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Abstract The effects of high intensity pulsed electric
fields (HIPEF) processing (35 kV/cm for 1,500 ps using
bipolar 4-pus pulses at 100 Hz) on color parameters and
viscosity, as well as peroxidase (POD), pectin methylest-
erase (PME) and polygalacturonase (PG), were evaluated
during 77 days of storage at 4 °C and compared to thermal
treatments at 90 °C for 1 min or 30 s for unprocessed
tomato juice. HIPEF-treated tomato juice showed higher
values of lightness than the thermally processed and the
untreated juice throughout storage time (P < 0.05). Vis-
cosity of HIPEF-treated tomato juice was also greater than
both thermally treated and untreated for the first 35 days of
storage. POD of HIPEF-treated tomato juice was inacti-
vated by 97% whereas in the case of the thermally treated,
90 and 79% inactivation was achieved after 1 min and
30 s, respectively. The highest PME inactivation in tomato
juice was obtained by PEF (82%) and heat treatment at
90 °C for 1 min (96%). PG of PEF-treated tomato juice
was inactivated by 12% whereas thermal treatments at
90 °C for 1 min or 30 s achieved 44 and 22%, respectively.
Despite the low rates of PG inactivation obtained, the
pattern followed in the residual activity along the storage
time was similar in the tomato juice treated by HIPEF than
the thermally processed.
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Introduction

Increase in the demand for minimally processed fresh-
products has raised an interest in the development and
implementation of new techniques for food processing such
as high-intensity pulsed electric fields (HIPEF). Heat pro-
cessing is traditionally used to extend the shelf life of
tomato juice by inactivating microorganisms and enzymes,
although undesirable changes are induced [1]. Pulsed
electric fields (PEF) are commonly used in food processing
in low or moderate intensity (1-5 kV/cm), applied usefully
for food extraction [2, 3]. On the other hand, HIPEF is used
at high intensity (>20 kV/cm) as an alternative for con-
ventional pasteurization and a method of stabilizing food
[4, 5]. In addition, HIPEF as a non-thermal technique has
proved to increase the shelf life of various fruit juices
without greatly affecting their nutritional and sensory
properties [6]. Color and viscosity are the most important
quality attributes of tomato juice that influence the con-
sumer’s choice; thus, they are important criteria for tomato
processors [7]. Some of the enzymes involved in the
changes in these quality parameters are peroxidase (POD),
pectin methylesterase (PME) and polygalacturonase (PG).
Although polyphenol oxidase (PPO) is one of the main
enzymes involved in color changes, tomato juice is not as
sensitive as apple juice to enzymatic browning catalysed by
PPOs. In addition, POD in grape juice has been reported to
be less HIPEF labile than PPO [8]. POD catalyzes the
oxidation of a wide range of natural compounds, especially
those containing aromatic groups [9]. On the other hand,
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the ability of tomato juice to hold its solid portion in sus-
pension over the shelf life of the product is mainly
dependent upon the total amount and quality of pectin
material present in the system [10, 11]. PME and PG are
involved in the breakdown of these pectins, causing cloud
and viscosity losses, in addition to gelation of commercial
juices [12].

There is more information currently available on
microbial than on enzymatic aspects affected by commer-
cial scale HIPEF processing. A tomato juice treated at
40 kV/cm for 57 ps showed the same microbiological
stability stored at 4 °C for 112 days than a thermally pro-
cessed tomato juice at 92 °C for 90 s [13]. However, there
are few studies on POD, PME and PG activity changes
during commercial shelf life of HIPEF-treated tomato
juice. Elez-Martinez et al. [14] reported better results for
HIPEF-processed orange juice compared to heat-treated
juice in terms of enzymatic inactivation and stabilization.
They observed that PME kept the residual activity constant
around 20% and no activation of POD during 56 days as
observed, stored either at 4 or 22 °C.

The objective of this research was to compare the effects
of HIPEF processing and thermal treatments on POD, PME
and PG activities and on related physical parameters, such
as color and viscosity, during the storage of tomato juice.

Materials and methods
Tomato juice preparation

Fresh ripened tomatoes (Lycopersicon esculentum var.
Flandia Prince) were washed, sorted, chopped and crushed.
The juice to be treated was obtained by filtering the ground
mash through a screen size of 1.27 mm to remove peel and
seeds and it was immediately treated.

HIPEF treatment

Pulse treatments were carried out using a laboratory scale
pulse generator (OSU-4F, The Ohio State University,
Columbus) that provides squared-wave pulses within eight
co-field flow chambers in series. The gap distance between
electrodes and treatment chamber volume was 0.29 and
0.012 cm®, respectively. The flow rate of the process was
adjusted to 60 ml/min and controlled with a variable speed
pump (model 75210-25, Cole Palmer, Vernon Hills, IL,
USA). The treatment temperature was kept below 35 °C
using a cooling coil, which was connected before and after
each pair of chambers and submerged in an ice-water
shaking bath. HIPEF treatment was set up at 35 kV/cm for
1,500 ps, using bipolar squared-wave pulses of 4 pus and a
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pulse frequency of 100 Hz. These HIPEF conditions were
settled down to obtain five decimal logarithms as minimal
reduction in Lactobacillus brevis as the reference micro-
organism of tomato juice deterioration (data not shown).

Thermal treatments

In order to compare the effectiveness of the HIPEF treat-
ment to that of a conventional thermal treatment, tomato
juice samples were heat pasteurized at 90 °C for 1 min or
30 s. These conditions were selected based on literature
[13]. Tomato juice was processed in a tubular stainless
steel heat exchange coil immersed in a hot water shaking
bath using a gear pump to maintain the desired flow rate
(Universidad de Lleida, Lleida, Spain). Once processed,
the juice was immediately cooled in a heat exchange coil
immersed in an ice-water bath.

Packaging and storage

The HIPEF fluid handling system was sanitized, first with
4% (w/v) NaOH and then with 10% (w/v) chlorine and
20% (v/v) ethanol solutions prior to processing. The first
200 ml of treated liquid were discarded to ensure stationary
treatment conditions. Polypropylene sterilized bottles of
100 ml were directly filled with tomato juice from the
treatment system. After that, the container was tightly
closed and stored at 4 °C for 77 days.

Color measurements

The color of the juice was measured using a Macbeth
Color-Eye 3,000 colorimeter (Macbeth-Kollmorgen Inst
Corp., Newburgh, NY, USA) at room temperature.
Equipment was set up for illuminant D;5 and 10° observer
angle. The equipment provided CIE-Lab values of L*
(lightness), a* (redness) and b* (yellowness). Hue angle
(h°) was calculated using the following Eq. 1 [15, 16]:

*

h° =tan"' — (1)

a*

Determination of viscosity

Viscosity was measured from approximately 30 ml of
tomato juice using a rotatory viscometer (model DV-I,
Brookfield, Stoughton, MA, USA) with a UL adapter.
Tomato juice viscosity was determined at 60 rpm by
placing in the UL adapter.
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Enzyme activity measurements
Peroxidase (POD)

POD activity in tomato juice was measured using the
method described by Elez-Martinez et al. [17]. All
chemicals were purchased from Scharlab Chemie, SA
(Barcelona, Spain). The enzyme extracts for the
determination of POD activity were obtained by
homogenization of 10 ml tomato juice with 20 ml of
0.2 mol/L sodium phosphate buffer (pH =6.5). The
homogenate was centrifuged (24,000g, 15 min) at 4 °C
(Centrifuge AVANTI™ J-25, Beckman Instruments Inc.,
Fullerton, CA, USA). The supernatant was filtered
through a Whatman no. 1 filter and the resulting liquid
constituted the enzymatic extract, which was immedi-
ately used for the POD activity determination. POD
activity was assayed spectrophotometrically by placing
2.7 ml of 0.05 mol/L sodium phosphate buffer (pH =
6.5), 0.2 ml p-phenylenediamine (10 g/kg) as H-donor,
0.1 ml hydrogen peroxide (15 g/kg) as oxidant and
0.1 ml of enzymatic extract in a 1 cm path cuvette. The
oxidation of p-phenylenediamine was measured at
509 nm and 25 °C using a CECIL CE 2021 spectro-
photometer (Cecil Instruments Ltd, Cambridge, UK).
POD activity was determined by measuring the initial
rate of the reaction, which was computed from the linear
portion of the plotted curve. One unit of POD activity
was defined as a change in absorbance at 509 nm/min
per ml of enzymatic extract.

Pectin methylesterase (PME)

PME activity was measured using the method described by
Kimball [18]. Pectin, sodium chloride and NaOH were
purchased from Acros Organics (NJ, USA), Rectapur
(Fontenay, France) and Panreac Quimica (Barcelona,
Spain), respectively.

A 10 ml aliquot of tomato juice tempered at 30 °C was
mixed with 40 ml of 1% pectin-salt substrate (also at
30 °C) and incubated at 30 °C. The solution was adjusted
to pH 7.0 with 2.0 N NaOH, and then the pH of the
solution was readjusted to pH 7.7 with 0.05 N NaOH. After
the pH reached 7.7, 0.10 ml of 0.05 N NaOH was added.
The time required for the solution’s pH to return to 7.7 was
measured. Blank (without PME added) was taken into
account. PME activity, expressed as pectin esterase units
(PEU) was calculated by Eq. 2:

[NaOH] VNaOH

PEU = ,
Vjuicet

(2)

where [NaOH] is the NaOH concentration (0.05 N), V.o
is the volume of NaOH used (0.10 ml), Vjyic. is the volume
of juice used (10 ml), and 7 is the time needed in minutes
for the pH to return to 7.7 after the addition of NaOH.

Polygalacturonase (PG)

A sample of 2.5 ml of tomato juice was transferred to a
50 ml centrifuge tube and centrifuged at 7,500g for
10 min. The supernatant was decanted and replaced with
cold distilled water. Then, the pH of the mixture was
adjusted at pH 3.0 with 0.1 M HCI. After that, the sample
was centrifuged at 9,000¢ for 15 min. The supernatant was
again decanted and 1.2 M NaCl (1:1) was added to the
pellet and left for 1 h. After this time, a centrifugation at
18,200g for 10 min was carried out, and the supernatant
was assayed for PG activity. All steps were performed at
4 °C.

The polygalacturonase activity assay was based on the
release of reducing groups produced by PG and measured
by spectrophotometry [19]. A portion of 100 pl of the
enzyme extract was mixed with 300 pl of 0.2% polygal-
acturonic acid and incubated at 35 °C for 10 min. To stop
the reaction, 2 ml of 0.1 M borate buffer, pH 9.0 and
400 pl of 1% cyanoacetamide were added to the reaction
mixture and boiled for 10 min. After cooling down, the
absorbance was measured at 276 nm and 22 °C. A blank
was determined in the same way without addition of
enzyme.

Percentage of residual enzyme activity was calculated
and related to that of the untreated juice. The relative
residual activity for POD, PME and PG activity, RA (%),
was defined as indicated by Eq. 3:

RA = 100é (3)
Ao

where A, and A, were the enzyme activities of the treated

and untreated samples, respectively.

Statistical analysis

The experiments were conducted three times and triplicate
measurements were performed for each sample. Analysis
of variance (ANOVA) and Tukey’s multiple-comparison
method at the 5% significance level was performed for the
determination of significant differences between thermally
processed, HIPEF processed and non-treated tomato juices
using Statgraphics Plus v 5.1 for Windows (Statistical
Graphics Co., Rockville, MD, USA). Moreover, principal
component analysis (PCA) was conducted to observe
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correlations between the measured variables. As a result of
the PCA, data can be reduced to a set of new variables
called principal components (PCs). The loadings of the PC
define the direction of greatest variability and the score
values represent the projection of each variable onto the
PC.

Results and discussion

Effects of HIPEF and thermal treatments
on the color of tomato juice

The effects of HIPEF and heat treatments on lightness (L*)
and hue angle (k°) of tomato juice and the changes during
storage are shown in Tables 1 and 2. Just after treatment
(day 0), there were differences (P < 0.05) in the amount of
L* of the tomato juice but not in the amount of /#° value of
the product.

Generally, PEF treatments have been reported as a
method for better preserving the color in juices compared
to heat processing [14, 20]. Although L* values of tomato
juice increased after every treatment applied, HIPEF-trea-
ted tomato juice showed significantly higher L* compared
to thermally processed and untreated tomato juices
(P < 0.05) during 77 days of storage. A decrease in L*
values is associated with the formation of dark colour
compounds in the juice due to the nonenzymatic browning
reactions, thus reducing the acceptance of the juices [21].

The kind of treatment applied led to significant
(P < 0.05) but slight differences on hue angle (4°) during
storage (Table 2). Changes in tomato juice color could be
influenced by the tomato cultivar, the preparation of the
juice and the treatment applied, as suggested by other
authors [22]. In general, in spite of obtaining statistical
differences between treatments on A°, the differences

between HIPEF and thermal treatment were small. Thus,
further research would be needed to know more about the
effects of HIPEF on color compounds.

Effects of HIPEF and thermal treatments on viscosity

Greater final viscosity in tomato juice is desired, mainly
because clarified tomato juice does not have any com-
mercial value nowadays. The viscosity loss during the
storage time could be attributed to the degradation of pectic
substances by endogenous enzymes such as PME and PG.

Table 2 Effects of HIPEF treatment, thermal treatments of 90 °C for
1 min or 30 s, on Hue angle (4°) throughout storage at 4 °C

Storage Control HIPEF TT 1 min TT 30 s
time

(day)

0 0.62 £ 0.00a 0.66 = 0.00a 0.62 + 0.00a 0.66 + 0.05a
7 0.63 £0.00d 0.73 £ 0.00a 0.64 + 0.0lc 0.65 + 0.01b
14 0.66 = 0.00c  0.70 = 0.00a 0.67 = 0.00c  0.68 + 0.00b
21 0.74 £ 0.00a 0.70 = 0.00b 0.71 + 0.00b
28 0.77 £ 0.00° 0.75 = 0.00b 0.73 + 0.00c
35 0.80 = 0.00* 0.77 = 0.00b 0.75 + 0.01c
42 0.77 £ 0.01* 0.77 £ 0.00a 0.77 + 0.01a
49 0.79 £ 0.00° 0.78 +0.00a 0.79 = 0.01a
56 0.78 £ 0.02* 0.80 = 0.00a 0.79 + 0.00a
63 0.82 +£0.01b 0.83 £ 0.00a 0.80 + 0.00c
70 0.82 +0.01b 0.83 + 0.00a 0.80 + 0.00c
77 0.83 £ 0.00a 0.79 + 0.00b 0.80 = 0.00b

HIPEF HIPEF-processed juice, TT I min heat-processed juice at
90 °C for 1 min; TT 30 s heat-processed juice at 90 °C for 30 s,
Control unprocessed juice

Values are expressed as mean + SD. Different letters in the same row
indicate significant differences (P < 0.05)

Table 1 Effects of HIPEF

Storage time (day) Control HIPEF TT 1 min TT 30 s
treatment, thermal treatments of
90 °C for 1 min or 30 5, on 0 22.90 + 0.08a 22.65 + 0.03b 22.89 + 0.07a 22.47 + 0.03¢c
whiteness (L*) throughout
storage at 4 °C 7 22.40 + 0.02c 23.13 + 0.02a 22.20 + 0.01b 22.93 +0.02d
14 22.30 = 0.05¢ 2322 +0.15a 22.68 + 0.12b 23.11 £ 0.03a
21 23.97 + 0.03a 22.77 = 0.09b 23.40 = 0.07¢c
HIPEF HIPEF-processed juice, 28 23.84 + 0.06a 23.09 + 0.04c 23.37 £ 0.08b
TT I min heat-processed juice at 35 24.18 + 0.06a 23.08 + 0.08¢c 23.59 = 0.10b
90 °C for 1 min, TT 30 s heat- 42 23.90 + 0.00a 23.20 + 0.01c 23.77 + 0.02b
processed juice at 90 °C for 49 24.10 = 0.04a 23.29 + 0.02¢ 23.99 + 0.01b
30 s, Control unprocessed juice
56 24.34 + 0.26a 23.33 + 0.02¢ 23.85 + 0.00b
Values are expressed as
mean + SD. Different letters in 63 23.35 + 0.00a 23.26 + 0.04c 23.92 + 0.09b
the same row indicate 70 24.39 + 0.03a 23.42 + 0.00c 23.98 + 0.00b
significant differences 77 24.40 + 0.00a 24.20 + 0.01b 24.01 + 0.01c

(P < 0.05)
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Thus, the different inactivation levels of each enzyme
could explain changes in viscosity as well as in insoluble
solids content during storage of tomato juice.

The effects of HIPEF and heat treatments on tomato
juice viscosity are shown in Fig. 1. Significant differences
(P < 0.05) were detected in the viscosity of juices just after
processing. Tomato juice treated by heat (90 °C for 1 min)
and by HIPEF had the highest values of viscosity
(204.6 = 0.6 cP and 201.9 = 0.4 cP), showing no signifi-
cant differences between them. Tomato juice treated at
90 °C for 30s (120.1 £ 1.3 cP) and the untreated
(114.2 + 1.0 cP) had the lowest viscosity values. There are
few studies about the influence of HIPEF on the viscosity
of juices. Min et al. [13] observed that the viscosity of
tomato juice (381 cP) did not significantly change after
either thermal (92 °C for 90 s) or HIPEF processing
(40 kV/cm for 57 ps), which was related to the fact that PG
and PME were effectively inactivated. Similar results were
obtained by Cserhalmi et al. [23] who studied the effects of
the application of HIPEF on the viscosity of different citrus
juices. They did not observe changes in viscosity between
untreated juices and juices processed by 50 pulses at
28 kV/cm. In contrast, in this study an enhancement of the
viscosity of the treated tomato juices was observed. There
are other factors involving viscosity of tomato juice, such
as the variety of the tomato used or the maturity at the
moment of processing [7]. In addition, insoluble solids
generally contribute to increased consistency of tomato-
products. Pectin is especially important because it acts for
holding insoluble solids in suspension and thus reducing
the tendency for serum separation [24].

In general, viscosity of all the samples followed a
decrease during storage. A stronger decay in the viscosity
of all the samples was observed with the exception of the
viscosity of the tomato juice heated at 90 °C for 30 s which
showed a more constant trend than the others (Fig. 1). For

250

230

210 —A— HIPEF
—&—TT 1 min

190 —8-TT30s

170
150
130
110

—e— Control

Viscosity (cP)

0 10 20 30 40 50 60 70 80
Storage time (days)

Fig. 1 Effects of HIPEF treatment and thermal treatments, 90 °C for
1 min (7T I min) or for 30 s (TT 30 s) on the viscosity (mean + SD)
(n = 3) of tomato juice throughout storage at 4 °C

the first 35 days of storage, the viscosity of HIPEF-treated
tomato juice was above the heat viscosity values. From
42 days on, the viscosity of the HIPEF-treated tomato juice
was lower than heat-treated at 90 °C for 1 min, but above
the heated for 30 s. From day 56 on, HIPEF-processed
tomato juice viscosity kept constant (66.3 + 0.8 cP) and
below the thermal sample viscosity until the end of storage.

Effects of HIPEF and thermal treatments on peroxidase
activity

HIPEF treatment at 35 kV/cm for 1,500 ps using 4-ps
bipolar pulses at 100 Hz depleted 97% of POD activity in
the fresh juice (Fig. 2). In contrast, thermal treatments at
90 °C for 1 min or 30 s inactivated 90 and 79% of the
initial tomato juice POD, respectively. These results are in
agreement with the reduction obtained in commercial heat-
pasteurized juices [25]. Elez-Martinez et al. [14] obtained a
complete POD inactivation applying a HIPEF treatment at
35 kV/cm for 1,500 ps using 4-ps bipolar pulses at 100 Hz
in orange juice. No increase in POD activity was observed
in orange juice after 56 days at 4 °C. After that time, slight
increase in the POD was produced in HIPEF-treated tomato
juice. Some studies indicate that several enzymes in
aqueous solutions are not inactivated by HIPEF treatments
at low temperatures [26]. However, oxidative enzymes
such as POD or PPO suspended in liquid foods have been
successfully reduced after HIPEF processing keeping the
temperature below 40 °C [27]. In the present study, the
temperature did not increase above 35 °C during HIPEF-
treatment while other authors present results obtained when
temperature attained 50 °C during HIPEF treatment [28].
According to Fig. 2, the POD residual activity in the
HIPEF-treated tomato juice was kept constant during
56 days of storage. Non-treated tomato juice showed a

100

80 —e— Control
70 —=—TT 1 min
60 —a— HIPEF

—&-TT30s

POD RA (%)
(1)
o

0 10 20 30 40 50 60 70 80
Storage time (days)

Fig. 2 Effects of HIPEF treatment and thermal treatments, 90 °C for
1 min (7T I min) or for 30 s (TT 30 s) on residual peroxidase activity
(POD) (mean + SD) (n = 3) of tomato juice throughout storage at
4 °C
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decrease in the residual POD activity values for 14 days.
The shelf life of non-treated tomato juice was around
15 days of storage due to the rapid growth of spoilage
microorganisms. On the other hand, POD activity of ther-
mally treated juice presented a decay during the first
28 days until its complete inactivation. Peroxidase is one of
the most thermally stable enzymes found in fruits and
vegetables. Although the role of POD in quality changes is
not well established, it is a commonly used indicator for
the inactivation of endogenous enzymes during heating
because in addition to its stability the assay is simple and
rapid [29]. Moreover, the process of inactivation is likely to
be induced through denaturation of the enzyme by modi-
fying its conformational state. However, it has been
demonstrated that HIPEF probably produced greater
changes in the enzyme structure with a strong polarization
of the protein molecules and ending with the formation of
hydrophobic interactions or covalent bonds and subsequent
formation of aggregates [30]. Zhong et al. [31] attributed
changes in the secondary structure, demonstrating that
a-helix relative content decreased after the treatment, as the
main reason of the POD activity loss in HIPEF-treated
horseradish (25 kV/cm for 1,740 ps).

Effects of HIPEF and thermal treatments on pectin
methylesterase and polygalacturonase activities

PME inactivation is desired when cloudy juices are pre-
pared because it acts on the pectin material present in the
food matrix resulting in cloud destabilization and loss of
turbidity of the tomato juice [32]. Besides, the PME action
on tomato juice leads to a substrate for the PG, which is also
present in the tomato fruit. PG inactivation should be
attained because it is responsible for the decrease in vis-
cosity, as a direct consequence of pectin solubilization [33].

PME inactivation by a thermal treatment of 90 °C for
1 min (96%) was higher (P < 0.05) than that achieved by
the HIPEF-treated tomato juice (82%). In contrast, a ther-
mal treatment at 90 °C for 30 s inactivated only 71% of
PME activity. Similar levels of PME inactivation (87%) in
tomato were observed by Espachs-Barroso et al. [34] who
applied HIPEF at 0.5 Hz for 1,600 ps of total treatment
time at 16.8 kV/cm. However, applying 0.02 ms HIPEF
pulses at 24 kV/cm for a total treatment time of 8 ms,
Giner et al. [35] reached 93.8% inactivation of tomato
PME. On the other hand, Elez-Martinez et al. [14] obtained
81.6% reduction of PME activity in orange juice on
applying 4-us bipolar pulses at 35 kV/cm for 1,000 ps and
200 Hz. The differences in the results reported could be
related to the resistance of PMEs from different sources to
the HIPEF treatments, and the characteristics of the system
used [34].
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Fig. 3 Effects of HIPEF treatment and thermal treatments, 90 °C for
1 min (7T I min) or for 30 s (TT 30 s) on residual pectin methylest-
erase activity (PME) (mean + SD) (n = 3) of tomato juice throughout
storage at 4 °C

Residual PME activity of HIPEF-treated tomato juice
remained significantly constant around 14% during 77 days
of storage at 4 °C (Fig. 3). According to Elez-Martinez
et al. [14] and Yeom et al. [36], who found that PME
activity of treated orange juice was not recovered for 66
and 112 days, respectively, HIPEF processing can cause
irreversible inactivation of PME. From an industrial point
of view, a juice can be considered enzymatically stabilized
when the residual enzymatic activity remains below 10%.
This guarantees the shelf life and the quality of the product
demanded by the consumer [37].

PME residual activity of thermal treatments was below
the values achieved by HIPEF after 21 days of storage,
remaining, afterwards, constant until 77 days of storage.
PME activity of untreated tomato juice decreased dramat-
ically until it reached 46% of the initial activity at day 14.
PME catalyses the hydrolysis of the methylester groups
from pectin. Tomato juice does not contain large amounts
of pectin and the pectin content diminishes in the process
of ripening [38]. This fact could contribute to decrease the
PME activity during the tomato juice storage.

Significantly differences (P < 0.05) between treatments
were observed on the reduction of tomato juice PG
(Fig. 4). HIPEF processing inactivated only 12% of the PG
found in the untreated juice, whereas a thermal treatment at
90 °C for 30 s achieved 22% inactivation. The highest
inactivation (44%) was obtained when a thermal treatment
at 90 °C for 1 min was applied. It is known that PG is
present in tomato fruit in two isoforms: PG1 as heat stable
form and PG2 as the heat labile form. Some studies [39]
described that thermal inactivation phase for PG1 starts at
around 55 °C and for PG2 around 80 °C in purified crude
tomato extract. Both enzyme fractions were almost com-
pletely inactivated after 5 min at 90 °C. The low PG
inactivation obtained under all treatment conditions could
be attributed to the resistance to inactivation exhibited by
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Fig. 4 Effects of HIPEF treatment and thermal treatments, 90 °C for
1 min (7T I min) or for 30 s (TT 30 s) on residual polygalacturonase
activity (PG) (mean = SD) (n = 3) of tomato juice throughout storage
at 4 °C

the heat stable form PGl.Studies about the effects of
HIPEF on PG are scarce, and further research is needed.
Nevertheless, Giner et al. [40] studied the PG reduction in
an aqueous solution of a commercial enzyme. They
attained a 98% inactivation with HIPEF treatment con-
sisting of 200 bipolar pulses of 160 ps at 10.28 kV/cm. On
the other hand, a decrease in the residual PG activity of the
treated tomato juices was observed, irrespective of the
treatment applied (P > 0.05) (Fig. 4). In general, the
changes in PG residual activity during all storage followed
an exponential decay trend in both treated and untreated
tomato juice. HIPEF and thermal treatment at 90 °C for
1 min showed residual PG activity of 14 and 11%,
respectively, at the last day of storage.

In this work, PME was inactivated by HIPEF treatment
while PG activity was not affected. Similar results were
seen by Nguyen and Mittal [41]. They observed how the
combination of different hurdles such as moderately high
temperatures (<50 °C), antimicrobial compounds (100 U/
mL nisin) and HIPEF (20 pulses of 80 kV/cm) had an
effect on PME and PG inactivation in tomato juice. They
observed the same PME and PG activity reduction (up to
55%) between these combined treatments and heating the
juice at 50 °C. PME de-esterifies the pectin yielding
methanol and pectin acid with lower degree of esterifica-
tion, whereas PG catalyses the hydrolytic cleavage of the
glycosidic a-p-(1-4) bonds in the pectin acid. PME pre-
pares an ideal substrate for PG action. Therefore, PME
inactivation may lead to a decrease in the PG action [41].

Correlation between the physical parameters and the
enzymes

In order to estimate correlations between color, viscosity
and the enzymatic residual activities of POD, PME and

0,5

0,0

Factor 2 : 24,34%

-0,5

Factor 1 : 56,55%

Fig. 5 Principal component analysis

PG of HIPEF and heat-treated tomato juice storage for
77 days at 4 °C, principal component analysis (PCA) was
performed. The correlation circle obtained (Fig. 5) shows
that the first two principal components (PC1 and PC2)
represented 80.89% of the total variance of the data. The
main component (PC1) explained 56.55% of total vari-
ance, which was mainly described by the variables
viscosity, PG, PME and POD. Figure 5 confirms a posi-
tive correlation between PG and viscosity. Therefore, it is
suggested that changes in viscosity during the storage of
tomato juice may be affected by the pectolytic enzymes
such as PG inactivation. Moreover, a close relationship
between POD and PME was observed. These enzymes are
considered among the most HIPEF-labile enzymes, and
the treatment applied to the product could inactivate
them. Elez-Martinez et al. [14] observed the same trend
for both enzymes during the storage of heated and HIP-
EF-treated orange juice. On the other hand, no correlation
exists between POD, L* and h°.

Conclusions

The HIPEF-treated tomato juice presented better color
preservation than the heat-processed, evidencing higher
lightness than heat treatments during the storage. Further-
more, the HIPEF treatment was more effective than heat
treatments in obtaining a tomato juice with higher viscosity
than an unprocessed tomato juice.

On the other hand, HIPEF processing at 35 kV/cm for
1,500 ps using 4-ps bipolar pulses at 100 Hz achieved
higher POD inactivation than thermal treatments and
showed a stable behaviour for 56 days of storage. The
PME inactivation by HIPEF was similar to that reached by
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a thermal treatment at 90 °C for I min and remained
constant throughout storage, showing that HIPEF pro-
cessing can cause irreversible PME inactivation. The
principal component analysis related the viscosity values to
the PG inactivation and showed a close relationship
between POD and PME due to the HIPEF-labile charac-
teristics of these enzymes. Nevertheless, further research is
needed to know the effect of different HIPEF treatments on
the shelf life of juices.
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