (Aparicio-Ortuiio et al., 2024).

Pectin plays an important role in the hard and firm structure of plant tissues such
as fruits and vegetables. In particular, it plays a role in the ripening of fruits and in
the growth of the cell wall during cell development. Its role in ripening is to form
low methylation pectin. Its role in cell wall growth is to induce autolysis and local
pH reduction, which activates the enzymes involved in growth. Therefore, changes
in the structure of pectin have very important consequences in terms of texture. For
example, the enzymatic breakdown of pectin and other cell wall polysaccharides
during fruit ripening causes the fruit to soften. In particular, tomato paste made
from tomatoes with degraded pectin does not have a sufficient consistency. This
breakdown of the pectin molecule is caused by pectin enzymes, of which there are
many subgroups. Pectic enzymes can be divided into pectinesterases (ester bond
hydrolyzing enzymes) and depolymerases (chain-breaking enzymes) according to
their effect on the galacturonan backbone of the pectin molecule. These different
breaking reactions are used to classify pectinases (Ackerley & Wicker, 2003;
Anthon & Barrett, 2012; Pelloux et al., 2007; Sila et al., 2009).

The control of pectin methylesterase (PME) activity is very important for
biotechnological processes related to the production and preservation of fruit juices
and purees. For instance, it is difficult to achieve turbidity stability in citrus juices
or fruit nectars due to pectin modification, and these products can experience
problems with serum separation within a short period of time. Furthermore, these
enzymes play a very important role in the changes that occur in fruits and
vegetables during post-harvest storage. Therefore, there is a need to determine the
activity of pectin-degrading enzymes in the raw material or in the end product
(Pelloux et al., 2007; Sila et al., 2009).

With the understanding of the relevance of the PME enzyme, many researchers
have conducted studies to determine the properties of the PME enzyme in a variety
of fruits and vegetables. For this reason, PME has been examined in numerous
foods, such as tomatoes (Anthon and Barrett, 2012), hawthorn (Vivar-Vera et
al. 2007), apricot (Unal and Sener, 2013), carrot (Sila et al. 2007), strawberry
(Ly-Nguyen et al. 2002), guava (Leite et al., 2006), persimmon (Alonso et al.
1997), and grapefruit (Guiavarc’h et al. 2005). However, there is no study in the
current literature review to purify and characterize the PME enzyme, which has the
potential to be found in prickly pear fruit.
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The objective of this research was to identify and isolate various biochemical
properties, kinetics, and thermal stability of the PME enzyme found in prickly pear
fruit. It is anticipated that this study will contribute new knowledge to the existing
literature on prickly pear. Furthermore, understanding the biochemical properties
of the PME enzyme extracted from prickly pear fruit is crucial for the advancement
of biotechnological processes related to the preservation and storage of fruit and
vegetable juices. In addition, by analyzing the biochemical properties of the PME
enzyme found in prickly pear fruit, researchers expect to gain insights into the ideal
processing temperature and other factors that impact the quality of the fruit when
it is processed into different food products.

MATERIAL AND METHODS

The prickly pear samples used in this study were collected from Silifke district in
the province of Mersin in Tiirkiye and frozen at -25 degrees Celsius for analysis.
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Apple pectin was obtained from Sigma and all the chemicals used were of
analytical grade.

Extraction of the PME enzyme and determination of its activity

The methods for measuring PME activity are based on measuring the products
formed as a result of the reaction as shown in Figure 1. For example, the activity
of PME may be determined by the chromatography of methanol, one of the
products obtained by the reaction (Zainol and Ismail, 2019). The most common
methods to determine the activity of PME are titrimetric methods based on titration
of the acid produced and spectrophotometric methods based on measuring the
change in the colour of the pH indicator, such as bromimetonol blue, caused by the
decrease in the pH of the medium due to acid formation (Ackerley & Wicker,
2003; Hagerman & Austin, 1986; Zimmerman, 1978).
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Figure 1 Methods for measurement of pectin methylesterase (PME) activity

The prickly pear samples, peeled and frozen, were measured at +4 °C with a ratio
of 1:4 (w/v) of solvent (1 M NaCl) and homogenised for 1 min in a blender, then
passed through a filter paper. The homogenate, called crude extract, was
centrifuged at 4 degrees Celsius and 10,000 x g for 30 min to remove the solid
fractions. Immediately after extraction, the activity of PME was measured by
titremetric assay. In the titration, the pH was first adjusted to 7.0 by using 0.1 N
sodium hydroxide as substrate, followed by approximately 20 ml of 0.5 percent
(w/v) pectin solution prepared with 1 M sodium chloride. After adding 0.5 ml of
extract to the solution, 0.005 N NaOH was recorded at 10 and 20 min at a steady
state pH of 7.0. Then 0.005 N NaOH spent was used to calculate (Saenz, 2000;
Unal and Bellur, 2009). As shown in Figure 2, in order to titrate at 30°C, a pump
was placed in the water bath at 30 °C in order to circulate the water. Then titration
was performed in a double-walled glass chamber at constant temperature and
stirred with a magnetic stirrer.

Figure 2 Assay of enzyme activity by usin the titrimetric method

Then, the alkaline consumption was recorded over time and the enzyme activity
calculated from equation 1, as shown below (Zimmerman, 1978).

PME (%) =

Spent NaOH (ml)xNormality (NaOH)x1000
Time (min)xextract (g)

)

Optimum pH

The pH of the 0.5 percentage point (w/v) apple pectin solution prepared with 1M
sodium chloride was adjusted by adding 0.1 N NaOH solution to the range 4-9.
Consumption of 0.005 N NaOH was observed after adding 0.5 mL of enzyme to
maintain the pH adjustment at 10 and 20 min. The highest observed activity was
accepted as 100 percent and activity at other pH values was compared to the highest
activity and the relative activity of the enzymes was calculated. The pH of the PME
enzyme that shows the highest activity has been defined as the optimum pH (Unal
and Bellur, 2009; Zimmerman, 1978). After the optimal pH value has been
determined, further testing at this pH value was performed.

Optimum temperature

In order to determine the temperature at which prickly pear PME showed the
highest activity, the activity of the enzyme was measured in the temperature range
from 20 to 70 °C. A 0.5% (w/v) apple pectin solution made with 1M NaCl at the
previously determined optimal pH was used (Unal and Bellur, 2009;
Zimmerman, 1978).

Determination of kinetic parameters

The Michaelis-Menten constant (Km) of the substrate affinity and the maximum
velocity (Vmax) of the PME were calculated by the use of different concentrations
of pectin solutions at the pH and temperature optimal values. The solution of pectin
used as substrate was prepared at a concentration of between 0.1 and 4 g per L.
The enzyme Km and Vmax values were calculated by plotting 1/V vs. 1/S using the
Lineweaver-Burk method (Unal and Bellur, 2009; Zimmerman, 1978).

Thermal inactivation

To determine the effect of temperature on the enzyme, the enzyme solution was
exposed to varying temperatures (70, 80 and 90 degrees Celsius) and time periods
(1,3,5,7,10, 15, 20 and 30 minutes). Two replicates were produced in two parallel
tubes in a sealed glass chamber in a water bath at the specified temperatures and
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times. The tubes were pre-heated to a specified temperature before the enzyme was
added. At the end of this time the sample of enzyme was transferred into the tube
and, for a specified period, subjected to the appropriate temperature. After the
desired time, the tube was quickly removed from the water bath and refrigerated
in a refrigerator. When samples have reached room temperature, residual activity
has been measured. For the determination of values of kp (inactivation constant,
min), ty, (half-life, min), Ea (activation energy, kj/mol), Z (temperature change
which may cause a 10-fold change in the reaction rate constant (k), °C), and D
(decimal reduction time, min) values, the residual activity (At) of the enzyme
exposed was compared with that of the enzyme not exposed to temperature (Ao).
(Unal and Bellur, 2009; Zimmerman, 1978).

Statistical analysis

All experiments were performed in triplicates and data were presented as mean +
standard deviation. The statistical analysis was conducted by means of a one-way
ANOVA using SPSS Version 26. A p value of less than 0.05 was considered as
indicating a statistically significant difference between samples (* P<0.05, **
p<0.01).

RESULTS AND DISCUSSION
Optimum pH

Optimum pH is the pH or pH range in which the enzymes show the highest reaction
rate. Below and above this optimum pH, the enzyme activity can decrease.
Optimum pH values of enzymes can vary depending on the type and ripeness of
the fruit, as well as the substrates it contains and the extraction method used. In
order to determine the galacturonic acid formation as a blank titration, titration was
recorded at ambient conditions without adding enzyme extract at each pH value.
Spontaneous demethylation (galacturonic acid formation) has been observed in
basic media at pH 8.0 and 9.0. Actual consumption was used to calculate PME
activity by calculating the difference between blind consumption due to
spontaneous demethylation and total consumption (Gurrieri et al. 2000). The pH
with the highest activity is taken as 100 percent and the results are shown in Graph
(figure) 3 in terms of relative activity. The 10th and 20th minute measurements
showed that the optimal pH value of PME obtained from prickly pear fruit was 7.0,
similar to the PME obtained from grapefruit (Citrus paradisis) using pectin as
substrate. (Guiavarc’h et al., 2005). As can be seen in figure 3, an acute drop in
enzyme activity was observed above pH 7.0. Regarding the optimal pH of PME
for different fruits, it was found to be 7.5, 7.4, 8.0 and 8.5 for plum (Prunus
domestica) (Nunes et al. 2006) persimmon (Diospyros kaki) (Alonso et al. 1997)
carrot (Daucus carota var. Nerac) (Sila et al. 2007) and guava (Psidium guajava
L.) (Leite et al., 2006).
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Figure 3 Effect of pH on prickly pear PME activity

Optimum temperature

High temperatures may inactivate the enzyme. The temperature at which the rate
of reaction reaches its maximum value is called optimal temperature. The optimum
activity of most enzymes is at 30-40 degrees Celsius; denaturation may start at a
temperature higher than 45 degrees Celsius. (Unal and Bellur, 2009). In our study,
activity measurements were carried out at temperatures between 20 and 70 degrees
Celsius to determine the optimal temperature value for PME from prickly pear
fruit. The optimal temperature value of prickly pear PME was observed to be 40
°C as shown in figure 4. As observed, the activity increased proportionally with
the increase in temperature from 20 °C to 40 °C and decreased again at higher
temperatures. Optimum temperature values of PME obtained from different plants
were found to be close to the optimum temperature values of prickly pear PME.
The optimum temperature value of prickly pear PME is lower than strawberry

Fragaria ananassa, cv Elsanta (60 °C) (Ly-Nguyen et al. 2002) and apple Golden
Delicious (63 °C) (Dené et al. 2000) fruits, while it is higher than papaya Carica
papaya (35 °C) (Lim and Chung, 1993) fruit.
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Figure 4 Effect of temperature on prickly pear PME activity

Kinetic parameters

Pectic substances are the most important natural substrates for PME found in fruits
and vegetables. Kinetic measurements were made using Lineweaver-Burk graphic
method at optimum pH (7.0) and optimum temperature (40 °C) determined by
using apple pectin. The Lineweaver-Burk plot of the prickly pear PME is shown
in figure 5. The specific substrate concentration (Km) was calculated as 0.162
mg/mL (1?=0.963) as a measure of the enzyme's affinity for the substrate in prickly
pear. It can be said that the smaller the Km value, the higher the affinity of the
enzyme to the substrate (Van Boekel, 2008). The Vmax value representing the
maximum reaction rate of PME from prickly pear was also calculated to be 3.05
units/mL, similar to the PME activity obtained from black carrot (3.75 units/mL)
(Unal and Bellur, 2009) by the titrimetric method. Since both Km and Vmax
values vary with source, temperature, salt concentration, and pH of the reaction
medium, there is a wide range of values in the literatiire (Van Boekel, 2008). In
the literature review, the affinity of PME obtained from prickly pear to the
substrate is lower than PME obtained from carrot (0.04 mg/mL) (Daucus carota)
(Balogh et al. 2004) and apple (0.098 mg/mL) (Golden sp.) (Dené et al. 2000),
while it is higher than PME obtained from hawthorn (2.82 mg/mL) (Crataegus
pubescens) (Vivar-Vera et al. 2007) fruit, and pepper (0.329 mg/mL) (Capsicum
annuum) (Castro et al., 2006).

0.20

Y =0.013X+0.082
R?=0.963

1/[V] (unit/g)

1/[S] (mg/mL)

Figure 5 Lineaweaver-Burk diagram for PME activity with the pectin substrate

Thermal inactivation

Thermal inactivation treatments of PME were performed in a temperature range of
70 to 90 °C using a water bath. In this temperature range, PME inactivation showed
different behaviors in inactivating the enzyme over time. As can be seen in figure
6, enzyme inactivation was faster at 90 °C than at 70 and 80 °C. At 90 °C the
residual activity remained at the lowest level after 5 minutes, while at 70 and 80
°C there was no significant change after 7 minutes. This suggests that at high
temperature the enzymes are rapidly denatured, as Vivar-Vera emphasized in his




J Microbiol Biotech Food Sci / Aksay et al. 2025 : 14 (5) e10571

study. (Vivar-Vera et al., 2007). Since the thermal stability profile was as shown
in figure 6, these times were used in figure 7a to determine the reaction rate
constant at different temperatures. Such an inactivation profile of PME has also
been reported for acerola and mango extracts (De Assis et al. 2000); (Diaz-Cruz
et al. 2016) and pectin esterase (PE) for apricot (Ozler et al. 2008).
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Figure 6 Thermal stability profile of prickly pear PME crude extracts at different
temperatures, (*....): line showing which times should be used in the determination
of the reaction rate constants (k)

Thermal inactivation parameters were calculated by comparing the activities of the
enzymes exposed to heat treatment with the activity of the unheated sample. The
rate of reaction of thermal inactivation of enzymes, expressed in terms of first-
order reactions, is expressed in the following equation 2. If the plot of In(A/Ao)
versus time is plotted at a constant temperature, this is obtained in figure 7a
diagram shown below. The half-life (t1,) was calculated by the equation given in
equation 3 (Van Boekel, 2008).

A, = Aje7*t
0.693 (2)
by ="
®)
@

The activation energy (Ea), required energy for heat inactivation of PME from
prickly pear, was calculated to be 57.86 kJ/mol by the Arrhenius equation and
graph (Fig. 7b). Some of the reported Ea values include 196.8 kJ/mol for black
carrot PME (Unal and Bellur, 2009), 245.6 ki/molK for mango PME (Diaz-Cruz
et al. 2016), 78.2 kJ/mol for pineapple juice PME (Cautela et al. 2018), 62.61
kJ/mol for sour orange juice PME (Aghajanzadeh et al., 2016). If the plot of the
log D values is plotted against the temperature values (70, 80 and 90 °C), a plot
like that in figure 7c is obtained and the slope of the line gives the value 1/Z. The
Z value, defined as the temperature range between which the D-value changes ten-
fold, was calculated to be 41.3 °C for prickly pear PME. This value is close to the
Z value of PME obtained from orange juice with 36.9 °C, but higher than that
derived from mango, acerola, apple and apricot (Aghajanzadeh et al., 2016; De
Assis et al., 2000; Dené et al., 2000; Diaz-Cruz et al., 2016; Unal and Sener,
2013).

The reaction rate constants (k), the half-life (ti2), and the decimal reduction time
(D-values) of prickly pear PME for 70, 80, and 90 °C were given in figure 8. The
higher the inactivation rate constant, the less thermostable the enzyme. Therefore,
as can be seen in figure 6, the enzyme is less stable at higher temperatures (Ozler
et al., 2008). The thermal inactivation rate constants of prickly pear PME were
found to be 0.16, 0.23, and 0.50 min™! for 70, 80, and 90 °C, respectively, and the
half-life times to be 4.35, 3.08, and 1.42 min, respectively. The D value, time to
inactivite 90% of the enzyme, calculated using equation 4 was found to be 14.44
min at 70 °C, 10.25 min at 80 °C, and 4.74 min at 90 °C. As can be seen from
figure 8, the reaction rate constants (k) values increased as the temperature
increased. Nevertheless, the half-life (t1,) and D values decrease with increasing
temperature. When the inactivation parameters of PME are compared with each
other, there is no statistically significant difference (p>0.05) in the reaction rate
constant (k), half-life (ti2) and decimal reduction time (D values) obtained at 70
and 80 °C. The difference between (t12) and D values at 70 and 90 °C is more
significant (p<0.01) than at 80 and 90 °C (p<0.05). If we look at the (k) values, we
see that there is a clear difference between those obtained at 70-90 °C and 80-90
°C. The high heat treatment at 90 °C was effective in this difference.
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Figure 7 Determination of the temperature influence on the enzyme. (A)
Logarithmic plot of the residual activity of the crude of prickly pear PME extract.
(B) Arrhenius plots for a crude prickly pear PME extract. (C) Plots of log D versus
absolute temperature for a crude prickly pear PME extract
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Figure 8 Inactivation parameters of prickly pear PME. Values are expresses as the
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**denotes p < 0.01
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In the PME enzyme study of pineapple juice by Cautela et al. (2018), and sour
orange juice by Aghajanzadeh et al. (2016), they found the reaction rate constants
(k) values as 0.54, 1.26, and 2.28 min™ for pineapple, 0.03, 0.05, and 0.1 min™ for
orange at 70, 80, and 90 °C, respectively. They also reported that D values of PME
from pineapple juice were 4.1, 1.81, and 1 min, and for sour orange juice 77.3,
49.5, and 22.1 min at 70, 80, and 90 °C, respectively. Compared to our values at
the same temperatures, the D values of PME from prickly pear were lower than
orange juice and higher than pineapple juice. In a study carried out by Unal and
Bellur, (2009), half-life (ty,) values at 55, 60 and 65 °C for PME from black carrots
were given as 17.4, 5.2 and 2.1 min, respectively. Unal and Sener, (2013) studying
the thermal inactivation of apricot PME noted (k) values of 0.04, 0.13 and 0.32 min
at 60, 65 and 70 °C, respectively, which correspond to the in are similar to those
obtained in this study. These results show that the thermal stability and kinetic
parameters of PME depend on the treatment method used, the fruit variety and the
different isoforms of the enzyme (Aghajanzadeh et al., 2016). The results
presented in this study were within the range of the literature values.

CONCLUSION

In this study, the kinetic and thermal stability properties of the crude extract of
pectin methylesterase enzyme (PME) obtained from prickly pears were
investigated. At the end of the research, optimum pH value, optimum temperature,
specific substrate concentration, and thermal inactivation kinetic parameters of
prickly pear PME enzyme were determined. The optimum pH and temperature
values for PME activity were found to be 7.0 and 40 °C, respectively. The Km and
Vmax values of the PME enzyme were found to be 0.162 mg/mL and 3.05
units/mL, respectively. According to the thermal inactivation results, the reaction
rate constants (k) at 70, 80 and 90 °C were noticed 0.16, 0.23, and 0.50 min™,
respectively. Half-life (ty2, min) at 70, 80, and 90 °C were 4.35, 3.08, and 1.42 min,
respectively, while D values were 14.44, 10.25 and 4.74 min. The activation energy
(Ea) and Z values for prickly pear PME were found to be 57.86 kj/mol and 41.32
°C, respectively.

Different studies indicate that it is acceptable to process prickly pear into a new
product such as fruit juice. Despite the short harvest time of the prickly pear fruit
and the problems in preserving the fruit, it is believed that processing into various
products will be beneficial to meet increasing consumer demand. Therefore,
control of PME activity is of paramount importance in all biotechnological
processes focused on monitoring and storage of fruit and vegetable juices. In
addition, it is anticipated that determining the biochemical properties of the PME
enzyme isolated from prickly pear fruit, which has the potential to process various
foods, will provide an indication of processing temperature and other parameters
affecting fruit quality can processing the fruit into various foods.

Acknowledgements: This study was supported by the Mersin University Research
Fund under project number 2019-2-TP2-3591. Authors declare that they have no
conflict of interest.

REFERENCES

Ackerley, J., & Wicker, L. (2003). floc formation and changes in serum soluble
cloud components of fresh valencia orange juice. Journal of Food Science, 68(4),
1169-1174. https://doi.org/10.1111/.1365-2621.2003.tb09619.x

Aghajanzadeh, S., Ziaiifar, A. M., Kashaninejad, M., Maghsoudlou, Y., &
Esmailzadeh, E. (2016). Thermal inactivation kinetic of pectin methylesterase and
cloud stability in sour orange juice. Journal of Food Engineering, 185, 72-77.
https://doi.org/10.1016/j.jfoodeng.2016.04.004

Alonso, J., Howell, N., & Canet, W. (1997). Purification and characterisation of
two pectin methylesterase from persimmon (Diospyros kaki). Journal of the
Science of Food and Agriculture, 75, 352-358.
https://doi.org/10.1002/(SIC1)1097-0010(199711)75:3

Anthon, G. E., & Barrett, D. M. (2012). Pectin methylesterase activity and other
factors affecting pH and titratable acidity in processing tomatoes. Food Chemistry,
132(2), 915-920. https://doi.org/10.1016/j.foodchem.2011.11.066
Aparicio-Ortufio, R., Lozada-Ramirez, J. D., de Parrodi, C. A., Silva-Pereira, T.
S., Villasefior-Lopez, K., Ramirez-Rodrigues, M. M., & Ortega-Regules, A. E.
(2024). Characterization of mexican Opuntia ficus indica cladode and bioactive
compound profile. Oxidative stress resistance and anti-adipogenic effect in
Caenorhabditis elegans. Journal of Food Measurement and Characterization,
https://doi.org/10.1007/511694-024-02602-x

Balogh, T., Smout, C., Nguyen, B. L., Van Loey, A. M., & Hendrickx, M. E.

(2004). Thermal and high-pressure inactivation kinetics of carrot
pectinmethylesterase: from model system to real foods. Innovative Food Science
& Emerging Technologies, 5(4), 429-436.

https://doi.org/10.1016/J.1IFSET.2004.06.002

Barba, F. J., Garcia, C., Fessard, A., Munekata, P. E. S., Lorenzo, J. M., Aboudia,
A., Ouadia, A., & Remize, F. (2020). Opuntia Ficus indica edible parts: a food and
nutritional security perspective. Food Reviews International,
https://doi.org/10.1080/87559129.2020.1756844

Cakmak, M., Bakar, B., Salihu I. M., Ozer, D., Karatas, F., & Saydam, S. (2020).
Effect of freezing and drying methods on some biochemical properties of prickly

fig (Opuntia ficus-indica) fruit. Yuzuncu Yil University Journal of Agricultural
Science, 30(3), 535-543. https://doi.org/10.29133/yyutbd.689862

Castro, S. M., Loey, A. Van, Saraiva, J. A., Smout, C., & Hendrickx, M. (2006).
Inactivation of pepper (Capsicum annuum) pectin methylesterase by combined
high-pressure and temperature treatments. Journal of Food Engineering, 75(1),
50-58. https://doi.org/10.1016/J.JFOODENG.2005.03.050

Cautela, D., Castaldo, D., & Laratta, B. (2018). Thermal inactivation of pectin
methylesterase in pineapple juice. Journal of Food Measurement and
Characterization, 12(4), 2795-2800. https://doi.org/10.1007/s11694-018-9894-1
Cruz-Cansino, N. D. S., Montiel-Columna, N. I., Bautista-Velueta, P. G., Pérez-
Tinoco, M. R., Alanis-Garcia, E., & Ramirez-Moreno, E. (2016). Optimization of
thermo ultrasound conditions for the processing of a prickly pear juice blend
(Opuntia ficus indica) using response surface methodology. Journal of Food
Quality, 39(6), 780-791. https://doi.org/10.1111/jfq.12247

De Assis, S. A., Lima, D. C., De, O. M. M., Oliveira, F., & Degni, R. P. F. (2000).
Acerola’s pectin methylesterase: studies of heat inactivation. Food Chemistry, 71,
465-467. https://doi.org/10.1016/S0308-8146(00)00173-4

Demir, D., Kabak, S., & Caglayan, K. (2023). Purification and characterization of
polyphenol oxidase in the fruits of Opuntia ficus indica. Biology, 12(10).
https://doi.org/10.3390/biology12101339

Deng, J.-M., Baron, A., & Drilleau, J.-F. (2000). Purification, properties and heat
inactivation of pectin methylesterase from apple (cv Golden Delicious). Journal of
the Science of Food and Agriculture, 80, 1503-15009.
https://doi.org/10.1002/1097-0010

Diaz-Cruz, C. A., Regaladod-Godnzalez, C., Modrales-Sanchez, E., Velazquez,
G., Godnzélez-Jassod, E., & Amaya-Llanod, S. L. (2016). Thermal inactivation
kinetics of partially purified mango pectin methylesterase. Food Science and
Technology (Brazil), 36(2), 282-285. https://doi.org/10.1590/1678-457X.02815
Fernandez-Lopez, J. A., Castellar, R., Obon, J. M., & Almela, L. (2002). Screening
and mass-spectral confirmation of betalains in cactus pears. Chromatographia,
56(9), 591-595. https://doi.org/10.1007/BF02497675

Guiavarc’h, Y., Segovia, O., Hendrickx, M., & Van Loey, A. (2005). Purification,
characterization, thermal and high-pressure inactivation of a pectin methylesterase
from white grapefruit (Citrus paradisi). Innovative Food Science & Emerging
Technologies, 6(4), 363-371. https://doi.org/10.1016/J.IFSET.2005.06.003
Hagerman, A. E., & Austin, P. J. (1986). Continuous spectrophotometric assay for
plant pectin methyl esterase. Journal of Agriculture and Food Chemistry, 34(3),
440-444.

Leite, K. M. da S. C., Tadiotti, A. C., Baldochi, D., & Oliveira, 0. M. M. F. (2006).
Partial purification, heat stability and Kkinetic characterization of the
pectinmethylesterase from Brazilian guava, Paluma cultivars. Food Chemistry,
94(4), 565-572. https://doi.org/10.1016/J.FOODCHEM.2004.12.008

Lim, Y. M., & Chung, M. C. M. (1993). Isolation and characterization of pectin
methylesterase from papaya. Archives of Biochemistry and Biophysics, 307(1), 15—
20. https://doi.org/10.1006/ABBI.1993.1553

Livera-Mufioz, M., Muratalla-Lua, A., Flores-Almaraz, R., Ortiz-Herndndez, Y.
D., Gonzalez-Hernandez, V. A., Castillo-Gonzélez, F., Hernandez-Ramirez, C.,
Varela-Delgadillo, O. E., Lopez-Soto, M., Valdez-Carrasco, J. M., Carrillo-
Salazar, J. A., & Ramirez-Ramirez, I. (2024). Parthenocarpic cactus pears (Opuntia
spp.) with edible sweet peel and long shelf life. Horticulturae, 10(1).
https://doi.org/10.3390/horticulturae10010039

Ly-Nguyen, B., Loey, A. M. Van, Fachin, D., Verlent, I., Duvetter, T., Vu, S. T.,
Smout, C., & Hendrickx, M. E. (2002). Strawberry pectin methylesterase (PME):
purification, characterization, thermal and high-pressure mactivation.
Biotechnology Progress, 18(6), 1447-1450. https://doi.org/10.1021/BP0256622
Maniaci, G., Ponte, M., Giosu¢, C., Gannuscio, R., Pipi, M., Gaglio, R., Busetta,
G., Di Grigoli, A., Bonanno, A., & Alabiso, M. (2024). Cladodes of Opuntia ficus
indica (L.) as a source of bioactive compounds in dairy products. Journal of Dairy
Science, 107(4), 1887-1902. https://doi.org/10.3168/jds.2023-23847

Medina, E. M. D., Rodriguez, E. M. R., & Romero, C. D. (2007). Chemical
characterization of Opuntia dillenii and Opuntia ficus indica fruits. Food
Chemistry, 103(1), 38-45. https://doi.org/10.1016/J. FOODCHEM.2006.06.064
Messina, C. M., Arena, R., Morghese, M., Santulli, A., Liguori, G., & Inglese, P.
(2021). Seasonal characterization of nutritional and antioxidant properties of
Opuntia ficus-indica [(L.) Mill.] mucilage. Food Hydrocolloids, 111, 106398.
https://doi.org/10.1016/j.foodhyd.2020.106398

Nunes, C. S., Castro, S. M., Saraiva, J. A., Coimbra, M. A., Hendrickx, M. E., &
Loey, A. M. VAN. (2006). Thermal and high-pressure stability of purified pectin
methylesterase from plums (Prunus domestica). Journal of Food Biochemistry,
30(2), 138-154. https://doi.org/10.1111/J.1745-4514.2006.00057.X

Ozler, A., Karakus, E., & Pekyardimci, S. (2008). Purification and biochemical
characteristics of pectinesterase from malatya apricot (Prunus armeniaca L.).
Preparative Biochemistry  and Biotechnology, 38(4), 358-375.
https://doi.org/10.1080/10826060802325469

Pelloux, J., Rustérucci, C., & Mellerowicz, E. J. (2007). New insights into pectin
methylesterase structure and function. Trends in Plant Science, 12(6), 267-277.
https://doi.org/10.1016/j.tplants.2007.04.001

Piga, A. (2004). Cactus Pear: A fruit of nutraceutical and functional importance.
Journal of Professional Association for Cactus Development, 6, 9-22.
https://doi.org/10.56890/jpacd.v6i.294



https://doi.org/10.1111/j.1365-2621.2003.tb09619.x
https://doi.org/10.1016/j.jfoodeng.2016.04.004
https://doi.org/10.1002/(SICI)1097-0010(199711)75:3
https://doi.org/10.1016/j.foodchem.2011.11.066
https://doi.org/10.1007/s11694-024-02602-x
https://doi.org/10.1016/J.IFSET.2004.06.002
https://doi.org/10.1080/87559129.2020.1756844
https://doi.org/10.29133/yyutbd.689862
https://doi.org/10.1016/J.JFOODENG.2005.03.050
https://doi.org/10.1007/s11694-018-9894-1
https://doi.org/10.1111/jfq.12247
https://doi.org/10.1016/S0308-8146(00)00173-4
https://doi.org/10.3390/biology12101339
https://doi.org/10.1002/1097-0010
https://doi.org/10.1590/1678-457X.02815
https://doi.org/10.1007/BF02497675
https://doi.org/10.1016/J.IFSET.2005.06.003
https://doi.org/10.1016/J.FOODCHEM.2004.12.008
https://doi.org/10.1006/ABBI.1993.1553
https://doi.org/10.3390/horticulturae10010039
https://doi.org/10.1021/BP0256622
https://doi.org/10.3168/jds.2023-23847
https://doi.org/10.1016/J.FOODCHEM.2006.06.064
https://doi.org/10.1016/j.foodhyd.2020.106398
https://doi.org/10.1111/J.1745-4514.2006.00057.X
https://doi.org/10.1080/10826060802325469
https://doi.org/10.1016/j.tplants.2007.04.001
https://doi.org/10.56890/jpacd.v6i.294

J Microbiol Biotech Food Sci / Aksay et al. 2025 : 14 (5) e10571

Saenz, C. (2000). Processing technologies: an alternative for cactus pear (Opuntia
spp.) fruits and cladodes. Journal of Arid Environments, 46(3), 209-225.
https://doi.org/10.1006/JARE.2000.0676

Sergio G., Laura Miceli, C., Maria, L., Filippo, T., Raffaele, P. B., & Enrico, R.
(2000). Chemical characterization of sicilian prickly Pear (Opuntia ficus indica)
and perspectives for the storage of its juice. Journal of Agricultural and Food
Chemistry, 48(11), 5424-5431. https://doi.org/10.1021/JF9907844

Sila, D. N., Smout, C., Satara, Y., Truong, V., Van Loey, A., & Hendrickx, M.
(2007). Combined thermal and high pressure effect on carrot pectinmethylesterase
stability and catalytic activity. Journal of Food Engineering, 78(3), 755-764.
https://doi.org/10.1016/J.JFOODENG.2005.11.016

Sila, D. N., Van Buggenhout, S., Duvetter, T., Fraeye, I., De Roeck, A., Loey, A.
Van, & Hendrickx, M. (2009). Pectins in Processed fruits and vegetables: part 11-
structure-function relationships. Comprehensive Reviews in Food Science and
Food Safety, 8, 86—104. https://doi.org/10.1111/].1541-4337.2009.00071.x

Silva, M. A., Albuquerque, T. G., Pereira, P., Ramalho, R., Vicente, F., Oliveira,
M. B. P. P., & Costa, H. S. (2021). Opuntia ficus indica (L.) Mill.: A multi-benefit
potential to be exploited. Molecules, 26(4), 951.
https://doi.org/10.3390/MOLECULES26040951

Unal, M. U., & Bellur, E. (2009). Extraction and characterisation of pectin
methylesterase from black carrot (Daucus carota L.). Food Chemistry, 116(4),
836-840. https://doi.org/10.1016/j.foodchem.2009.03.031

Unal, M. U., & Sener, A. (2013). Extraction and characterization of pectin
methylesterase from Alyanak apricot (Prunus armeniaca L). Journal of Food
Science and Technology, 52(2), 1194-1199. https://doi.org/10.1007/S13197-013-
1099-3

Van Boekel, M. A. J. S. (2008). Kinetic modeling of food quality: A critical review.
Comprehensive Reviews in Food Science and Food Safety, 7(1), 144-158.
https://doi.org/10.1111/j.1541-4337.2007.00036.x

Vivar-Vera, M. A., Salazar-Montoya, J. A., Calva-Calva, G., & Ramos-Ramirez,
E. G. (2007). Extraction, thermal stability and Kkinetic behavior of
pectinmethylesterase from hawthorn (Crataegus pubescens) fruit. LWT-Food
Science and Technology, 40(2), 278-284.
https://doi.org/10.1016/J.LWT.2005.10.005

Zainol, N., & Ismail, S. N. (2019). Evaluation of enzyme kinetic parameters to
produce methanol using Michaelis-Menten equation. Bulletin of Chemical
Reaction Engineering & Catalysis, 14(2), 436-442.
https://doi.org/10.9767/bcrec.14.2.3317.436-442

Zimmerman, R. E. (1978). A rapid assay for pectinesterase activity which can be
used as a prescreen for pectinesterase inhibitors. Analytical Biochemistry, 85(1),
219-223. https://doi.org/10.1016/0003-2697(78)90292-0



https://doi.org/10.1006/JARE.2000.0676
https://doi.org/10.1021/JF9907844
https://doi.org/10.1016/J.JFOODENG.2005.11.016
https://doi.org/10.1111/j.1541-4337.2009.00071.x
https://doi.org/10.3390/MOLECULES26040951
https://doi.org/10.1016/j.foodchem.2009.03.031
https://doi.org/10.1007/S13197-013-1099-3
https://doi.org/10.1007/S13197-013-1099-3
https://doi.org/10.1111/j.1541-4337.2007.00036.x
https://doi.org/10.1016/J.LWT.2005.10.005
https://doi.org/10.9767/bcrec.14.2.3317.436-442
https://doi.org/10.1016/0003-2697(78)90292-0

