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The effects of y-ray irradiation and modified atmosphere packaging (MAP) on watercress (Nasturtium officinale R.
Br.) phenolic compounds were evaluated after 7-day storage at 4 °C. Irradiation doses of 1, 2 and 5kGy were
tested, as well as vacuum-packaging and MAP enriched with 100% N, and Ar. A non-irradiated, air-packaged
control was included in all experiments. p-Coumaric acid was the most abundant compound in fresh watercress,
followed by quercetin-3-O-sophoroside and isorhamnetin-O-hydroxyferuloylhexoside-O-hexoside. Four kaemp-
ferol glycoside derivatives were identified for the first time in this species. In general, flavonoids predominated

over phenolic acids. Samples stored under vacuum and irradiated at 2kGy revealed lower phenolic levels. Ar-
enriched MAP and control conditions preserved the initial phenolic content. The 5kGy dose also maintained
concentrations of flavonoids and total phenolic compounds, but increased the phenolic acids content.
Additionally, flavonoids were found strongly correlated to DPPH’ scavenging activity and B-carotene bleaching

inhibition capacity.

1. Introduction

Fresh-cut vegetables have become more popular in consumers’
market baskets due to their convenience, nutritional and flavour
properties, and health benefits (Baselice, Colantuoni, Lass, Nardone, &
Stasi, 2017). In addition, their consumption is highly recommended by
most food-based dietary guidelines due to the high contents of vitamins
and bioactive compounds such as ascorbic acid (vitamin C), tocopherols
(vitamin E), carotenoids and phenolic compounds (Kacjan Marsic,
Sircelj, & Kastelec, 2010; Vilela et al., 2014). Moreover, an inverse
association between the intake of these foods and the risk of degen-
erative diseases caused by oxidative stress has been attributed to the
high levels of these antioxidants (Boeing et al., 2012).

The global interest in minimally processed packaged foods pro-
moted the exponential growth of this industrial sector, which is
showing positive figures and innovation in product quality and safety
attributes (Baselice et al., 2017; Ma, Zhang, Bhandari, & Gao, 2017). In
the past few years, watercress (Nasturtium officinale R. Br.) has become
popular as a fresh-cut product due to the sharp, peppery and slightly
tangy taste. This fast-growing semi-aquatic plant of the Brassicaceae
family is frequently classed as a superfood or functional food due to the
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high level of bioactive phytochemicals and health-promoting effects
(Spinola, Pinto, & Castilho, 2016; Zeb, 2015). Watercress supple-
mentation in diet has been linked to a reduced risk of cancer in healthy
adults, via decreased damage to DNA and possible modulation of an-
tioxidant status (Boyd et al., 2006; Gill et al., 2007), and might be
useful in modulating breast cancer progression and disease recurrence
(Ravasco, Joao, Jorge et al., 2015; Ravasco, Joao, Rowland et al. 2015).
However, like most fresh-cut vegetables, watercress has a reduced shelf-
life of approximately 7 days (Silveira, Araneda, Hinojosa, & Escalona,
2014).

After harvest, fresh vegetables begin to lose quality due to various
chemical and/or enzymatic reactions (Sandhya, 2010). In addition, the
damage caused by the cutting and processing operations promotes a
faster deterioration of the fresh-cut vegetables than the unprocessed
ones (Francis et al., 2012). The wound-induced stress activates plant
defence mechanisms involved in the synthesis and/or degradation of
antioxidants, such as phenolic compounds (Han et al., 2016), whose
accumulation in wounded tissues has been associated with an increase
in antioxidant activity (Fernando Reyes, Emilio Villarreal, & Cisneros-
Zevallos, 2007). Therefore, as the popularity of watercress increases,
there is a need to understand how the phenolic profile of this

Received 25 August 2017; Received in revised form 8 January 2018; Accepted 30 January 2018

Available online 01 February 2018
0308-8146/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/03088146
https://www.elsevier.com/locate/foodchem
https://doi.org/10.1016/j.foodchem.2018.01.181
https://doi.org/10.1016/j.foodchem.2018.01.181
mailto:iferreira@ipb.pt
https://doi.org/10.1016/j.foodchem.2018.01.181
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foodchem.2018.01.181&domain=pdf

J. Pinela et al.

cruciferous vegetable is affected by different postharvest treatments
and how it evolves during storage.

The fresh-cut sector is constantly evolving and innovating in order
to enhance the quality and safety of the marketed products. For this
reason, the impact of non-thermal preservation technologies on quality
attributes of fresh vegetables has been widely investigated so as to find
suitable postharvest treatments for shelf-life extension and micro-
biological safety assurance, as well as to replace the communally used
chemical sanitizers (Pinela & Ferreira, 2017). In this way, the con-
sumers' expectations for convenient foods with fresh-like properties,
free of chemical residues, and treated in a more sustainable way may be
attended. These requisites can be achieved by using post-packaging
irradiation and modified atmosphere packaging (MAP) in combination
with refrigerated storage. y-Ray irradiation is a clean technology cap-
able of reducing the microbial load, control insect pests, and delay ri-
pening and senescence on different plants (Barkai-Golan & Follett,
2017). This physical treatment can be applied to packaged foods, thus
preventing the occurrence of recontaminations during storage. How-
ever, suitable doses for shelf-life extension need to be established for
each food commodity, always aiming to have a minimum impact on
quality parameters. On the other hand, MAP consists of changing the
headspace gas composition inside the package with the aim of reducing
physiological and oxidation processes, as well as the microbial grow
(Pinela, Barreira, Barros, Antonio, et al., 2016; Pinela, Barreira, Barros,
Cabo Verde, Antonio, et al., 2016b; Sandhya, 2010; Silveira et al.,
2014). Using these non-thermal preservation techniques in combination
with refrigerated storage, the food shelf-life can be extended, post-
harvest losses can be reduced, and new markets can be reached.

In previous studies, we evaluated how important quality attributes
of watercress (i.e., colour, pH, proximate composition, hydrophilic (free
sugars and organic acids including ascorbic acid) and lipophilic (fatty
acids and tocopherols) compounds, and antioxidant activity) are af-
fected by post-packaging y-ray irradiation (Pinela, Barreira, Barros,
Cabo Verde, Antonio, et al., 2016a) and MAP (Pinela, Barreira, Barros,
Antonio, et al., 2016). However, the impact of these postharvest
treatments on individual phenolic compounds was not investigated and,
as far as we know, only the effects of a 10-day storage period at
3 = 1°C were studied until now (Santos, Oliveira, Ibafnez, & Herrero,
2014). Therefore, the present study was carried out to assess the effects
of postharvest treatments of irradiation (0, 1, 2 and 5kGy) and MAP
(vacuum, 100% N, and 100% Ar) on the phenolic profile of fresh-cut
watercress stored at 4°C for 7 days. A possible correlation between
phenolic compounds and antioxidant activity was also investigated.

2. Materials and methods
2.1. Standards and reagents

HPLC-grade acetonitrile was purchased from Fisher Scientific
(Lisbon, Portugal). Formic acid was purchased from Prolabo (VWR
International, France). The phenolic compound standards (ferulic, si-
napic, p-coumaric and caffeic acids, and kaempferol-3-O-rutinoside,
quercetin-3-O-rutinoside, and quercetin-3-O-glucoside) were purchased
from Extrasynthese (Genay, France). All other chemicals were of ana-
lytical grade and were purchased from common sources. Water was
treated in a Milli-Q water purification system (Millipore, model A10,
Billerica, MA, USA).

2.2. Sampling, samples preparation and postharvest preservation treatments

Watercress (Nasturtium officinale R. Br.) specimens were wild har-
vested in February 2014 in a stream located in the civil parish of
Calvelhe, Braganca municipality, in Portugal, considering local con-
sumers’ sites and preferences (Carvalho & Morales, 2013). The use of
wild-harvested watercress allowed control over the postharvest time of
the samples. On the same day, undamaged watercress parts (tender

71

Food Chemistry 254 (2018) 70-77

stems and leaves) were hand-picked, rinsed in tap water, and a portion
was immediately analysed (non-stored control). The remaining fresh
material was packaged in 11.5cm X 15cm sterilized bags (0.5L
headspace volume) of low-density polyethylene (63 pm thickness) and
subjected to different postharvest preservation treatments as previously
described (Pinela, Barreira, Barros, Antonio, et al., 2016; Pinela,
Barreira, Barros, Cabo Verde, Antonio, et al., 2016a). In brief, 70 bags
containing 20 g of watercress were prepared and then divided into 7
groups (10 bags per treatment): i) three groups were y-ray irradiated at
1, 2 and 5kGy (predicted doses) in a cobalt-60 experimental chamber
(Precisa 22, Graviner Manufacturing Company Ltd., UK) located in the
Centre for Nuclear Sciences and Technologies (C2TN) in Bobadela,
Portugal; ii) one group was a non-irradiated (0kGy) control in con-
ventional atmosphere (air) included in all the experiments; iii) another
group was vacuum-packaged; and iv) two groups were packaged in
modified atmosphere enriched with 100% N and Ar. The evolution of
the headspace gas composition in each bag was monitored as previously
reported (Pinela, Barreira, Barros, Antonio, et al., 2016). All packaged
samples were stored at 4 °C for 7 days.

2.3. Preparation of extracts

After storage, all watercress samples were immediately lyophilised
(FreeZone 4.5, Labconco, Kansas City, MO, USA), reduced to a fine
powder (20 mesh), and subjected to a solid-liquid extraction as pre-
viously described by the authors (Pinela, Barreira, Barros, Antonio,
et al.,, 2016; Pinela, Barreira, Barros, Cabo Verde, Antonio, et al.,
2016a). In brief, the dry powder (1 g) was stirred with a methanol:-
water mixture (80:20, v/v; 50 ml) for 1h at room temperature. The
supernatant was then filtered and the residue was re-extracted with a
same portion of solvent. After concentration of the extracts under re-
duced pressure (rotary evaporator Biichi R-210, Flawil, Switzerland),
the aqueous phase was lyophilized to obtain dry extracts.

2.4. Analysis of phenolic compounds by HPLC-DAD-ESI/MS

After preparation, the dry extracts (~10mg) were dissolved in a
methanol:water mixture (20:80 v/v), filtered through 0.22 um dis-
posable LC filter disks and then analysed in a Dionex Ultimate 3000
UPLC system (Thermo Scientific, San Jose, CA, USA) equipped with a
diode array detector (DAD, 280 and 370 nm were the selected wave-
lengths) coupled to an electrospray ionization mass detector (ESI-MS)
(ThermoFinnigan, San Jose, CA, USA). The system and analytical pro-
cedures were previously described by Bessada, Barreira, Barros,
Ferreira and Oliveira (2016).

MS detection was performed in negative mode, using a Linear Ion
Trap LTQ XL mass spectrometer (Thermo Finnigan, San Jose, CA, USA)
equipped with an ESI source. Nitrogen served as the sheath gas (50 psi);
the system was operated with a spray voltage of 5kV, a source tem-
perature of 325 °C, a capillary voltage of —20V. The tube lens offset
was kept at a voltage of —66 V. The full scan covered the mass range
from m/z 100 to 1500. The collision energy used was 35 (arbitrary
units). Data acquisition was carried out with Xcalibur® data system
(Thermo Finnigan, San Jose, CA, USA).

The phenolic compounds were identified based on their chromato-
graphic behaviour, UV-vis and mass spectra by comparison with stan-
dard compounds (when available) and by using data reported in the
literature. For quantitative analysis, a calibration curve for each
available phenolic standard was constructed based on the UV signal.
For the identified phenolic compounds for which a commercial stan-
dard was not available, the quantification was performed through the
calibration curve of the most similar available standard. The results
were expressed in g per kg of extract.
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Fig. 1. HPLC profile of phenolic compounds of the non-stored fresh-cut watercress sample recorded at 370 nm. See Table 1 for peak identification.

2.5. Statistical analysis

The 10 replicates of each treatment were divided into three batches,
which were independently analysed in triplicate. Data were expressed
as mean = standard deviation. All statistical tests were performed at a
5% significance level using the SPSS Statistics software (IBM SPSS
Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.). The one-
way analysis of variance (ANOVA) was used to assess the differences
among treatments and a linear discriminant analysis (LDA) was per-
formed to evaluate the overall effects of the different postharvest
treatments on the phenolic profile of watercress. These statistical pro-
cedures were previously described by the authors (Pinela, Barreira,
Barros, Antonio, et al., 2016; Pinela, Barreira, Barros, Cabo Verde,
Antonio, et al., 2016a).

3. Results and discussion
3.1. Characterization of phenolic compounds

The phenolic chromatographic profile of watercress recorded at
370nm is shown in Fig. 1. Compound characteristics, identities and
quantitative results are presented in Tables 1 and 2. Compounds were
identified based on their chromatographic, UV-vis and mass spectra
characteristics. Up to twenty-six compounds were detected (Table 1),
seven of which were phenolic acid derivatives, eighteen flavonoids
glycoside derivatives, and one sesquiterpenoid (roseoside). Many of
these compounds have already been previously reported in watercress
(Martinez-Sanchez, Gil-Izquierdo, Gil, & Ferreres, 2008; Santos et al.,
2014; Spinola et al., 2016), so that their identities were assumed; in
some of them the fragmentation patterns given by Martinez-Sanchez
et al. (2008), Santos et al. (2014), and Spinola et al. (2016) were also
used to establish the location of the substituents (e.g., peaks 4 and 8).
Nonetheless, to the best of our knowledge, compounds 17 and 23-26
were not previously reported for this species. Their identities were as-
signed from their masses and MS? fragments based on the composi-
tional patterns of the previously described molecules, and assuming the
presence of kaempferol as aglycon, as concluded from the fragment at
m/z 285. Thus, compound 25 ([M—H] ™~ at m/z 901) was assigned as
kaempferol-O-hydroxyferuloylglucuronide-O-malonylhexoside by com-
parison with peak 21, although in this case bearing a hydro-
xyferuloylglucuronide substituent instead of hydroxyferuloylhexoside.
Peaks 23 ([M—H]~ at m/z 931), 24 ([M—H]~ at m/z 785) and 26
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(IM—H]~ at m/z 871) presented in their fragmentation pattern a
common product ion at m/z 623, which can be associated to kaemp-
ferol-O-feruloylhexoside, and different fragments derived from the
losses of feruloylhexoside (338 u), rutinoside (308 u), malonylhexoside
(248 u) or hexoside (162 u) residues. According to the distinct losses
observed in each case these compounds were identified as kaempferol-
O-feruloylhexoside-O-rutinoside, kaempferol-O-feruloylhexoside-O-
hexoside and kaempferol-O-feruloylhexoside-O-malonylhexoside, re-
spectively.

Finally, peak 17 ((M—H] "~ at m/z 873) was identified as quercetin-
O-dihexosyl-O-malonylhexoside. Santos et al. (2014) presented a com-
pound with the same pseudomolecular ion, which was identified
as quercetin-3-caffeolyglucoside-6”-malonylglucoside; however, the
UV-vis characteristics of our compound did not present an additional
shoulder with a maximum of 320 nm, which is expected to be observed
with the allocation of a caffeoyl residue. Moreover, if all the sub-
stituents are expected to be positioned on the 3-O of the aglycon, the
fragment with m/z 301 should present a higher abundance.

3.2. Effect of the postharvest treatments on the phenolic profile

The results of the quantification of phenolic compounds in fresh
(non-stored control) and minimally processed watercress stored at 4 °C
for 7 days are shown in Table 2. Interestingly, the characterized profile
in the minimally processed samples is not dominated by a low number
of compounds, as it is often observed in plants (e.g., Koike et al.
(2015a,2015b)), but most compounds are preserved in similar levels. p-
Coumaric acid was identified as the most abundant phenolic compound
in the non-stored watercress sample, followed by quercetin-3-O-so-
phoroside, isorhamnetin-O-hydroxyferuloylhexoside-O-hexoside, iso-
rhamnetin-O-hydroxyferuloylhexoside-O-malonylhexoside, and iso-
rhamnetin-O-sophoroside-O-malonylhexoside. The latter compound
was also reported as being dominant in watercress juice by Spinola
et al. (2016), although those authors identified caffeoylmalic acid,
disinapoylgentibiose and ferulic acid as the most abundant phenolics.
Grouped flavonoids predominated over phenolic acids and derivatives
due to the relatively high levels of isorhamnetin and quercetin glyco-
sides and, in lesser extent, of kaempferol. Martinez-Sanchez et al.
(2008) also described high contents of quercetin and kaempferol deri-
vatives in extract of baby-leaf watercress. Different quercetin and iso-
rhamnetin derivatives were also identified in watercress extracts ob-
tained by pressurized liquid extraction (Santos et al., 2014).
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Nevertheless, besides characterizing the phenolic profile of water-
cress, the main purpose of this work was verifying how that profile is
affected by non-thermal preservation methods, namely post-packaging
y-ray irradiation and MAP. As deduced from Table 2, most individual
phenolic compounds (except some quercetin and all kaempferol deri-
vatives) suffer minimal but statistically significant changes after 7 days
of storage at 4 °C, either in just refrigerated samples (air-packaging, 0
KGy) or submitted to the different preservation treatment. Only in a few
cases (i.e., compounds 2, 4, 5 and 6), the levels measured in the non-
stored control sample were not maintained by any of the applied
postharvest treatments. In turn, the quantified levels of some phenolics
(compounds 9, 10, 11 and 12) were at least as high as or, in some cases,
even higher than those determined in the non-stored control sample.
Despite the lack of an unequivocal tendency, samples submitted to post-
packaging irradiation at 5 kGy reveal higher concentration of phenolic
acids and preserved the amounts of flavonoids and total phenolic
compounds, after the 7-day storage in comparison to the non-stored
control. Also, higher levels of phenolic acids were also determined in
the samples submitted to 1kGy dose. This effect induced by the low
dose of 1kGy had already been observed in edible flowers of Viola
tricolor L. (Koike et al., 2015a). By contrast, 2kGy had a clear dele-
terious effect over many of the quantified phenolic compounds. Sam-
ples stored under vacuum also revealed lower levels of grouped phe-
nolic acids and total phenolic compounds compared to the non-stored
control. However, the initial levels of grouped phenolic acids, flavo-
noids and total phenolic compounds did not suffer statistically sig-
nificant changes when Ar-enriched MAP or just refrigeration (air-
packaged non-irradiated) conditions were used. Santos et al. (2014)
also found that the total phenolic content of ready-to-eat baby-leaf
watercress was stable during a 10-day storage period at 3 = 1 °C.

3.3. Overall effects of the applied postharvest treatments on phenolic
compounds

Despite the effects induced by each postharvest treatment over in-
dividual phenolic compounds were significant in multiple occasions
(Table 2), it was necessary to clarify the correlations among identified
phenolic compounds and applied postharvest preservation treatments,
in order to conclude the best strategy to be used in watercress pre-
servation. Statistical classification techniques, such as linear dis-
criminant analysis (LDA), allow comparison of all phenolic profile
changes and postharvest treatment conditions simultaneously, thereby
permitting finding the best possible solution.

Herein, the significant independent variables (quantified phenolic
compounds) were selected by the stepwise method considering their
statistically significant classification performance (p < 0.05), based on
the Wilks’ A test. Among the 27 entered variables (24 individual phe-
nolic compounds plus grouped phenolic acids, flavonoids and total
phenolic compounds), those corresponding to compounds 3 (p-cou-
maric acid hexoside), 4 (quercetin-3-O-malonylglucoside-7-O-gluco-
side), 5 (ferulic acid hexoside), 6 (roseoside), 9 (p-coumaric acid), 10
(quercetin-3-O-rutinoside-7-O-glucoside), 12 (sinapoylmalic acid), 22
(isorhamnetin-O-sophoroside-O-malonylhexoside) and phenolic acids
group were selected as having the ability to discriminate each applied
preservation treatment. These variables contributed to define seven
discriminant functions, among which the first five showed statistical
significance (eigenvalue higher than 1). The first three discriminant
functions, which cumulatively explained 98.7% (first: 68.3%; second,
26.0%; third, 4.4%) of the observed variance, are plotted in Fig. 2.

A clear separation of markers corresponding to the non-stored
control and samples stored under different MAP or initially submitted
to different y-ray irradiation doses is noticeable. According to function
1, which established the highest correlation with roseoside (a non-
phenolic sesquiterpenoid compound), the most notorious result was the
obvious separation of markers corresponding to the non-stored control
sample (with significantly higher quantities of roseoside), as also

75

Food Chemistry 254 (2018) 70-77

247

Discriminant scores: function 2

Fig. 2. 3D biplot of object scores (postharvest preservation treatments) and component
loadings (quantified phenolic compounds). Non-stored control (O); non-irradiated, air-
packaged control (O); 1kGy ((); 2kGy (O); 5kGy (@); vacuum-packaging (>); Na-
enriched MAP (A); and Ar-enriched MAP (3%).

confirmed by the means of canonical variance (MCV) values (non-
stored control: 45.341, stored control: 5.788, 1kGy: —13.332, 2kGy:
—17.734, 5kGy: —1.882, vacuum-packaging: —4.516, Ns-enriched
MAP: —3.762, Ar-enriched MAP: —9.902). The markers corresponding
to samples irradiated at 2kGy were the furthest from those corre-
sponding to the non-stored control, thus indicating the lower roseoside
content (as also showed in Table 2). This result is, therefore, a strong
indicator that the variables with the highest correlations (especially
roseoside) with function 1 could not be improved or maintained by any
of the applied treatments. Nevertheless, among all postharvest treat-
ments, the non-irradiated stored control in conventional atmosphere
was the most efficient in preserving the roseoside contents, followed by
the 5 kGy dose. Function 2, on the other hand, was particularly effective
in separating samples stored under MAP and those irradiated at 1 kGy
(MCV, non-stored control: 4.715, stored control: 0.013, 1 kGy: 22.919,
2kGy: 7.532, 5 kGy: —0.896, vacuum-packaging: —6.515, Ny-enriched
MAP: —13.162, Ar-enriched MAP: —14.606), especially due to differ-
ences in p-coumaric acid hexoside contents (lower values in MAP
samples and particularly high in samples irradiated at 1 kGy, followed
by those irradiated at 2kGy). Likewise, this indicates that all com-
pounds more related to function 2 (with special relevance to p-coumaric
acid hexoside) were specially favoured in samples irradiated at a 1 kGy
dose. Finally, function 3 was not particularly effective in separating any
of the assayed samples, which is in line with the lower percentage of
explained variation (4.4%). Nevertheless, this function contributed to
increase the resolution of sample clusters separated by functions 1 and
2. In terms of classification performance, all samples were correctly
classified, either for original grouped cases, as well as for cross-vali-
dated ones. Therefore, based on Fig. 2, it can be concluded that simple
packaging is suitable for preserving the phenolic profile of watercress
during refrigerated storage.

The effects of post-packaging y-ray irradiation (Pinela, Barreira,
Barros, Cabo Verde, Antonio, et al., 2016a) and inert gas-enriched MAP
(Pinela, Barreira, Barros, Antonio, et al., 2016) on relevant quality at-
tributes of fresh-cut watercress were evaluated in previous studies,
which demonstrated that Ar was an appropriate gas and 2kGy a sui-
table dose for preserving the overall postharvest quality of this
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vegetable during refrigerated storage. It was also reported that the
5kGy dose originated a final product with enhanced health-promoting
properties, characterized by an interesting antioxidant activity and le-
vels of linoleic and a-linolenic acids, monounsaturated fatty acids such
as oleic acid, total tocopherols and total phenolic compounds. Inter-
estingly, in the present study, the same irradiation dose better
preserved or led to an increase in the contents of some individual
phenolic compounds, namely quercetin-3-O-sophoroside, p-coumaric
acid,  quercetin-O-coumaroylsophoroside, = isorhamnetin-O-hydro-
xyferuloylhexoside-O-hexoside and isorhamnetin-O-sophoroside-O-
hexoside, as also of grouped phenolic acids and total phenolic com-
pounds. Therefore, these results support the previous findings regarding
the suitability of irradiating at 5kGy to promote the watercress phe-
nolic content.

3.4. Correlation between phenolic compounds and antioxidant activity

Based on the Pearson correlation coefficients (R) presented in Table
S.1, it was concluded that total flavonoids were strongly correlated to
the DPPH free-radical scavenging activity and (-carotene bleaching
inhibition capacity of the watercress extracts (antioxidant activity data
previously reported by Pinela, Barreira, Barros, Antonio, et al. (2016)
and Pinela, Barreira, Barros, Cabo Verde, Antonio, et al. (2016a), while
total phenolic compounds were found strongly and moderately corre-
lated, respectively. Quercetin-derived compounds 15 and 18 were
strongly correlated with the DPPH free-radical scavenging activity,
while compounds 16, 17 (quercetin derivatives) and 21 (an iso-
rhamnetin derivative) were found strongly correlated with the p-car-
otene bleaching inhibition capacity. All these correlations were nega-
tive, but the antioxidant activity results were expressed in ECs, values,
and the lower the ECsq value the higher the antioxidant capacity of the
extract. Furthermore, since most of these compounds were modulated
by the applied postharvest treatments (Table 2), the antioxidant activity
will also change as a function of the applied treatment.

These results are consistent with those of Agudelo, Barros, Santos-
Buelga, Martinez-Navarrete and Ferreira (2017) who showed that fla-
vonoids were highly correlated with the DPPH free-radical scavenging
activity and p-carotene bleaching inhibition capacity of grapefruit
(Citrus paradisi var. Star Ruby) hydromethanolic extracts. M’rabet et al.
(2017) also showed that flavonoids (namely quercetin-3-O-neohesper-
idoside, rutin, kaempferol-3-O-rutinoside and kaempferol-O-dihexo-
side) were the main contributors to the DPPH free-radical scavenging
activity of Melia azedarach L. extracts. It has been demonstrated that the
scavenging activity of flavonoids is influenced by their chemical
structure, including the degree of hydroxylation and their positions,
and glycosylation status (Farsad & Alizadeh, 2017). On the other hand,
the low contribution of phenolic acids to the antioxidant activity of M.
azedarach was related to the presence of glycosyl moieties in their
structures, which can mask their functional groups (M’rabet et al.,
2017).

4. Conclusions

As far as we know, this is the first report on the effects of post-packa-
ging vy-ray irradiation and MAP, on the phenolic profile of watercress. p-
Coumaric acid was identified as the most abundant phenolic compound in
watercress, although the group of flavonoids predominated over phenolic
acids. Four kaempferol derivatives (kaempferol-O-rutinoside-O-fer-
uloylhexoside, kaempferol-O-feruloylhexoside-O-hexoside, kaempferol-O-
hydroxyferuloylglucuronide-O-malonylhexoside and kaempferol-O-fer-
uloylhexoside-O-malonylhexoside) were identified for the first time in this
cruciferous vegetable. Samples stored under vacuum and irradiated at
2kGy revealed a lower phenolic content due to a decrease in both total
phenolic acids and flavonoids. Ar-enriched MAP and simple refrigeration at
4 °C preserved the initial phenolic content well, while irradiation at 5kGy
increased the concentrations of phenolic acids, also maintaining those of
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flavonoids and total phenolic compounds. Moreover, flavonoids were
found to be strongly correlated to DPPH free-radical scavenging activity
and [3-carotene bleaching inhibition capacity.
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