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Abstract

This study investigates the effects of pulsed electric field (PEF) pretreatment—applied prior to
malaxation using electric field strengths ranging from 2 to 7 kV/cm for 30 to 90 seconds—on oil yield,
quality parameters, and volatile profiles of virgin olive oils (VOO) from four Croatian autochthonous
varieties: Istarska bjelica and Rosulja (Istria), and Levantinka and Oblica (Dalmatia). The mild PEF
conditions resulted in a significant improvement in oil yield (between 2.5 % and 36 %) for all varieties,
with the effects being most pronounced for varieties with lower initial oil yields. While the PEF
treatment had a negligible effect on the basic quality parameters, it significantly altered the volatile
organic compound (VOC) profiles of the oils. In particular, all treated oils showed an increased
content of VOCs originating from the lipoxygenase (LOX) pathway, especially at lower field
strengths. In addition, PEF treatment had a significant effect on the composition of VOCs from the
LOX path, indicating a change in the activity of the enzymes involved in their biosynthesis. We
investigated the effects of PEF treatment on LOX activity and found that it varied by cultivar,
indicating a variety-dependent response. In addition, PEF generally had a positive effect on minor
VOCs associated with oxidation and microbial activity. These results emphasize the potential of PEF
as a non-thermal, environmentally friendly technology to increase the efficiency of oil extraction and
improve the aroma profile of VOO.

Keywords: virgin olive oil; pulsed electric field; oil yield; quality; lipoxygenase activity; volatile
components

Introduction

Pulsed electric field (PEF) is an emerging, non-thermal food processing technology that has
gained significant attention in recent years. It involves subjecting food materials to repeated short
pulses of high voltage between two electrodes, typically at room temperature and for a short period
of time. This technique significantly reduces energy consumption compared to conventional thermal
treatments, while minimizing undesirable changes in the sensory and physical properties of food. As
a result, PEF contributes to better preservation of nutritional value and overall product quality. The
fundamental mechanism of PEF is increasement of a transmembrane potential in cells, leading to
electroporation, which increases cell membrane permeability. Due to this effect, PEF has been widely
studied for various applications including the extraction of bioactive compounds, microbial
inactivation, and as a pretreatment to enhance drying efficiency [1,2]. In addition, the application of
PEF can induce molecular-level changes, modifying the structure, and consequently the functional
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properties,of biomacromolecules such as starches and proteins, as well as changing the enzyme
activity [3]. Most research has concentrated on enzyme inactivation by PEF, but some evidence
indicates that, under specific conditions, PEF may increase enzyme activity, depending on the
enzyme and the applied parameters [4-6].

The specific advantages of PEF technology have driven increased research interest in its
application to virgin olive oil (VOO) production. VOO is obtained exclusively through mechanical
processes and is renowned for its unique sensory characteristics and high nutritional value. Phenolic
compounds are the main compounds linked to high nutritional value of VOO, but they also play a
crucial role in defining it’s the key sensory attributes, particularly bitterness and pungency. However,
the overall sensory quality of VOO is primarily determined by its volatile organic compound (VOC)
profile. VOCs in VOO originate from three main sources: (i) the lipoxygenase (LOX) pathway, (ii)
oxidative degradation of fatty acids (OX), and (iii) microbiological activity (MBA) during processing.
While OX and MBA are primarily associated with the formation of volatiles that contribute to
undesirable sensory attributes, the LOX pathway involves a sequence of enzymatic reactions that
generate C5 and C6 VOCs, key compounds responsible for the pleasant green and fruity aromas
characteristic of high-quality VOO [7].

One of the major challenges in VOO production is the relatively low efficiency of conventional
extraction methods. Typically, only around 80% of the oil contained in the olive fruit is effectively
recovered, while the remainder remains trapped within intact cells or emulsified in the aqueous
phase [8,9]. Electroporation of cell membranes induced by PEF treatment facilitates the release of oil
that is otherwise inaccessible through conventional technology, thereby enhancing extraction
efficiency. Increases in oil yield of up to 25%, depending on the specific PEF parameters applied, have
been reported in the literature [10-13]. Importantly, these yield improvements have not been
associated with negative effects on oil quality or the development of sensory defects. However,
modifications in the VOC profile have been observed following PEF treatment. For instance,
Tamborrino et al. [12] reported a reduction in C5 and C6 alcohols, while Navarro et al. [11] found a
significant increase in 2-hexenal, indicating that PEF may influence the activity of enzymes involved
in the LOX pathway. Moreover, Veneziani et al. [14] additionally emphasized the important role of
genetic variability among olive varieties in modulating both oil yield and changes in the VOC profile
under PEF treatment.

Given that the effects of PEF depend on both the processing parameters and the olive variety —
along with potential interactions between the two—the aim of the present study was to evaluate the
impact of PEF pretreatment on oil yield, quality parameters, and VOC profiles of VOO extracted from
four Croatian autochthonous cultivars: two from Istria region, Istarska bjelica and Rosulja, and two
from Dalmatia, Levantinka and Oblica. PEF treatment was applied prior to malaxation, using electric
field strengths ranging from 2 to 7 kV/cm and treatment durations between 30 and 90 seconds.

2. Results and Discussion

2.1. Oil Yield and Quality Parameters of Croatian Virgin Olive Oils

The olive varieties analyzed in this study exhibited substantial variation in oil yield, ranging
from 5% to 16% (Table 1). The Istrian varieties (Istarska bjelica and Rosulja) had significantly lower
oil yields compared to the Dalmatian varieties, with Levantinka having the highest oil yield, which
was significantly higher than that of Oblica and both Istrian varieties.

Table 1. Extraction yield, basic quality parameters (acidity, peroxide value — PV and K-values) of control
samples. Data are expressed as mean + standard deviation.

Variety

Parameter -value Istarsk
P Sarsea Rosulja Levantinka Oblica
bjelica
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o p< 574+056 1612+019 11.19+0.79
Yield (%) dopy 531065 . . N
idi % i < . .
Acidity (% oleic fatty P 020+002b 03700l o 001b 0204001 c
acid) 0.001 a
PV (meq O2/kg) p<0.05 47+14a 43+02ab 27+02b 44+04ab
p< 1.93 +0.03 1,49 + 0,04
K  FS 177+011a . 1.42 +0.04 b .
< 174001  0.11+0.
K-values Kes P 013+002ab O17F001  0I1+003 00 601 e
0.001 a be
AK p= 0004000  -0.01+0.01 -001+001 0,00+ 0,00

0.11

Values in each row followed by different letters are significantly different (p < 0.05) according to Tukey’s

multiple comparison test.

Previously published data also reflect considerable variability in oil yield across these varieties.
For Istarska bjelica, reported oil yields range from 10% to 25% [15-18] while for Rosulja, values
between 5% and 18% have been documented [15,19]. According to Zaneti¢ et al. [20], Levantinka
typically exhibits an oil content of approximately 20%, with an average yield around 12.5% [18].
Oblica displays a broader yield range, varying between 13% and 22%, influenced by cultivation
conditions and fruit maturity index [18,21].

Climatic conditions during the oil accumulation period (July-August 2022) differed notably
between the regions from which the oil-producing fruits originated, possibly contributing to the
observed differences in oil yield (Tables S1 and S2). In Dalmatia, average monthly temperatures
during this period were approximately 2 °C higher than those recorded in Istria. However, when
compared to the respective five-year regional averages, Dalmatia showed only a marginal increase
of +0.3°C, whereas Istria experienced a more pronounced increase of approximately +1.4°C.
Additionally, both regions received significantly reduced precipitation during the same period.
During this period (July-August 2022), precipitation levels were significantly lower than the five-
year average—more than eight times lower in Istria and up to twelve times lower in Dalmatia
according to data from the Croatian Meteorological and Hydrological Service (CMHS) (Tables S1 and
52). Previous research has shown that elevated temperatures during fruit development can adversely
affect oil biosynthesis, leading to lower yields [22]. However, the extent of this impact is variety-
dependent, as olive genotypes exhibit differing levels of tolerance to heat and drought stress. Oblica,
and particularly Levantinka, are recognized for their resilience to water deficit conditions [23,24]
which likely contributed to their superior oil yields despite the adverse climatic conditions of the
2021/2022 olive season.

The basic quality parameters of the oil (Table 1) —including acidity as indicators of hydrolytic
degradation, and peroxide value (PV) and specific extinction coefficients at 232 and 268 nm (K232 and
Kze8) as markers of oxidative deterioration — were found to vary significantly among varieties.
Nevertheless, all measured values remain well within the regulatory limits established for extra VOO
under EU legislation [25].

2.2. Lipoxygenase Activity and Composition of Volatile Compounds in Croatian Virgin Olive Oils

The quality of virgin olive oil (VOO) is determined not only by its basic physicochemical
parameters but also by its sensory attributes. Phenolic compounds contribute significantly to
desirable sensory characteristics, bitterness and pungency. In contrast, VOCs are primarily
responsible for the oil’s aromatic profile. As previously mentioned, VOCs derived from the LOX
pathway play a key role in creating the distinctive green and fruity notes that are characteristic of
high-quality VOO [7].

Lipoxygenase (LOX) is the initial enzyme in the LOX pathway, catalyzing the oxidation of free
polyunsaturated fatty acids to form conjugated hydroperoxides. The activity of this enzyme has been
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identified as a limiting factor in the biosynthesis of VOCs in VOO [26,27]. For this reason, LOX activity
was selected in this study as a key parameter for monitoring the formation of VOCs in produced
VOOs. LOX activity in Croatian VOOs is presented in Table 2. The results reveal a significant effect
of olive variety on LOX activity. Specifically, the Istrian varieties demonstrated significantly higher
LOX activity compared to the Dalmatian varieties, with the Rosulja variety exhibiting the highest
overall activity. The influence of variety on the VOC of VOO is well-documented and is largely
attributed to genetic differences affecting enzyme activity [28-33]. In addition to varietal genetics,
environmental factors and geographical origin also contribute to variability in LOX activity. Some
studies have suggested that geographical origin may be an even stronger determinant of the volatile
profile than variety alone [34]. Padilla et al. [35] further showed that environmental conditions—such
as temperature, light exposure, mechanical wounding, and water availability —can modulate the
expression of the 13-LOX gene at the transcriptional level, thereby influencing LOX enzyme activity.
Notably, their research indicated that lower temperatures could enhance LOX activity. Based on these
findings, it is reasonable to conclude that the elevated LOX activity observed in the Istrian varieties
likely resulted from the combined influence of varietal genetics, regional origin, and environmental
conditions, particularly temperature (Table 2, Tables S1 and S2).

To the best of our knowledge, the only prior study investigating LOX activity in Croatian olive
varieties was conducted by Soldo et al. [33], focusing exclusively on Dalmatian varieties. Among
these, Oblica and Levantinka—also included in the present study —were analyzed. The authors
reported a significant increase in LOX activity with advancing fruit maturity over a three-year period.
Additionally, they also reported that Oblica consistently exhibited higher LOX activity than
Levantinka at comparable maturity indices across multiple harvest seasons. Our findings are
consistent with this study, as we observed a similar trend: Oblica, at a maturity index of 1.75, showed
higher LOX activity than Levantinka at a maturity index of 2.01 (Table 2).

The total mass fraction VOCs derived from the LOX pathway show a partial correlation with
measured LOX activity (Table 2). Although Rosulja had significantly higher LOX activity compared
to the other varieties studied, the total concentration of its LOX-derived VOCs did not differ
significantly from those measured in Istarska bjelica and Oblica. However, Istarska bjelica and Oblica
showed a significant difference in content of VOCs originating from LOX path between them.
Levantinka, which demonstrated the lowest LOX activity, also had the lowest concentration of VOCs
from the LOX-pathway, supporting the hypothesis that LOX activity is a limiting factor in the
biosynthesis of these compounds [26].

Table 2. Lipoxygenase (LOX) activity (umol HPOT*/mg protein) and composition of volatile compounds (VOC)

(mg/kg) in control olive oil samples from Croatian varieties. Values are presented as mean + standard deviation.

Variety
Parameter p-value Istarska ) ) )
L. Rosulja Levantinka Oblica
bjelica
LOX Activity
p< 2.42+0.36
(pmol HPOT*/mg 0.001 1548 +0.61b  23.46+0.67 a d 9.88+0.48 c
protein) '
Volatile
compound RID**
(mg/kg)
from LOX path
ps
0.68+0.07a  0.10+0.09b nd*** b nd b

2-pentenal A 0.001
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2-methyl-4-
p< 4.38 +0.68
pentenal 1691+1.01a 450+0.88b 0.34+0.18c
0.001 b
+ 3-hexenal
p< 229+253 1.35+0.49
39.39+6.56a 40.34+2.79a
2-hexenal 0.001 b b
0.59 +0.09
p<0.01 087+009ab 0.64+0.15b 097+0.10a
1-penten-3-ol b
(E)-2-penten-1- =
P P nd nd 0.07 £0.12 nd
ol 0.441
(Z)-2-penten-1- ps 1.23+0.10  0.76 £0.09
229+0.32a 1.12+0.17b
ol 0.001 b b
p< 3.42£2.49
033+£0.10b  0.99+125b 9.94+0.98 a
hexan-1-ol 0.001 b
P~ 0.64+0.32 1025+£593  1248+156 8.50+2.06
2-hexen-1-ol 0.363
(E)-3-hexen-1- p< 0.50 +0.44
ndb nd b 1.29+£0.19a
ol 0.001 b
(Z)-3-hexen-1- p< 759+097 19.48+0.69
9.78+155b  6.83+£2.63Db
ol 0.001 b a
p< 1.07+0.63 0.51=+0.11
4.48+0.52 a 1.08+0.57 b
1-penten-3-one 0.001 b b
P nd 0.25+0.43 nd nd
pentan-3-one 0.441
ps
ndb nd b 147 +0.20 a nd b
hexyl acetate 0.001
3-hexenyl p<
nd b 0.38+0.12b 2.11+0.38a nd b
acetate 0.001
6648+16.76 33.54+5.08 46.8+3.61
p<0.01 7537+784a
Total ab c bc
from OX
p<s
0.43+0.09b 021+02b 1.32+006a 1.06+0.15a
pentanal 0.001
p< 0.11+0.04 0.10+0.05
2.99+0.92a 0.77+0.2b
2,4-hexadienal 0.001 b b
4-oxohex-2- p<
494+0.38 a 091+£026b 0.19+0.19c 0.03+0.05c¢
enal 0.001
nonanal p=007  0.18+0.08 0.27 £ 0.07 0.14+£0.03  0.15+0.02
p< 1.77 +0.25
853+1.16a 216+0.56 b 1.33+0.1b
Total 0.001 b
from MBA
2- p< 0.01 +£0.02
0.53+0.21a 0.06 £0.05b nd b
methylbutanal 0.001 b
3- p<
0.35+0.10 a nd b nd b ndb
methylbutanal 0.001
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0.24 +0.07
p<0.05 nd b 0.06+0.10b 043+0.23a
pentan-1-ol B ab
0.24+0.07 0.45+0.26
p<0.05 089+032a 012+0.14Db
Total ab

*HPOT - hydroperoxy-octadecatrienoic acid; **RID - reliability of identification: A-level — agreement of
retention index (RI) and mass spectrum with those of an authentic compound; B-level — difference between
experimental RI and literature RI < 20 and mass spectrum similarity match > 900; C-level — at least agreement
of mass spectrum > 800; ***nd — not detected; values in each row followed by different letters are significantly

different (p <0.05) according to Tukey’s multiple comparison tests.

Overall, the Istrian varieties tended to produce a higher total mass fraction of LOX-derived
volatiles than the Dalmatian varieties. These findings are consistent with previous studies, which
reported that lower ambient temperatures during fruit development are associated with enhanced
accumulation of LOX-pathway compounds [36,37]. Similarly, Luki¢ et al. [32] also observed higher
concentrations of LOX-derived volatiles in oils from Istrian varieties compared to those from
Dalmatian varieties.

Furthermore, the composition of VOCs derived from the LOX pathway is strongly influenced
by the geographical origin of olive growth. In oils produced from Istrian varieties, aldehydes are the
predominant VOC class accounting for 68 % of LOX volatiles in Rosulja and 77 % in Istarska bjelica.
On the other hand, alcohols are more abundant in oils from Dalmatian varieties, 79 and 87 % in
Levantinka and Oblica VOO, respectively (Table 2). This difference is likely associated with increased
activity of alcohol dehydrogenase (ADH) in the Dalmatian varieties, which catalyzes the conversion
of aldehydes into their corresponding alcohols.

The predominant compound derived from the LOX pathway in Istrian VOOs is 2-hexenal, which
makes up more than 50% of the total LOX-derived volatiles. This observation is consistent with earlier
studies, which also identified 2-hexenal as the major aldehyde in the oils of Istarska bjelica and
Rosulja varieties [32,38—40]. In contrast, the dominant VOCs from the LOX path in Dalmatian olive
varieties are the C6 alcohols, 2-hexen-1-ol and (Z)-3-hexen-1-ol. In Oblica VOO, (Z)-3-hexen-1-ol
accounts for approximately 47.5% of LOX-derived VOCs, while 2-hexen-1-ol constitutes around 20%.
The Levantinka variety exhibits nearly inverse proportions, with (Z)-3-hexen-1-ol accounting for
28.6% and 2-hexen-1-ol approximately 47% (Table 2). These differences suggest variety-specific
activity of isomerase enzymes, responsible for the interconversion of these structural isomers.
Variation in LOX-pathway enzyme activity is also reflected in the activity of alcohol acetyl transferase
(AAT), which was found to be significantly higher in Levantinka than in Oblica, and higher than in
Istrian varieties as well. This increased enzymatic activity is supported by the presence of esters such
as 3-hexenyl acetate and hexyl acetate in Levantinka VOO. Luki¢ et al.[32] also reported (Z)-3-hexen-
1-ol as the predominant LOX-pathway alcohol in Oblica VOOs. Some of the other studies have
identified 2-hexenal as the dominant VOC from the LOX path in both Oblica and Levantinka [33,41].
Furthermore, ester formation in Dalmatian varieties was shown to vary over the harvest season and
was closely linked to fruit maturity index, as reported by Soldo et al. [33].

In present study, C5 ketones were also identified among the VOC originating from the LOX
pathway. 1-penten-3-one was consistently detected across all analyzed oils, whereas pentan-3-one
was detected exclusively in the Rosulja variety. Significant inter-variety differences were found for
nearly all VOCs derived from the LOX path. Exceptions included the relative proportions of 2-hexen-
1-ol as well as (E)-2-penten-1-ol and pentan-3-one, both of which were present at low concentrations
and did not exhibit significant varietal variation.

In addition to LOX pathway products, which constitute the predominant fraction of VOCs in
studied oils, volatiles resulting from fatty acid oxidation (OX) and microbiological activity (MBA)
were also detected in all analyzed samples (Table 2). The olive variety exerted a significant influence
on the concentrations of these non-LOX volatiles. Notably, Istarska bjelica had significantly higher
levels of both compound groups, approximately four-fold higher concentrations of OX products and
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two-fold higher concentrations of MBA derived volatiles compared to other varieties. The elevated
levels of OX products in Istarska bjelica VOOs were primarily attributed to increased concentrations
of 2,4-hexadienal and, in particular, 4-oxohex-2-enal (Table 2), a secondary oxidation product
resulting from the degradation of polyunsaturated fatty acids [42]. Additionally, Tukey’s post-hoc
analysis revealed a significant difference (p < 0.05) in pentanal concentrations between Istrian and
Dalmatian varieties, with higher levels detected in the latter. The composition of MBA products also
exhibited significant variation based on the geographical origin of the olives. In Istrian varieties,
particularly Istarska bjelica, the branched-chain aldehydes 2-methylbutanal and 3-methylbutanal were
prevalent, whereas Dalmatian varieties showed higher levels of pentan-1-ol (Table 2). These
branched aldehydes are products of amino acid catabolism and are associated with the development
of the fusty sensory defect. In contrast, pentan-1-ol, formed via yeast- and mold-induced
fermentation, is linked to the winey-vinegary defect. The aforementioned branched aldehydes are
characterized by malty, sweet, and ripe odor notes and possess a nasal odor threshold significantly
lower than the concentrations detected in Istarska bjelica and are likely to have an impact on sensory
profile of the produced oil. Conversely, the odor threshold of pentan-1-ol exceeds the concentrations
observed in Oblica VOO suggesting that its presence is unlikely to negatively affect the sensory
quality of produced oils [7].

2.3. Effect of Pulsed Electric Field on Oil Yield and Quality Parameters

The application of PEF technology in VOO production has been extensively investigated over
the past decade. Due to its capacity to disrupt olive cell structures, PEF has been shown to enhance
oil extractability and improve oil quality, particularly through its influence on the release of bioactive
compounds and the preservation of key sensory attributes of VOO. Reported increases in oil yield
following PEF treatment range from 2.3% to 25% [11-14,43-45]. Importantly, these studies
consistently indicate that PEF does not negatively affect the physico-chemical quality parameters
required for VOO classification, nor does it induce sensory defects. However, most studies employed
moderate electric field strengths (up to 2 kV/cm) with variable treatment durations. In our previous
work, we examined the influence of electric field strength and PEF treatment duration on the activity
of -glucosidase and LOX enzymes in model systems [6]. The results indicated that electric field
strength positively affected B-glucosidase activity, whereas treatment duration significantly
influenced LOX activity. These findings suggest that PEF could enhance the formation of phenolic
and volatile compounds, thereby improving the sensory profile of VOO, depending on the applied
parameters. Furthermore, Tamborrino et al. [12] reported that PEF treatment modified the
concentrations of specific oleuropein and ligstroside derivatives, as well as certain volatile alcohols.
Moreover, Venenziani et al. [14] highlighted that the effect of PEF is variety dependent. Based on
these insights, the present study aimed to evaluate the impact of PEF pretreatment on selected
autochthonous Croatian olive varieties. PEF was applied prior to malaxation, with experimental
combinations of electric field strength (2 and 7 kV/cm) and treatment duration (30 and 90 seconds)
designed according to a central composite experimental design. The resulting data were used to
develop two-factor interaction models for each variety. Model parameters, including regression
coefficients and p-values, are provided in the supplementary material (Tables S3-S5).

Response surface plots derived from the developed models, illustrating the relative change in
oil yield for each of the four investigated olive varieties, are presented in Figures la-d. The
application of PEF treatment resulted in enhanced oil extraction efficiency across all varieties;
however, the extent of this improvement was dependent on the specific variety. In Istarska bjelica,
the increase ranged from 10.7% to 26.1% (Figure 1a), while in Rosulja, it reached values from 9.7% up
to 36% compared to the untreated control (Figure 1b). These enhancements are notably higher than
those reported in previously published studies [12,14,43,45]. In contrast, the Dalmatian varieties
exhibited a significantly lower increase in oil yield after PEF treatment. Specifically, the Oblica variety
showed an increase of up to 4% (Figure 1d), while Levantinka reached a maximum of only 2.5%
(Figure 1c). Notably, the Istrian olive varieties, which had lower baseline oil yields for controls -
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averaging 5.5% (Table 1), exhibited substantially greater relative improvements upon PEF
pretreatment compared to the Dalmatian varieties (Figures 1a-d). This difference can be attributed to
differences in the oil-to-water ratio between olive varieties (see Subsection 3.1. Plant Material). The
Istrian varieties, characterized by a lower content, possess a correspondingly higher water content,
which enhances the electrical conductivity of the olive paste. Increased conductivity facilitates more
effective transmission of PEF, thereby promoting greater cell membrane permeabilization and
structural disruption [46] ,which in turn improves oil release. Ultimately, this indicates that the
greatest impact of PEF on oil extraction efficiency can be achieved in olives with lower initial oil yield,
whether due to inherent varietal characteristics or as a consequence of low oil content due to
increasingly prevalent adverse climatic conditions associated with climate change.
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Figure 1. Three-dimensional response surface plots showing the effect of electric field strength (kV/cm) and
treatment time (s) on oil yield (%) in Croatian olive varieties: (a) Istarska bjelica; (b) Rosulja; (c) Levantinka; (d)
Oblica. Results for each variety are expressed as relative change (RC [%]) in yield compared to the control,

calculated as 100 x (treatment — control) / control.

A comparison of variety responses to varying PEF parameters revealed distinct differences in
sensitivity to electric field strength and treatment duration. In Istarska bjelica (Figure 1a), the highest
yield increase was observed at the maximum field strength, whereas treatment time alone had a
slightly negative effect. Conversely, at lower field strengths, longer treatment durations were
necessary to achieve comparable yield improvements. In Rosulja (Figure 1b), the highest relative
increase in yield occurred at lower electric field strengths, indicating an inverse response compared
to Istarska bjelica. A similar pattern was observed in Oblica (Figure 1d), though with an added
positive influence of treatment time. Notably, in Oblica, increasing the field strength beyond about 3
kV/cm led to a yield reduction of up to 5% compared to the control. This may be attributed to
enhanced emulsion stability resulting from PEF-induced structural modifications of proteins and
phospholipids, which are released into the matrix upon cell disruption and contribute to
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emulsification, thereby reducing extractable oil [47]. Levantinka (Figure 1c), which exhibited the
highest initial oil yield among the tested varieties (Table 1), showed the greatest relative increase at
medium field strengths, with an additional positive effect of prolonged treatment time. In contrast,
shorter durations at both low and high field strengths resulted in decreased yields relative to the
control. It should be noted, however, that, according to the statistical analysis (Table S3), none of the
fitted models adequately described the experimental data. Although the R? values were relatively
low (R? < 0.7), these experimental data remain valuable for identifying overall trends and informing
future optimization strategies. The observed variability in the central point replicates illustrates the
complexity of the system under investigation.

Figures 2 to 5 present the response surface plots illustrating the effects of PEF parameters on
basic quality parameters. Unlike the data on extraction yield, these results are expressed as absolute
differences compared to the untreated control, allowing for a more transparent assessment of
parameter deviations in relation to legally established limits. This approach facilitates the evaluation
of whether regulatory limits were exceeded for parameters subject to official quality standards [25].

Changes in acidity are shown in Figures 2a—d. The maximum deviation from the control was
0.04% oleic acid, and the acidity of all produced oils was well below the regulatory limit of 0.8% for
extra VOO, indicating that PEF treatment did not significantly promote hydrolytic degradation. With
the exception of Oblica, all varieties exhibited similar trends in acidity response to PEF treatment. A
minimal increase in acidity was observed at lower electric field strengths, while higher field strengths
led to a slight decrease. This pattern may be attributed to variations in lipase activity under different
PEF treatments. Similar findings were reported by Yang et al. [43], who observed an increase in
acidity after PEF treatment at 1.6 kV/cm, potentially due to enhanced lipase activity while Ho et al.
[48] reported that higher voltages of 5 and 15 kV/cm reduced lipase activity by up to 30%. Oblica
differed from the other varieties, showing a consistent but minimal increase in acidity (0.02-0.03%)
regardless of treatment parameters. Statistical analysis (Table S3) showed that the response surface
models for Istarska bjelica and Levantinka had good predictive value (R? > 0.7), whereas no
significant model fit was found for Oblica and Rosulja. In Istarska bjelica, electric field strength was
the primary factor influencing acidity variation. In Levantinka, both electric field strength and
treatment time contributed similarly, with a statistically significant effect observed for the square of

time.
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Figure 2. Three-dimensional response surface plots showing the effect of electric field strength (kV/cm) and
treatment time (s) on acidity (% oleic fatty acid) in Croatian olive varieties (a) Istarska bjelica; (b) Rosulja; (c)
Levantinka; (d) Oblica. Results for each variety are expressed as the difference in acidity compared to the control,

calculated as treatment — control.

PEF treatment had a relatively minor effect on primary oxidation products determined by PV,
as shown in Figures 3a—d. However, the response varied among varieties. In the Istrian varieties, PV
generally decreased across all treatment conditions (Figures 3a and 3b). A slight increase was
observed only in Istarska bjelica under the highest electric field strength and longest treatment
duration. This reduction in PV may be attributed to peroxidase inactivation by PEF and/or the
enhanced activity of antioxidant compounds, particularly polyphenols, which inhibit oxidative
degradation. Luki¢ et al. [32] previously reported that Istrian varieties investigated in this study
contain significantly higher polyphenol concentrations compared to Oblica. This could explain why
Oblica showed an increase in PV under all treatment conditions (Figure 3d). The smallest changes
were observed in Levantinka (Figure 3c), suggesting minimal sensitivity of this variety to PEF in
terms of oxidative stability.

Statistical modeling (Table S3) indicated good fit for the Istrian varieties (R2 > 0.8), although the
influencing factors differed between them. In Istarska bjelica, electric field strength was the most
significant factor, with both its linear and quadratic terms showing a statistically significant positive
effect on PV increase. In Rosulja, treatment duration had the strongest influence, particularly the
quadratic term, as well as its interaction with electric field strength. Additionally, the quadratic term
for electric field strength was also statistically significant (p < 0.05), indicating a non-linear
relationship. No significant model was obtained for Levantinka or Oblica, reflecting their limited or
inconsistent response to PEF with respect to PV.
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Figure 3. Three-dimensional response surface plots showing the effect of electric field strength (kV/cm) and
treatment time (s) on peroxide value - PV (meqO:/kg) in Croatian olive varieties (a) Istarska bjelica; (b) Rosulja;
(c) Levantinka; (d) Oblica. Results for each variety are expressed as the difference in PV compared to the control.

The trends observed for the extinction coefficient at 232 nm (K232), which also indicates the
presence of primary oxidation products, were largely consistent with those of PV (Figures 4a-d). In
Rosulja, K232 values decreased across all PEF treatments (Figure ab), while Oblica showed a consistent
increase, reflecting its greater susceptibility to oxidative changes (Figure 4d). Levantinka again
demonstrated the greatest resistance, with minimal changes in Kz, suggesting strong oxidative
stability under PEF conditions (Figure 4c). In Istarska bjelica, a slight increase in K232 was observed
despite a decrease in PV (Figure 4a). Notably, the response surface plots for Kz for Istarska bjelica
are almost identical to those for PV, and electric field strength was found to have a statistically
significant (p<0.05) positive effect on Kz values (Table S4). In contrast, no clear patterns were
observed for Kas, which reflects secondary oxidation products (Figures 5a—-d). None of the fitted
models for Kass achieved satisfactory predictive power (R?<0.7), and no statistically significant effects
of the PEF parameters were identified (Table 54).

Overall, the application of PEF treatment under the tested conditions had a minor or negligible
impact on the basic quality parameters of VOO. All values remained well below the regulatory limit
for extra VOO across all varieties, indicating no significant hydrolytic or oxidative degradation.
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Figure 4. Three-dimensional response surface plots showing the effect of electric field strength (kV/cm) and
treatment time (s) on K232 in Croatian olive varieties (a) Istarska bjelica; (b) Rosulja; (c) Levantinka; (d) Oblica.
Results for each variety are expressed as the difference in K232 value compared to the control.

0.05 0.03
0.04 0.02
001 T
® 0.03 o 0.00
o °
2 o g o
-0.02
0.01
-0.03
0.00 “ 004 © >
51 Time
2028 20,4 .
EL field strength >~ 4350 -~ EL field strength -~ 4350 - ©
(KV/cm) 65 (kV/cm) 65
(a) (b)
0.05 — 0.05
0.04
oo __\N 0.04
2 o g — gz 0
> 0.01 1 2 o,
. o
0.00 - 0.01 L
001 - > 72 000 < < 72
51 Ti 51 T
20,5 35 >0 ime 2044 a5 ,50 ime
EL field strength ~~ 435 58 (s) EL field strength ~~ 4350 58 (s)
(kV/cm) 65 (KV/em) 65
(c) (d)

Figure 5. Three-dimensional response surface plots showing the effect of electric field strength (kV/cm) and
treatment time (s) on K268 in Croatian olive varieties (a) Istarska bjelica; (b) Rosulja; (c¢) Levantinka; (d) Oblica.

Results for each variety are expressed as the difference in K268 value compared to the control.

2.4. Effect of Pulsed Electric Field on Lipoxygenase Activity and Volatile Compounds

Response surface plots illustrating the behavior of LOX activity under Pulsed treatment for each
variety are presented in Figure 6. LOX activity is expressed as a relative difference (%) compared to
the untreated control. The results indicate a clear variety-dependent response to PEF. In the Istrian
varieties, which exhibited high baseline LOX activity, PEF generally led to a reduction in enzyme
activity. Conversely, the Dalmatian varieties, characterized by lower initial LOX activity, showed an
increase after the treatment. The reduction of the LOX activity was the most pronounced in Rosulja,
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which had the highest LOX activity in the control samples and exhibited a reduction of up to 95%
after PEF treatment (Figure 6b). In Istarska bjelica, the decrease was smaller but still notable, with up
to a 25% reduction (Figure 6a). The response surface models for the Istrian varieties demonstrated
good predictive accuracy (R?>0.7), with treatment time identified as the most influential factor (Table
54). Interestingly, the effect of time differed between these two varieties: in Istarska bjelica, a slight
increase in LOX activity was observed at the shortest treatment time, while in Rosulja, the greatest
reduction occurred under the same condition. In Istarska bjelica, all tested factors —except the linear
term of electric field strength—had a statistically significant influence on LOX activity (p < 0.05). In
Rosulja, treatment time and the quadratic term of electric field strength had significant positive
impact on the enzyme’s activity.
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Figure 6. Three-dimensional response surface plots showing the effect of electric field strength (kV/cm) and
treatment time (s) on lipoxygenase (LOX) activity (umol hydroperoxy-octadecatrienoic acid (HPOT)/mg
protein) in Croatian olive varieties (a) Istarska bjelica; (b) Rosulja; (c) Levantinka; (d) Oblica. Results for each
variety are expressed as relative change — RC (%) in LOX activity compared to the control, calculated as

[(treatment — control) / control] x 100.

As previously noted, PEF treatment had an opposite effect on LOX activity in the Dalmatian
varieties compared to the Istrian varieties. This effect was particularly pronounced in Levantinka,
where LOX activity increased by up to 180% relative to the control. Both electric field strength and
treatment duration exhibited positive linear effects on enzyme activity; however, their interaction
had a negative influence, suggesting that certain parameter combinations may counteract the
individual enhancing effects. The greatest increases in LOX activity were observed under two
contrasting conditions: high electric field strength with short treatment time, and low field strength
with prolonged treatment. In Oblica, a similar trend was observed, with both electric field strength
and treatment duration positively influencing LOX activity. The maximum increase occurred under
the most intense treatment conditions tested. Despite these observed trends, the response surface
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models for both Dalmatian varieties showed limited predictive power (R? < 0.7), indicating that the
models do not fully capture the variability or complexity of LOX behavior under PEF in Dalmatian
varieties (Table 54).

Possible explanation for the contrasting behavior of LOX activity between the studied variety
groups, and the greater sensitivity observed in the Istrian varieties, may lie in differences in fruit
water content. As we previously noted, higher moisture levels in the Istrian varieties likely increased
the conductivity, enabling more efficient transmission of the electric field during PEF treatment. As
a result, the treatment effect may be amplified, potentially causing greater structural disruption of
the enzyme and leading to its inactivation. These assumptions are supported by findings by Luo et
al. [4], who reported that increasing electric field strength over 5 kV/cm enhances LOX inactivation
through conformational changes in the enzyme’s secondary structure. On the other hand, our
previous study on LOX behavior in model systems [6] demonstrated that exposure to weak or
moderate electric fields can increase LOX activity. This observation supports the results obtained for
the Dalmatian varieties, which showed an increase in LOX activity under PEF application.

When comparing the effects of PEF treatment on LOX enzyme activity (Figure 6) and the
concentration of volatile compounds generated via the LOX pathway (Figure 7), the results may
initially appear inconsistent. In the Istrian varieties, LOX activity was reduced relative to the control,
yet an overall increase in LOX-derived volatile compounds was observed. On the other hand, in the
Dalmatian varieties, an increase in volatile compounds was also recorded, although not proportional
to the observed rise in LOX activity. At first glance, these findings may seem contradictory,
particularly considering that LOX activity is generally regarded as the rate-limiting step in the
biosynthesis of volatile compounds in VOO [26]. However, upon closer examination, certain patterns
and correlations emerge that help better to understand these results.

All of the studied varieties responded better to low electric field strengths. In Istarska bjelica
(Figure 7a), the highest increase in LOX pathway volatiles (~55%) was observed under the mildest
PEF treatment conditions, which also coincided with an increase in LOX enzyme activity. Similarly,
in Rosulja and Levantinka (Figures 7b and 7c), the largest increases in LOX-derived volatiles (~18%)
were recorded under conditions that produced the highest LOX activity —specifically, low electric
field strength combined with longer treatment times. The most notable discrepancy among results
was observed in Oblica, where the highest concentration of LOX volatiles occurred at the lowest
electric field strength (Figure 7d), despite LOX activity being slightly higher at more intense PEF
conditions (Figure 6d).

Several factors may have influenced the observed results. In our previous research using model
systems simulating the malaxation process, we found that LOX activity reaches a plateau during
malaxation, after which the concentration of hydroperoxides begins to decline [6]. Given the high
initial LOX activity in the Istrian varieties (Table 2), partial enzyme inactivation induced by PEF
treatment has not been sufficient to prevent the achievement and even an elevation of this activity
plateau. Moreover, the achievement of LOX activity plateau is also dependent on substrate
availability. A limited concentration of free linoleic or linolenic acid, which serve as substrates for
LOX, could explain the relatively modest increase in LOX-derived volatiles in Levantinka, despite a
significant increase in enzyme activity (Figure 6c). It is also important to consider that, although LOX
activity is often regarded as the limiting factor in the LOX pathway, it is only one of the enzymes
involved in the biosynthesis of volatile compounds. Each of these downstream enzymes may respond
differently to PEF treatment, further contributing to the complexity of the observed outcomes.
Finally, it should be noted that all predictive models, except for Rosulja, showed limited statistical
accuracy (R? < 0.7), suggesting that the current models do not fully account for the variability or
complexity of LOX-derived volatile biosynthesis under PEF conditions (Table S5).

The composition of volatile compounds in VOO produced under PEF treatment is presented by
variety in Tables 3-6. Results are expressed as absolute differences in individual compound
concentrations (mg/kg) relative to the control. Positive values indicate an increase, while negative
values indicate a decrease in compound levels.
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Figure 7. Three-dimensional response surface plots showing the influence of electric field strength (kV/cm) and
treatment time (s) on formation of volatile components (mg/kg) associated with the lipoxygenase (LOX) pathway
in Croatian olive varieties (a) Istarska bjelica; (b) Rosulja; (c) Levantinka; (d) Oblica. Results for each variety are
expressed as relative change — RC (%) in LOX pathway compared to the control, calculated as [(treatment —
control) / control] x 100.

In Istarska bjelica (Table 3), changes in the total concentration of LOX pathway volatiles were
largely driven by variations in the dominant compound, 2-hexenal. Notably, the concentration of this
compound either doubled or decreased by almost 100% compared to the control, depending on the
PEF treatment conditions. Increases were observed after treatments with low electric field strengths
(1 and 2 kV/cm) and moderate strength (4.5 kV/cm) applied for 18 sec. In contrast, higher field
strengths (7 and 8 kV/cm) led to a substantial reduction in 2-hexenal content. Interestingly, in samples
treated with higher electric field intensities, the reduction in 2-hexenal was accompanied by a
corresponding increase in its alcohol derivatives, specifically 2-hexen-1-ol and (Z)-3-hexen-1-ol,
which are formed by ADH. This suggests that, while LOX activity may be partially inhibited under
higher PEF intensities, ADH activity may be simultaneously promoted, possibly due to different
sensitivities of these enzymes to electric field strength.

One-way ANOVA confirmed that PEF treatment had a statistically significant effect on the
concentrations of several volatile compounds, including 2-pentenal, 2-hexenal, 3-penten-1-ol, hexan-
1-ol, 2-hexen-1-ol, (Z)-3-hexen-1-o0l, and 1-penten-3-one (p < 0.05). Tukey’s HSD test further revealed
significant differences between oils produced using low versus high electric field strengths.

Table 3. Volatile compound composition (mg/kg) in oils extracted from the Istarska bjelica olive variety after
pulsed electric field (PEF) pretreatment. Values are reported as mean * standard deviation, representing

differences in compound content relative to the untreated control.

Volatile R  p- Field strength (kV/cm) / Time (s)
compou I val 1/60 2/30 2/90 4.5/ 4.5/ 45/ 7/30 7/90 8/60
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from

2- A ps< 023 023 -026 -027+ -019+ -019 -026+ -0.68 -0.68
2- B = 754 -624 -617 916+ -9.64+ -212 -488+ -833 -14.51
methyl- B 01 +08 071 =078 1.17 505 +4.08 394 +023 =+0.09
2- A p< 4582 4744 4522 39.08 2477 -2.63 -558+ -2591 -37.61
1- A p< -007 -007 -0.02 -018+ -0.02+ -0.04 -011+ 026+ 040z
(E)-2- B * 000+ 000+ 000+ 000+ 000+ 000+ 000+ 032+ 0.00=+
(Z2)-2- B p= -020 -022 -017 -057+ -018+ -027 -049+ -0.06 023+
hexan- B p< 018+ 0.06+ 003+ -004+ 004+ -017 -016+ 291+ 556+
2-hexen- A p< 073+ 062+ 052+ 034+ 036+ -033 -027+ 21.18 1897
(Z)-3- A p< -147 -106 -1.02 -233+ -132+ -196 -265+ 2044 26.16
1- A p< -138  -114  -114 -167x -156+ -078 -152+ -313 096+
from

pentana A p< -008 -007 -0.08 -0.11+ -006+ -012 -014+ 092+ 113+
2,4- A p< -110 -012 -0.09 -159+ -087+ -094 -17x -1.84 -2.77
4- B p< -174 -118 -146 -141+ -249x+ -052 -093+ -358 -459
nonanal B p= -005 0.03+ -018 0.06+ -007+ -018 -013+ -0.18 -0.09
from

2- C p< 001+ 007+ 012+ -023+ 013+ 002+ -0.03+ -028 -0.43
3- B p< -002 -003 002+ -016+ 0.04+ -002 -0.07+ -019 -0.35

*RID — Reliability of Identification: A-level — agreement of retention index (RI) and mass spectrum with those of
an authentic compound; B-level - difference between experimental and literature RI < 20 and mass spectrum
similarity match > 900; C-level — mass spectrum similarity match > 800; ** not enough variance to compute p-
value; values in each row followed by different letters are significantly different (p < 0.05) according to Tukey’s

multiple comparison test.

Table 4. Volatile compound composition (mg/kg) in oils extracted from the Rosulja olive variety after pulsed
electric field (PEF) pretreatment. Values are reported as mean + standard deviation, representing differences in

compound content relative to the untreated control.

Volatile R  p- Field strength (kV/cm) / Time (s)

compou I val 1/60 2/30 2/90 45/ 45/ 45/ 7/30 7/90 8/60
from

2- A p< 007+ -010 -0.01 004+ -0.02 014+ 004+ -004% 001z
2- B = 048+ -125 -303 046+ -1.82 -240+ 030+ -320+ -1.27
methyl- B 06 025 +025 +018 084 +246 0.06 0.86 002 +0.15
2- A p= 2009 - -29.38 174+ -14.85 2206 1836 -2859 -18.71
1- A p= -004+ 021+ 029+ 010+ 020+ 017+ 0.02+ 024+ 023+
(Z2)-2- B p= 010+ 019+ 032+ 019+ 011+ 027+ 019+ 037+ 037
hexan-1- B p< -065+ 718+ 766+ -0.68 027+ -064+ -068 009+ 625+
2-hexen- A p= -947+ 1995 2772 916 783+ -895+ 911 3114 1532
(Z2)-3- A p< -008+ 880+ 776+ -1.08 139+ -141+ -117 373+ 520+
1- A p= 043+ -004 011+ 034+ -052 031+ 017+ -044+ 024z
pentan- B p< -008+ 0.67+ 093+ -025 028+ -025+ -025 092+ 095+
hexyl B p< 012+ 004+ 0.00+ 000+ 001+ 000+ 000+ 000+ 0.00z+
3- A p< 052+ 032+ -012 -026 -026 -026+x -013 -011+ 0.19%
from

pentana A p= -003+ -022 -022 009+ -016 015+ 016+ -022+ -0.22
2,4- A p= 046+ -009 -036 009+ -021 003+ 019+ -049+ -0.29
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4- B p= 052+ -05 -079 -015 -051 -078+ -0.08 -0.76+ -0.68
nonanal B p< 011+ 0.08+x 001+ 002+ -011 -0.02+ -0.04 -0.01+ 0.04=+
from
2- C p< 002+ -006 0.00+ 016+ 000+ 016+ 010+ -0.03+ 0.02+
3- B p< 000+ 000+ 0.00+ 000+ 000+ 012+ 0.09+ 000+ 0.00+

pentan- B p= -0.06+x 043+ 054+ -006 024+ -006+ -0.06 051+ 040+

*RID — Reliability of Identification: A-level — agreement of retention index (RI) and mass spectrum with those of

an authentic compound; B-level — difference between experimental and literature RI < 20 and mass spectrum
similarity match >900; C-level — mass spectrum similarity match > 800; values in each row followed by different

letters are significantly different (p < 0.05) according to Tukey’s multiple comparison test.

In Rosulja (Table 4), where 2-hexenal is also the dominant volatile compound, no consistent
trend was observed in its concentration in response to PEF treatment. Unlike in Istarska bjelica,
neither electric field strength nor treatment duration showed a clear influence on the overall volatile
profile—except in the case of esters. Specifically, the content of hexyl acetate and 3-hexenyl acetate
declined noticeably under more intense PEF treatments. Tukey’s HSD test confirmed that oils
obtained using lower electric field strengths contained significantly higher levels of these esters. This
reduction is likely attributable to decreased activity of AAT, the enzyme responsible for ester
formation. Furthermore, PEF treatment had a significant effect on the concentrations of 2-pentenal,
hexan-1-ol, 3-hexen-1-o0l, 1-penten-3-one, and the detected esters (p < 0.05).

In Levantinka, PEF treatment significantly affected the majority of volatile compounds derived
from the LOX pathway (Table 5). The only exceptions were 2-pentenal, 1-penten-3-ol, (Z)-2-penten-
1-0l, and hexyl acetate, for which no significant changes were observed. Among all treated samples,
the oil obtained following treatment with an electric field strength of 2 kV/cm for 90 seconds stood
out. This sample had a significantly different LOX volatile profile compared to the other produced
VOOs. Unlike the other Levantinka samples, where alcohols were typically dominant, the volatile
profile of this sample was characterized by significantly higher levels of their corresponding
aldehydes. Specifically, significant increases in 2-methyl-4-pentenal, 3-hexenal, and 2-hexenal were
observed, accompanied by a reduction in (Z)-3-hexen-1-ol and 2-hexen-1-ol. This shift suggests a
possible reduction in ADH activity under these PEF conditions, although the mechanism behind this
effect remains unclear. Interestingly, this sample also exhibited the highest concentration of 3-hexenyl
acetate, which is synthesized from (Z)-3-hexen-1-ol via the action of AAT. This finding implies that,
despite reduced ADH activity, AAT activity may have been maintained or even enhanced. It is
noteworthy that the response of ADH to PEF in Levantinka did not follow the same pattern as
observed in Istarska bjelica, suggesting that enzyme sensitivity to PEF may depend on the initial
activity levels present in untreated fruit.

The impact of PEF treatment on LOX pathway volatiles was least pronounced in oils from the
Oblica variety (Table 6). Among the compounds analyzed, only (Z)-3-hexen-1-ol, the dominant
volatile, showed sensitivity to PEF, though no significant differences were observed between treated
samples according to Tukey’s HSD test. A significant effect was also noted for 2-hexenal, but both its
concentration and the magnitude of change were minimal, suggesting limited practical relevance in
sensory characteristic of these oils.

Table 5. Volatile compound composition (mg/kg) in oils extracted from the Levantinka olive variety after pulsed
electric field (PEF) pretreatment. Values are reported as mean + standard deviation, representing differences in

compound content relative to the untreated control.

Volatile RI  p- Field strength (kV/cm) / Time (s)

compoun D val 1/60 2/30 2/90 45/18 4.5/60 4.5/ 7/30 7/90 8/60
from LOX
2- A ** 0.00 £ 0.00 £ 021+ 0.00 = 0.00 = 0.00 = 0.00 = 0.00 = 0.00 =
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2-methyl- B p< 0.07 £ 0.23 + 2.14 + 0.05 0.20 £ 014+  -022+ 0.08 + 1.49 +
4- B 0.00 0.01b 0.07b 0.21a 0.01b 0.34b 0.01b 0.02b 0.04b 0.15a
2-hexenal A p< -1.32+ -1.82+ 2027+ -0.17% 140+ -1.98+ 218+ 0.42 + 13.62 +
l-penten- A p= 0.04 + 000+ -0.09+ -009+ 0.10z% 0.20 + 0.24 + 0.20 + 0.00 +
(E)-2- B p< 0.19 010+ -0.07+ 0.01+x -0.03+ 0.03% 0.16 + 0.16 + 0.00 +
(Z)-2- B = 0.20 + 0.01+ 0.17 + -0.05+ 0.01 + -0.09 £ 0.03 + 0.04 + 0.11+
hexan-1- B ps  -l112+  -016+ 293+ -1.60+ 188+ -121+ -1.05+ -189+ 110+
2-hexen- A p< 392+ -0.16x -11.62 -253+ -158+ 311z 094+ -092+ -275%
(E)-3- A p< 0.27 + 011+ -050+ -0.16x -020x 0.19% 009+ -050+ -0.50=
(Z)-3- A p< 1.37 + 0.16 + 409+  -144+ 0.78 £ 1.17 + 0.82 + 25+ 0.30 +
l-penten- A ps 064+ 007+ 1.00 + 0.30 + 069+ -0.65+ -0.76+ -0.70x 0.62+
hexyl B p= 025+ -0.02+ 048+ -013+ 0.02% 0.44 + 0.25 + 0.15 + 0.29 +
3-hexenyl A p< 1.02 + 0.52 + 1.88 + 0.47 £ 0.08 £ 1.19+ 0.77 + 0.84 + 0.25 +
from OX

pentanal A p< 0.1+ -017+ -091+ -029+ -022+ -0.03+ -0.02+ -0.08+ -0.35%
2,4- A < -011+ -011+ 023+ -0.11+x -011+ -011+ -0.11+ -011+ 0.04=%
4-oxohex- B ps -019+ -019+ 025+ -019+ -0.18+ -0.19+ -0.19+ -0.19+ 0.04=+
nonanal B p= 0.02 + 0.02 + 0.04 + 0.01+ 0.04 + 0.02 + 0.04 + 0.04 + 0.05 +
from

2- C p< 0.00 + 0.00 + 0.09 + 0.00 + 0.00 + 0.00 + 0.00 + 0.06 + 0.00 +

pentan-1- B ps -003+ 002+ -024+ -007+ 003+ -004+ 001+ -0.10+x -0.09%

*RID - Reliability of Identification: A-level — agreement of retention index (RI) and mass spectrum with those of
an authentic compound; B-level - difference between experimental and literature RI < 20 and mass spectrum
similarity match > 900; C-level — mass spectrum similarity match > 800; ** not enough variance to compute p-
value; values in each row followed by different letters are significantly different (p < 0.05) according to Tukey’s

multiple comparison test.

Table 6. Volatile compound composition (mg/kg) in oils extracted from the Oblica olive variety after pulsed
electric field (PEF) pretreatment. Values are reported as mean + standard deviation, representing differences in

compound content relative to the untreated control.

Volatile RI  p- Field strength (kV/cm) / Time (s)

compoun D  val 1/60 2/30 2/90 45/18 4.5/60 45/ 7/30 7/90 8/60
from LOX
2-methyl- B p= -0.09+ 217+  -14x 171+ -1.89+ 327+ -121x -1.03x -2.06=
4- B 037 1.23 1.23 1.97 0.76 2.14 1.34 1.45 2.92 1.43
2-hexenal A  p< 019+ -036+ 024+ 251+ 014+ -010x 013+ -033+x -0.78x
1-penten- A = 001+ 002+ -0.05+ -008+ -006+ -0.02+ -010+x 0.00x 0.00+
(E)-2- B p= 000+ 000+ 000+ 008+ 0.02+ 0.08+ 0.06=+ 005+ 007+
(Z)-2- B p= 003+ 007+ -0.03x -010x -006+ -0.15+ -0.13+ 001+ -0.22%
hexan-1- B  p= 386+ 375+ 452+ 385+ -155+ 153+ 227+ 507+ -243+
2-hexen- A p= 6.37 = 810+ 353 657+ 7.65 £ 10.1« 773 % 613+ 588+
(E)-3- A p= -094+ 003+ 013+ -031+ -028+ 017+ -015+ 024 -0.10=%
(Z)-3- A p< 152+ -052+ -0.19x 291+ 333+ 459+ 697+ -154x -7.73%
l-penten- A p-= 048+ 048+ 045+ 025+ 035+ 011+ 013 067+ -0.10+
from OX
pentanal A p= 014+ 014+ -0.08+ 002+ -010+x 001+ -013x -0.02x 0.09%
2,4- A p< 001+ -010+ -010+ -0.05+ -010x -0.10x -0.10x -0.10x -0.10%
nonanal B p= 0.03 = 003+ -001+ 000+ -0.02+ -0.01+ 0.00=% 0.00+ -0.03%
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from
pentan-1- B ps< 016+ -0.02+x -0.11+ -026+x -020+x -025+ -0.22=% 018+ -0.35%

*RID — Reliability of Identification: A-level — agreement of retention index (RI) and mass spectrum with those of
an authentic compound; B-level — difference between experimental and literature RI < 20 and mass spectrum
similarity match >900; C-level — mass spectrum similarity match > 800; values in each row followed by different

letters are significantly different (p < 0.05) according to Tukey’s multiple comparison test.

The effect of PEF treatment on oxidation-derived volatile compounds was generally positive,
resulting in a significant reduction of OX products across all studied varieties, as shown in Figure 8.
The most pronounced decrease occurred in the Istrian varieties, with Rosulja showing nearly a 70%
reduction. This decline in OX compounds, observed in both Istarska bjelica and Rosulja (Tables 3 and
4), was primarily driven by decreased concentrations of secondary oxidation products such as 4-
oxohex-2-enal and 2,4-hexadienal, which originate from the oxidative degradation of
polyunsaturated fatty acids. In both Istrian varieties (Figures 8a and 8b), the electric field strength
had a significant impact on the reduction of OX products. Furthermore, extending the PEF treatment
duration in Rosulja amplified this effect. A less pronounced trend of OX volatile decrease was
observed in Dalmatian varieties. For instance, in Levantinka (Figure 8c), shorter treatment times
achieved the greatest reduction in OX products, whereas longer durations attenuated this effect. In
Oblica (Figure 8d), mild PEF conditions slightly increased OX compounds, but increasing the electric
field strength resulted in a significant reduction. This decrease in Oblica oils was primarily associated
with reduced levels of 2,4-hexadienal, while 4-oxohex-2-enal was undetectable (Table 6). The
reduction of OX products following PEF treatment is likely attributable to enhanced extraction of
bioactive compounds, such as polyphenols and tocopherols [14,43]. These antioxidants play a crucial
role in protecting polyunsaturated fatty acids from oxidative degradation, thereby improving the
oxidative stability of the oil.
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Figure 8. Three-dimensional response surface plots showing the influence of electric field strength (kV/cm) and
treatment time (s) on formation of volatile components (mg/kg) associated with the oxidation (OX) in Croatian

olive varieties (a) Istarska bjelica; (b) Rosulja; (c) Levantinka; (d) Oblica.

According to the results of statistical analysis (Table S5), all predictive models assessing the
impact of PEF on OX volatiles exhibited low explanatory power (R? < 0.5), suggesting that additional
factors—such as fatty acid composition, concentrations of bioactive compounds, presence of
prooxidants, and enzymatic activities involved in OX volatile formation —significantly influence the
observed outcomes.

The influence of olive variety, as well as the geographical origin of cultivation, is evident in the
response of MBA compounds to PEF treatment (Figure 9). The specific microbiota associated with
olives is known to vary depending on the cultivation area, and these microorganisms are responsible
for the formation of MBA-related volatiles [49]. The resistance of these microorganisms to inactivation
by PEF treatment can differ based on species and cell structure [50]. As we mentioned, in Istrian
varieties, the dominant MBA products are branched-chain aldehydes, 2-methylbutanal and 3-
methylbutanal, while in Dalmatian varieties, 1-penten-3-ol is the most abundant. These differences
support the hypothesis that distinct microbial populations are associated with each geographical
region and variety. Interestingly, an overall increase in MBA products was observed in Istrian
varieties following PEF treatment, with Rosulja showing the most pronounced increase —up to 350%
compared to the control. While PEF is known to inactivate microorganisms, with the effect enhanced
at higher electric field strengths [1], this inactivation trend was only evident in Istarska bjelica where
moderate electric field strengths led to an increase in MBA volatiles. However, higher field intensities
and longer treatment durations resulted in a significant reduction of approximately 60% (Figure 9a).
In contrast, no such reduction was observed in Rosulja (Figure 9b), suggesting that the specific
microbial population in this variety may be more resistant to PEF or respond differently to cell
permeabilization. Martinez et al. [51] have noted that PEF-induced membrane permeabilization in
microbial cells can lead to the release of intracellular metabolites into the surrounding medium. This
phenomenon may explain the increase in MBA-related volatiles, as microbial metabolites are released
upon membrane disruption.
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Figure 9. Three-dimensional response surface plots showing the influence of electric field strength (kV/cm) and
treatment time (s) on formation of volatile components (mg/kg) associated with the microbial activity (MBA) in

Croatian olive varieties (a) Istarska bjelica; (b) Rosulja; (c) Levantinka; (d) Oblica.

Dalmatian varieties responded to PEF treatment opposite to the Istrian ones. An increase in
electric field strength led to the expected reduction in MBA-related volatiles, likely due to the
inactivation of microorganisms responsible for off-flavors VOOs. As observed with OX volatiles, the
predictive models for MBA compounds (Table S5) showed limited explanatory power and were
unable to identify any significant influence of individual treatment parameters on the composition of
MBA-derived volatiles.

Previous studies have demonstrated that PEF treatment has minimal or negligible effects on the
sensory attributes of VOOs, does not induce sensory defects, and may even enhance desirable
characteristics [10,11,13,14]. Our results indicate that PEF processing parameters can significantly
modulate the concentration and profile of volatile compounds. This modulation is particularly
pronounced in volatiles associated with the LOX pathway, although substantial alterations were also
observed in volatiles linked to OX processes and in the levels of MBA compounds. Notably, the
response to the PEF treatment exhibited significant dependence on the olive variety. To
comprehensively evaluate the effects of these compositional changes on oil quality, future studies
should integrate sensory analysis along with detailed chemical characterization.

3. Materials and Methods
3.1. Plant Material

In this study, olive fruits (Olea europaea L.) from two Istrian varieties (Istarska bjelica and Rosulja)
and two Dalmatian varieties (Oblica and Levantinka), each grown in their area of origin, were
harvested at their optimal stage of ripeness. The Oblica and Istrian varieties were harvested in mid-
October 2022, while Levantinka was harvested in early November the same year. The ripeness of the
fruits was assessed using the maturity index (MI), determined based on skin and pulp coloration.
The recorded MI values were: 1.32 for Istarska bjelica, 2.19 for Rosulja, 2.01 for Levantinka, and 1.75
for Oblica. Moisture and oil content were also measured for each variety: Istarska bjelica had 68.59%
moisture and 11.97% oil; Rosulja 66.27% moisture and 10.30% oil; Levantinka 40.42% moisture and
21.87% oil; and Oblica 62.05% moisture and 16.28% oil. All olive fruit characterizations were
performed according to the standard methods outlined in the International Olive Council (IOC)
guidelines [52].

3.2. Olive Oil Production

The olive fruits (1 kg) were crushed using a laboratory-scale metal hammer mill (Enotecnica
Pillan, Camisano Vicentino, Italy) operating at 3000 rpm. The resulting olive paste was immediately
filled into the pulsed electric field (PEF) treatment chamber, ensuring it was filled to the top to
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eliminate air gaps and prevent plasma discharge. The PEF treatment was carried out using a high-
voltage generator (HVG60/1 PEF; Impel d.o.o., Zagreb, Croatia). The treatment chamber consisted of
two stainless steel electrodes with a diameter of 230 mm and 25 mm apart.

The PEF treatments were designed according to a central composite experimental plan, with
electric field strengths of 2 and 7 kV/cm and treatment durations of 30 and 90 seconds as factorial
points. A constant frequency of 150 Hz was applied in all treatments, with each pulse lasting 2 ps.

After the PEF treatment, the olive paste was transferred to a cylindrical stainless-steel vessel
placed in a water bath (Stuart SBS40, Cole-Parmer, Vernon Hills, IL, USA). The control samples
(prepared in triplicate) were processed identically, but without PEF treatment; these were malaxed
immediately after crushing.

Malaxation was performed using an overhead stirrer (VELP Scientifica, Usmate, Italy) equipped
with a modified agitator with paddles on three levels to ensure uniform mixing throughout the paste.
Malaxation was carried out at approximately 150 rpm for 40 minutes at 27 °C. After malaxation, the
olive paste was centrifuged at 5500 g for 10 minutes (Rotina 380, Hettich, Tuttlingen, Germany). The
resulting liquid phase was decanted into a glass cylinder and the oil fraction was measured to
determine the extraction yield. The oil was further clarified by centrifugation (Rotina 380R, Hettich,
Tuttlingen, Germany) at 5500 g for 5 minutes at 18 °C. The obtained VOO was stored in 250 mL dark
glass bottles under nitrogen atmosphere at 15-20 °C until further analysis.

3.3. Oil Yield

The oil yield (Y), defined as the percentage of oil (g) extracted per 100 g of olive paste [53], was
calculated using the following equation:
_ Vi1X0,915 «

Y (%) = “2E222 4 100, (1)

olives

where Voil (mL) is the volume of the extracted oil, 0.915 (g/mL) is the standard density of VOO and
Wolives (g) is the mass of the olive paste.

3.4. Basic Quality Parameters

Basic quality parameters were determined using standard analytical methods. The peroxide
value was measured in accordance with ISO 3960 [54]. Free fatty acid content and spectrophotometric
measurements in the ultraviolet range (K232, Kzes, and AK) were determined according to the official
methods of the International Olive Council (IOC) [55,56].

3.5. Lipoxygenase (LOX) Activity

25 g of olive paste was sampled after the malaxation phase, flash-frozen in liquid nitrogen, and
stored at —20 °C until analysis. This material was used for the determination of lipoxygenase (LOX)
activity.

Enzyme extraction was performed using a modified protocol based on the method of Luaces et
al. [57]. Briefly, 5 g of frozen olive paste was homogenized in 20 mL of 100 mM phosphate buffer (pH
6.7) containing 0.1% Triton X, 1 mM ethylenediaminetetraacetic acid (EDTA), 0.1 mM
phenylmethylsulphonyl fluoride (PMSF), 0.1 mM benzamidine, and 5 mM a-aminocaproic acid. The
homogenization was conducted in two 1-minute cycles at 11,000 rpm using a GLH 850 homogenizer
(Omni International, Kennesaw, USA). The resulting homogenate was filtered under vacuum
through two layers of Miracloth, followed by centrifugation at 27,000 g for 30 minutes at 4 °C. The
clear supernatant was collected and used as the crude enzyme extract.

LOX activity was determined using a modified version of the method described by Soldo et al.
[58], with a-linolenic acid (ALA) as the substrate, prepared according to the protocol described in our
previous work [6]. The reaction mixture consisted of 4 mL of 0.1 M phosphate buffer (pH 6.0), 500 pL
of crude enzyme extract, and 500 pL of ALA solution. The mixture was stirred at 25 °C for 30 minutes
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on a magnetic stirrer. The reaction was terminated by adjusting the pH to 2.0 with HCI, followed by
the addition of 1 mL of butylated hydroxytoluene (BHT, 0.25 mM) as an internal standard.

The formed ALA hydroperoxides (hydroperoxy octadecatrienoic acids -HPOTs) were extracted
three times with 10 mL of a hexane:isopropanol mixture (95:5, v/v). The combined organic extracts
were evaporated under reduced pressure at 40 °C using a Hei-VAP rotary evaporator (Heidolph
Instruments GmbH & Co., Schwabach, Germany). The dried residue was reconstituted in 1.5 mL of
an acetonitrile:water mixture (67:33, v/v).

High-performance liquid chromatography (HPLC) was performed using an Agilent 1200 LC
system (Agilent Technologies, Santa Clara, CA, USA) equipped with a C18 column (Luna, 250 mm x
4.6 mm, 5 pum, 100 A; Phenomenex, Torrance, USA) maintained at 35 °C. The injection volume was
10 pL. Eluent A was 0.25% acetic acid (aqueous), and eluent B was acetonitrile. The flow rate was set
to 1 mL/min. The gradient program was as follows: 63% B at 0 min, held until 17 min; ramped to 80%
B from 17 to 20 min, held until 32 min; returned to 63% B from 32 to 35 min, followed by equilibration
for an additional 10 min. Detection was performed using a diode array detector (DAD) at 234 nm.

HPOTs were identified by comparing retention times and UV spectra to a commercial standard
of 13(S)-hydroperoxy-9(Z),11(E),15(Z)-octadecatrienoic acid. Quantification was conducted using an
internal standard method, taking into account the response factor ratio between HPOT and BHT.
LOX activity was expressed as the amount of HPOT synthesized by 1 umol of enzyme at 25 °C.

Protein Determination

The protein content of the enzyme extract was determined using the Bradford method [59]. In
brief, 300 uL of the enzyme extract was added to 1.2 mL of Bradford reagent, and the absorbance was
measured against a blank after a 5-minute reaction at room temperature at 595 nm. Crystalline bovine
serum albumin (BSA) was used as the standard protein to generate the calibration curve.

3.6. Volatile Components

Volatile compounds were isolated using solid phase microextraction (SPME) and analyzed by
gas chromatography coupled with mass spectrometry (GC/MS), following a previously described
method [60] with minor modifications. A 2 cm DVB/CAR/PDMS fiber with a film thickness of 50/30
pum (Supelco, Sigma-Aldrich, Merck) was used for extraction.

For each sample, 15 mg of internal standard (0.15% solution of 4-methyl-2-pentanol in freshly
refined sunflower oil) was added to 10 g of virgin olive oil (VOO) in a 20 mL headspace vial sealed
with a silicone septum. The vial was then placed in a heating block at 40 °C with continuous magnetic
stirring (Pierce Reacti-Therm Heating/Stirring Module, Artisan, Champaign, IL, USA). After a 10-
minute equilibration period, the SPME fiber was exposed to the headspace for 30 minutes and then
immediately desorbed in the GC injector in splitless mode at 260 °C for 1 minute.

Analysis was carried out using an Agilent 8890 GC system coupled with an Agilent 7000D Triple
Quadrupole mass detector. Separation was achieved using an HP-5 column (30 m x 0.25 mm x 0.25
pum; Agilent Technologies). The oven temperature program was as follows: initial temperature of
30 °C held for 3 minutes, ramped to 150 °C at 5 °C/min, then to 250 °C at 20 °C/min, and held at the
final temperature for 5 minutes. The ion source and transfer line temperatures were set at 250 °C and
260 °C, respectively. Helium served as the carrier gas at a constant flow rate of 1.5 mL/min. Mass
spectra were recorded over the m/z range 50-550.

To determine retention indices, a homologous series of n-alkanes (C8-C20) was analyzed under
identical chromatographic conditions. Volatile compounds were identified by comparing their mass
spectra to the NIST mass spectral library and by calculating Kovats retention indices, which were
matched with literature values. Quantification was performed using the internal standard method
described above.

3.7. Statistical Analysis
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A central composite design (CCD) was employed to investigate the effects of pulsed electric field
(PEF) treatment parameters on selected variables. The experimental design included two factorial
points: electric field strengths of 2 and 7 kV/cm and treatment durations of 30 and 90 seconds. To
assess the influence of olive variety on oil yield, basic quality parameters, lipoxygenase (LOX)
activity, and volatile compound composition, a one-way analysis of variance (ANOVA) was
conducted on control sample data, followed by Tukey’s Honest Significant Difference (HSD) test for
post hoc comparisons. The same approach was applied to evaluate differences in volatile profiles
between PEF treatments within each variety.

To determine the effects of PEF parameters on yield, quality indices, LOX activity, and grouped
volatile compounds (LOX pathway, OX, and MBA volatiles), response surface methodology (RSM)
was applied. All models were fitted using a second-order polynomial equation, and response surface
plots were generated to visualize interactions between electric field strength and treatment duration.
Model adequacy was assessed using regression coefficients and the coefficient of determination (R?).

All statistical analyses were performed using XLSTAT 2023 (Lumivero, Denver, CO, USA), with
significance set at p < 0.05.

5. Conclusions

This study evaluated the effects of PEF pretreatment on four autochthonous Croatian olive
varieties, two Istrian (Istarska bjelica and Rosulja) and two Dalmatian (Levantinka and Oblica).
Different combinations of electric field strength (2 and 7 kV/cm) and treatment duration (30 and 90
seconds) were applied prior to malaxation. The results showed that the PEF treatment improved the
efficiency of oil extraction in all varieties tested, with improvements ranging from 2.5 % to 36 %
depending on the variety. In general, the most favorable results were obtained under milder PEF
conditions, namely lower field strength and/or shorter treatment duration. The greatest increase in
oil yield was observed in varieties with lower initial yield, indicating that PEF is particularly effective
in such cases.

The treatment had negligible effects on the basic quality parameters of the VOOs, with all values
remaining well below the legal limits for extra VOO classification. In addition, significant changes
were observed in the VOC content and composition of the oils produced. All varieties showed an
increase in the content of major fraction of VOCs, the ones originating from the LOX pathway,
especially at lower electric field strength. However, the response of LOX enzyme activity itself was
variety-dependent — it decreased in varieties with high initial activity (in Rosulja, up to 95 %) and
increased in varieties with lower activity (in Levantinka, up to 180 %). This discrepancy suggests that
other endogenous enzymes involved in the LOX pathway are also affected by PEF and that their
response has a significant impact on the final aroma profile of VOO produced with PEF treatment. In
addition, PEF treatment led to a consistent reduction in OX volatiles, indicating improved oxidative
stability. The effects on MBA volatiles varied by variety and region, with an increase observed in
Istrian varieties and a decrease in Dalmatian varieties, probably due to differences in the indigenous
microbiota and their sensitivity to PEF.

Overall, PEF pretreatment represents a promising non-thermal technology to increase oil yield
in olive processing without compromising oil quality, while also affecting the volatile compounds
profile in a complex, variety-dependent manner. These results underline the importance of tailoring
PEF parameters to individual olive varieties in order to optimize both extraction efficiency and
sensory quality.
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Abbreviations

The following abbreviations are used in this manuscript:

VOO Virgin olive oil

PEF Pulsed electric field

PV Peroxide value

vOoC Volatile organic compounds

LOX Lipoxygenase

HPOT Hydroperoxy-octadecatrienoic acid
ADH Alcohol dehydrogenase

AAT Alcohol acetyl transferase (AAT)
OX Oxidation

MBA Microbiological activity

DAD Diode array detector

ALA a-linolenic acid
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