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-is was the first study investigating the polyphenol content, antioxidant potential, and polyphenol bioaccessibility after in vitro
digestion of table olives grown using regulated deficit irrigation (RDI) treatments to save irrigation water. Two experiments were
carried out: (i) experiment A, where RDI was applied during the pit hardening stage and (ii) experiment B, where RDI was applied
during the rehydration stage. Only slight differences among irrigation treatments were observed in two antioxidant assays
(ABTS+• and DPPH•) and on TPC for the soluble fraction after in vitro digestion. An average of 1 g gallic acid equivalents kg− 1 of
table olives were found after digestion. Approximately, 12% of the polyphenols of table olives were bioaccessible for human
absorption. Saving water techniques influence neither the final polyphenol content and antioxidant potential of table olives nor
the bioaccessibility of polyphenols. -e consumption of 40 g of table olives will provide 40mg of bioaccessible polyphenols able to
provide associated health benefits (∼7% of the daily polyphenols intake recommendation).

1. Introduction

Table olives are a common constituent of Mediterranean diet
and have beneficial effects on human health because they are
antioxidant-rich foods [1]. Olives are rich in polyphenols (1-
2% of its composition), and these compounds provide an-
tioxidant, anti-inflamatory, and antitumoral properties to
table olives. Olive composition can be affected by several
factors such as climate, agronomic conditions, and the
processing method. [2]. Nowadays, regulated deficit irri-
gation (RDI) strategies are being implemented on olive tree
orchards with the main purpose of saving water. Addi-
tionally, moderate RDI strategies are being investigated in

table olives due to their “potential” effect on enhancing the
accumulation of bioactive compounds and improvement of
the intensity of key sensory attributes; these special table
olives are known as hydroSOStainable [3].

Studying the bioaccessibility of antioxidant and poly-
phenolic compounds is crucial to know their real behavior
and activity in vivo. Bioaccessibility is defined as the ten-
dency of compounds to be extracted from the food matrix
and then, be available for intestinal cell absorption [1]. For
that purpose, gastrointestinal in vitro digestion simulation is
a model to extract compounds from the test matrix simu-
lating human digestion, and although it is important to
consider that several factors (gender, age, intestinal
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conditions, etc.) will affect digestion, this model is still a
good alternative to avoid animal testing methods and
promote animal protection [4].

In the present research, “Manzanilla” Spanish-style table
olives grown under different RDI strategies (experiment A:
water irrigation was reduced during the pit hardening stage;
experiment B: water irrigation was reduced during the re-
hydration stage) were subjected to a gastrointestinal in vitro
digestion simulation with the purpose to study how the lack
of water during cultivation affects the polyphenol content,
polyphenol bioaccessibility, and antioxidant activity by three
methods after simulation of human digestion.

2. Materials and Methods

2.1. Experimental Conditions and Irrigation Treatments.
Two irrigation experiments were carried out in this study on
cultivar “Manzanilla” to evaluate the effect of water stress at
two phenological stages:

2.1.1. Experiment A

(i) A0 (optimumwater status): trees were fully irrigated
(ii) A1 (moderate deficit irrigation): the threshold value

for water stress level (ψstem) was − 2MPa during the
pit hardening stage (day of the year (DOY) 169 to
DOY 240)

(iii) A2 (severe deficit irrigation (short time)): the
threshold value for ψstem was − 3MPa during half
period of the pit hardening stage (from DOY 169 to
DOY 206)

(iv) A3 (severe deficit irrigation (long time)): the
threshold value for ψstem was − 3MPa until end of
period of the pit hardening stage (DOY 169 to DOY
240)

2.1.2. Experiment B

(i) B0 (optimumwater status): trees were fully irrigated
(ii) B1 (moderate deficit irrigation before harvest (short

time)): the threshold value for ψstem was − 2MPa at
the beginning of September without the rehydration
period (2 weeks before harvest)

(iii) B2 (moderate deficit irrigation (long time)): the
threshold value for ψstem was − 2MPa from mid-
August without the rehydration period (four weeks
before harvest)

Experiment A was carried out in a farm located in Dos
Hermanas (Seville, Spain, 37°25′N, 5°95′W). “Manzanilla”
olive trees were ∼30 years old and were spacing following a
7× 4 square pattern. Irrigation was performed at night by
drip with one lateral pipe per row of trees and four emitters
(each delivering 2 L h− 1) per plant.

With respect to experiment B, the farm was located in
Coria del Rı́o (Seville, Spain, 37°17′N, 6°3′W). “Manzanilla”
olive trees were ∼44 years old and were spacing following a
7× 5m square pattern. Also, irrigation was carried out

during night by one lateral pipe per tree row and five
emitters (each delivering 8 L h− 1) per plant. Specific
agronomy characteristics could be found in [5]. Different
locations were used because of land availability, although, as
explained before, similar conditions characterized the field
and weather.

Field characteristics of both experiments could be found
in the work by Sánchez-Rodŕıguez and Cano-Lamadrid et al.
[3]. Climatic conditions could be considered equal for both
experiments because only 10 km separated the farms. A total
rainfall amount of 258.94mm was registered on experiment
A from 3 September 2015 to 20 September 2016, while
254,25mm of total rainfall amount on experiment B from 8
September 2015 to 27 September 2016. Winter minimum
temperatures were around 0°C, and spring temperatures
determine flowering around mid-April. Pest control,
pruning, and fertilization practices were those commonly
used by growers.

Stress integral (Ψint) was calculated to study the accu-
mulative stress of olive trees produced du to reduction of
water irrigation [6].

Ψint � Ψ − (− 0.2)  × n


, (1)

whereΨint is the stress integral,Ψ is the average midday stem
water potential for any interval, and n is the number of days
of the interval.

Olives were collected by hand at their mature-green stage
on September 2016.

2.2. “Spanish-Style” Processing. Raw olives were processed
following “Spanish-Style” to table olives as previous de-
scribed in [7]. Briefly, raw olives were treated with NaOH
solution (1.3–2.6% weight:volume) for 6–8 h with the pur-
pose to remove oleuropein, and then, olives were washed
with water for 12–14 h to remove residual NaOH. Olives
were put on 10–12% NaCl solution for fermentation until
table olives-brine equilibrium was reached (pH< 4.2, 8–9%
(weight:volume) NaCl, 0.7–1.0% lactic acid and residual
alkalinity< 0.120N).

2.3. Gastrointestinal In Vitro Digestion Simulation. In vitro
digestion simulation was carried out following the method
described in [8] on table olives of all irrigation treatments
under study. Firstly, salivary solution simulation (SSS),
gastric solution simulation (GSS), and intestinal solution
simulation (ISS) were carried out using KCl (0.5M),
KH2PO4 (0.5M), NaHCO3 (1M), NaCl (2M), MgCl2
(H2O)6 (0.15M), and (NH4)2CO3 (0.5M) following indi-
cations in [8]. Simulation of the oral phase was carried out
with 10 g of table olives and simulating mastication with
α-amylase (1500U mL− 1) (Enzyme Commission (EC)
number 3.2.1.1) and SSS. -e mixture was placed in a
stomacher bag and stomached for 10 minutes to simulate the
mastication (Stomacher Laboratory Blender, Bioxia, -ane,
India). -e resulting mixture was transferred to a glass
bottle. -en, the gastric phase was carried out with pepsin
(2500UmL− 1) (EC number 3.4.23.1) for 1 h at 37°C, 170 rpm
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(-ermostatic bath with agitation BSH, Raypa, Barcelona,
España), and pH 3 (adjusted with HCl, 6M) and GSS. Fi-
nally, the intestinal step was performed with ISS, pancreatin
(800U mL− 1) (EC Number 232.468.9), and bile salts
(160mM) at 37°C, 170 rpm, and pH 7 (adjusted with NaOH,
1M) for 2 hours. After the intestinal phase, liquid soluble
fraction (SF) and solid residual fraction (RF) were collected.
-e SF was centrifuged at 10,000 rpm for 10min at 4°C
(Sigma 3–18K; Sigma Laborzentrifugen, Germany) for later
analysis.

2.4. Antioxidant Activity and Total Phenolic Content.
Nondigested table olives (test matrix (TM)) and RF were
extracted as described by previous authors [9]. Briefly, 2 g of
fresh sample was mixed with 10mL of MeOH/water (80 : 20
v/v) + 1% HCl. -is mixture was sonicated for 15min, and
then, it was left overnight at 4°C. -e next day, samples were
sonicated again for 15min and centrifuged at 10,000 rpm for
10min at 4°C (Sigma 3–18K; Sigma Laborzentrifugen,
Germany).

Antioxidant activity of TM, SF, and RF was measured
using three assays: (i) ABTS+• as reported in [10], (ii) DPPH•

as reported in [11], and (iii) FRAP following protocol in [12].
Additionally, TPC assay was carried out as in [13]. All
analyses were performed using an UV-visible spectropho-
tometer (Helios Gamma model, UVG 1002E). Results for
antioxidant activity were quantified using calibration curves
with Trolox and expressed as mmol Trolox kg− 1 of table
olives. TPC calibration curves were obtained with gallic acid,
and results were expressed as gallic acid equivalents (GAE),
g kg− 1 of table olives.

TPC bioaccessibility, expressed as the percentage of total
polyphenols liberated from the TM after the gastrointestinal
digestion, was calculated as previously reported by [14]:

Bioaccessibility(%) � CF/CI × 100, (2)

where CF is the polyphenols concentration in the SF fraction
and CI is the initial polyphenols concentration in undigested
flesh table olives.

2.5. Statistical Analysis. One-way analysis of variance
(ANOVA) was carried out to study the effect of RDI
treatment, and then, Tukey’s multiple range test was used to
compare the means. -e standard deviation (SD) of the
mean is used to perform Tukey’s test; therefore, the SD
values were not included in tables to avoid repetition of the
data and to make tables easier to understand. Statistical
differences were considered significant at three levels: (i)
p< 0.05 (∗), (ii) p< 0.01 (∗∗), and (iii) p< 0.001 (∗∗∗). An
XLSTAT (2016.02.27444 version, Addinsoft) was used to
perform all statistical analysis.

3. Results and Discussion

3.1. Irrigation. As can be seen in Table 1, different levels of
water stress were reached by olive trees. In experiment A, it
could be found that A0 presented the lowest Ψint because it
was not submitted to stress (control treatment). -e A1
(moderate deficit irrigation) and A2 (severe deficit irrigation
during short time) trees had intermediate and equivalent Ψint
values, while A3 (severe deficit irrigation during long time)
trees presented the highest Ψint value. In experiment B, al-
though B0 (control) was fully irrigated, it could be seen that its
Ψint value was higher than that of B1 (moderate deficit ir-
rigation during short time before harvest). -is experimental
fact can be justified because even though researchers can
control the applied water volume, other natural factors such
as overall weather (e.g., rain) or soil differences among areas
of the same field can also significantly affect Ψint. Finally, B2
presented the highest Ψint value due to water stress was
moderate but during a long time before harvest.

3.2. Antioxidant Activity and Total Phenolic Content.
Results of antioxidant activity and TPC of table olives under
study are shown in Table 2. In experiment A, no statistical
differences were found among irrigation treatments in the
antioxidant activity of the TM. Regarding ABTS+• assay, in
the SF and total (SF +RF) fractions, it was found that the
higher the stress, the higher the antioxidant potential. With
respect to the percentage of variation (% var), after gas-
trointestinal in vitro digestion, for ABTS+•, it was found a
decrease of ∼76% and the smallest decrease was found for A3
table olives (those with the highest water stress). Regarding
DPPH•, in the SF and total fractions, the highest value was
found on A1 at a moderate stress level, while olives from the
A3 treatment (highest water stress) showed a decrease on
DPPH• in comparison to control (A0). -e DPPH• % var
was higher than that of ABTS+•, with a ∼95% decrease. FRAP
assay did not show statistical differences in any fraction
under study, and the % var was ∼92%. Concerning TPC, only
SF showed statistical differences between irrigation treat-
ments, and a small increase (2.8%) was found between
control and three RDI table olives. A decrease of ∼82% was
found with respect to the variation percentage.

Regarding experiment B, TM showed statistical differ-
ences on DPPH• and FRAP assays, as well as on TPC. For
DPPH• and TPC, both RDI treatments showed higher values
than control, being the highest B1, while in FRAP assay, B1

Table 1: Watering technique conditions of “Manzanilla” table
olives of experiment A and experiment B.

Stress integral (MPa x day)
Experiment A

ANOVA† ∗

A0 29.6 b‡

A1 62.6 ab
A2 50.4 ab
A3 87.4 a

Experiment B
ANOVA ∗

B0 75.7 ab
B1 62.9 b
B2 85.5 a
†∗Significant at p< 0.05. ‡Values followed by the same letter within the
same column, and experiment were not significantly different (p< 0.05),
according to Tukey’s least significant difference test.
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was the treatment that presented the lowest value. No sta-
tistical differences between treatments were found after
gastrointestinal in vitro digestion simulation for this ex-
periment. For ABTS+•, it was found an average of 1.4mmol
Trolox kg− 1 of total fraction and a % var of ∼− 85%. For
DPPH• values showed an average of 0.4mmol Trolox kg− 1

for total fraction with a % var of ∼− 95%. With respect to
FRAP assay, total fraction showed an average of 1.31mmol
Trolox kg− 1 and a % var of ∼− 93%. Finally, average TPC was
0.99 g GAE kg− 1 and TPC had a % var of ∼− 83%.

Although no statistical differences between irrigation
treatments were found on RF, some assays showed higher
values than control, such as DPPH• (∼0.4mmol Trolox kg− 1)
and TPC (∼0.3 g GAE kg− 1). -ose values could be relevant

because they might indicate that there are still antioxidant
and polyphenolic compounds that could be metabolized by
the colon microflora, and thus, it points to a potential in-
crease in bioavailability. -erefore, RF values found on table
olives coming from deficit irrigation strategies indicated that
stress caused on plant could affect the final bioavailability of
antioxidants and polyphenols increasing the content of these
compounds available for human absorption [15].

Figure 1 represents the percentage of bioaccessibility of
TPC after the gastrointestinal in vitro digestion simulation.
In both experiments, no statistically significant differences
were found among irrigation treatments. In experiment A,
A0 presented 11.5%, A1, 11.1%, A2, 12.1%, and A3, 13.1% of
TPC bioaccessibility. In experiment B, control (B0) was

Table 2: Antioxidant activity (ABTS+•, DPPH, and FRAP) and Total Phenolic Content (TPC) of “Manzanilla” table olives before and after
gastrointestinal in vitro simulation digestion of experiment A and experiment B.

Antioxidant activity (mmol trolox eq kg-1)
TPC (g GAE kg-1)

ABTS+• DPPH• FRAP
TM SF RF Total % var TM SF RF Total % var TM SF RF Total % var TM SF RF Total % var

Experiment A
ANOVA† NS ∗∗ NS ∗ NS ∗∗∗ NS ∗ NS NS NS NS NS ∗∗ NS NS

A0 6.61 1.34
b‡ 0.11 1.45

b − 78.1 12.1 0.51
ab 0.08 0.59

ab − 95.1 15.4 1.06 0.20 1.25 − 91.9 6.17 0.70
b 0.42 1.13 − 81.7

A1 7.48 1.56
ab 0.13 1.69

ab − 77.4 13.0 0.60
a 0.26 0.87

a − 93.3 16.0 0.75 0.22 0.97 − 93.9 6.46 0.72
a 0.33 1.05 − 83.7

A2 7.07 1.43
ab 0.11 1.53

b − 78.4 12.5 0.37
bc 0.09 0.47

ab − 96.2 14.8 0.89 0.23 1.12 − 92.4 5.90 0.72
a 0.28 0.99 − 83.2

A3 7.19 1.71
a 0.25 1.98

a − 72.5 11.2 0.25
c 0.00 0.19

b − 98.3 15.5 0.95 0.22 1.17 − 92.5 5.47 0.72
a 0.30 1.02 − 81.4

Experiment B
ANOVA NS NS NS NS ∗ NS NS NS ∗∗ NS NS NS ∗∗ NS NS NS

B0 8.74 1.23 0.05 1.29 − 85.2 7.31
c 0.47 0.00 0.47 − 93.6 19.1

a 0.99 0.22 1.21 − 93.7 5.46
c 0.72 0.23 0.95 − 82.6

B1 9.41 1.54 0.07 1.62 − 82.8 9.64
a 0.34 0.00 0.34 − 96.5 17.8

b 1.12 0.24 1.36 − 92.4 5.90
a 0.72 0.34 1.05 − 82.2

B2 9.34 1.26 0.06 1.32 − 85.9 8.62
b 0.31 0.00 0.31 − 96.4 19.3

a 1.12 0.24 1.36 − 93.0 5.83
b 0.72 0.24 0.96 − 83.5

†NS�not significant at p< 0.05; ∗, ∗∗, and ∗∗∗significant at p< 0.05, 0.01, and 0.001, respectively. ‡Values followed by the same letter within the same column
were not significantly different (p< 0.05), according to Tukey’s least significant difference test. Note. TM: test matrix; SF: soluble fraction, liquid; RF: residual
fraction, solid; Total: SF +RF; % var (% variation): percentage of variation between the initial values and the values obtained after digestion.
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Figure 1: Total phenol content bioaccessibility after gastrointestinal in vitro digestion simulation of “Manzanilla” table olives of experiment
A (a) ( ) and experiment B (b) ( ). Columns followed by the same letter within the same experiment were not significantly different
(p< 0.05), according to Tukey’s least significant difference test.
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13.2% bioaccessible, while B1 and B2 treatments showed
12.2 and 12.3% of TPC bioaccessibility, respectively.

-e decrease on antioxidant capacity and phenolic
compounds content may be related to their degradation. A
high proportion of table olive polyphenols are very sus-
ceptible to chemical degradation when they are submitted to
the acidic conditions of digestion [15]. It was formerly
described the polyphenolic profile of hydroSOStainable table
olives of the current research [3], and it was found an in-
crease of oleuropein, comselogoside, and verbascoside on A1
treatment as compared with control, as well as an increase of
elenoic acid glucoside, oleuropein, and comselogoside re-
garding RDI treatments of experiment B. Beside this in-
creases, it was previously reported that only 25% of
oleuropein (one of the most important polyphenols in table
olives) was stable during digestion, as well as only 20% of
comselogoside and elenoic acid derivatives [15]. Flavonoids,
verbascoside, and hydroxytyrosol derivatives also presented
a small TPC bioaccessibility in a research conducted with
three table olives cultivars [14]. Flavonoids are not very
soluble in either organic or aqueous solvents and are usually
present in foods in combination with sugars in the form of
glycosides [16], so it is possible that higher concentrations
that were found on RDI table olives on some flavonoids such
as luteolin [3] would probably not have been extracted from
the olive pulp during the in vitro digestion simulation.

Similar results, to the ones reported in the current study,
have been previously reported in “Cornezuelo” table olives
[15]. For instance, it was found a high decrease of DPPH•

and ABTS+• after gastrointestinal digestion simulation and
also a decrease of 75% of TPC.

Several factors can influence the phenolic bioaccessibility.
-e digestion process could produce changes on polyphenol
composition modifying their original profile. -e food matrix
where polyphenols are found could also influence the extraction
[16]. It has been previously reported that the fermentation
process suffered during table olives preparation and the olive
cultivar could influence the final polyphenol extraction [14].

-ere is lack of information about the how the stress
suffered by plants is related to the later metabolism of the
compounds by human digestive apparatus. In the present
research, the water stress suffered by olive trees due to ir-
rigation strategies did not provide significant differences
among treatments on final TPC and bioaccessibility in both
experiments. It has been demonstrated that it is possible to
save irrigation water without having significant effect on the
final polyphenolic compounds available for human ab-
sorption. Daily intake of polyphenolic compounds is very
important because of their associated health benefits. Higher
total consumption of 600mg per day would provide a
protective effect against chronic diseases [17]. Consequently,
eating 10 hydroSOStainable table olives per day (40mg of
bioaccessible polyphenols) would contribute to a ∼7% of this
total polyphenol intake recommendation.

4. Conclusions

-is is the first study investigating the effect of gastroin-
testinal in vitro digestion simulation on antioxidant

potential and total polyphenol content, and its bio-
accessibility of table olives submitted to regulated deficit
irrigation strategies. Water stress was applied during two
growing stages, experiment A: the pit hardening stage and
experiment B: during the rehydration phase. Results showed
that, in experiment B, antioxidants and polyphenols were
not affected by the stress after gastrointestinal in vitro di-
gestion simulation, while in experiment A, regarding TPC,
ABTS+•, and DPPH•, slight differences were found among
treatments. In general, a total of ∼1 g GAE kg− 1 was extracted
after digestion, indicating that the bioaccessibility of the TPC
of both control and hydroSOStainable table olives was ∼12%.
-erefore, the daily intake of 10 hydroSOStainable table
olives entails the intake of 40mg of “bioaccessible” poly-
phenols and involve the daily of ∼7% of polyphenols intake
recommendation for protective effect against chronic
diseases.
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