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Abstract: The aim of this work was the investigation of the effect of wastewater generated from the
poultry meat industry on the irrigation of olive trees, during a short time period, in order to evaluate
its impact on pomological criteria and olive oil quality. Olive trees were subjected to irrigation
with different water qualities: (i) poultry wastewater (PWW), (ii) poultry wastewater diluted with
tap water 50:50 (v/v) (PWTWW), (iii) rain-fed cultivation system (control). The results showed
that PWTWW contains the optimal mineral proportions, leading to improved pomological criteria.
However, the highest significant pulp oil content was obtained using poultry wastewater irrigation
(69.51%), while this was 66.71% using diluted poultry wastewater, and 58.03 % for the control.
Poultry wastewater irrigation yielded the best results in oil standard quality indices. In addition, an
enrichment in oil total polyphenols content was achieved. The oil fatty acid profile was not affected
following irrigation with poultry wastewater. Nevertheless, there was a significant increase in the
contents of oleic acid and alcohols, accompanied by a decrease in total sterols. However, heavy metals
accumulation was observed in both fruits and olive oil. In conclusion, our results suggest that among
the three water qualities, poultry wastewater is the best alternative to improve olive oil quality.

Keywords: Olea europaea; fruits; agro-industrial wastewater reuse; water shortage

1. Introduction

Statistical estimations suggest that, given the current demographic trends, about 60%
of the worldwide population may suffer water scarcity by the year 2025 [1]. This dramatic
situation is due to climate change as a result of greenhouse gas emissions from industrial
activities [2]. It has been predicted that increasing temperatures will contribute to about
20% of the global expansion in water scarcity [3], which would affect the development and
functioning of social and economic communities.

In arid and semi-arid countries such as Tunisia, this problem is accentuated, since
they have limited freshwater resources [4]. Agriculture is by far the largest consumer
sector of freshwater, accounting for 69% of annual global water withdrawals, followed by
industry (19%) and households (12%) [5]. In order to manage water demand well, current
governmental strategies are geared towards the reuse of wastewater in crop irrigation.
In fact, wastewater has been considered as a source of nutrients for crops, leading to a
reduction in chemical fertilizer use [6,7]. Furthermore, it has been mentioned that the cost
of agricultural production could be reduced by 10–20% [8].
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In Tunisia, olive trees (Olea europaea L.) are considered the major evergreen culture, by
participating in olive oil production [9]. Chemlali cultivar (cv.) is grown in the warm coastal
zone and in the lower steppe. It represents nearly 85% of olive plantations and contributes to
more than 80% of the national production of olive oil [10,11]. The management of olive trees
is essentially rain-fed, however, previous studies have shown that irrigation can increase
fruit tree productivity and oil content [12,13]. Irrigation is considered a determining factor
of oil quality. Indeed, high-quality olive oil cannot be obtained from fruits that have suffered
from severe water stress [14]. Bibliographic research showed that the poultry meat industry
generates a large amount of wastewater, as a result of various production activities [15,16].
Furthermore, mineral characterization revealed this wastewater’s richness in essential
elements such as nitrogen and magnesium [17,18]. According to [19] the response of olive
crops to irrigation depends on the variety, which can react differently, where the quality of
the oil can be improved or altered. Previous studies have demonstrated that fertilization
with high levels of N and P is positively correlated with an increase in linolenic acid content,
and free fatty acids, accompanied by a reduction in oleic acid content [20–22].

Irrigation of olive trees cv. Chemlali aged 160 years, using dairy wastewater charac-
terized by a moderate salinity, was shown to preserve the commercial value of the fruits
by increasing their fresh weight and improving their nutritional value in Mg2+ and K+.
Moreover, no significant difference in oil phenolic compounds was observed, compared to
olive trees cultivated via rain-feeding [23]. On the contrary, irrigation conducted for 3 years
in Greece, with poor-quality wastewater, recovered from municipal treatment systems, was
shown to induce an increase in the polyphenol content in the oil and a reduction in the
percentage of fatty acids [24,25].

The hypothesis underlying this study was that the composition of the poultry wastew-
ater could improve the pomological quality of the olives, as well as the oil obtained from
them. In fact, the poultry wastewater (PWW) used in the current experience has been
evaluated for its richness in essential mineral elements such as total nitrogen and potas-
sium. Short-term irrigation with PWW led to the promotion of the vegetative growth of
young olive trees, cv. Chemlali, and their physiological metabolism [18]. Moreover, the
bacteriological characterization of PWW used in this experiment revealed the occurrence
of Enterobacteriaceae members (40%) [26]. According to bibliographic data, the identified
Enterobacteriaceae genus are described as part of the intestinal microbial flora of healthy
animals [27]. For these reasons, the present study aimed to evaluate the effect of poultry
wastewater reuse, for a short period, on the final pomological fruit and olive oil quality.
In particular, rain-fed olive trees (control) were compared with olive trees irrigated with
poultry wastewater (PWW), and olive trees irrigated with poultry wastewater diluted with
tap water 50:50 (v/v) (PWTWW).

2. Material and Methods
2.1. Water Sampling

Poultry wastewater (PWW) was collected from the outlet of a poultry industry special-
izing in the production of poultry meat and its derivatives. PWW is the result of different
production chain activities such as, (i) scalding for feather removal, (ii) bird washing before
and after the evisceration process, (iii) chilling, (iv) cleaning and sanitizing equipment
and facilities, and (v) cooling of mechanical equipment. Tap water (TW) was borehole
water which was sampled from a tap located in the industry. Samples were transported
to the laboratory in plastic bottles and immediately analyzed for their physicochemical
parameters and their mineral concentrations. The physicochemical parameters, except for
the mineral characterization were described by [18]. The samples were stored at −20 ◦C for
further analysis.

2.2. Plant Material

The study was conducted during the 2018/2019 crop year, in the governorate of Mah-
dia, in the east of Tunisia (latitude 35◦28′11′′ N and longitude 10◦57′23′′ E), characterized
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by a Mediterranean climate. Olive trees (Olea europaea L. cv. Chemlali), aged 150 years
old, were cultivated at 11 m × 16 m in clay loam soil, and usually irrigated through a
basin irrigation system. The experimental field was divided into three lots of four olive
trees. The first lot was irrigated with poultry wastewater (PWW), the second lot with PWW
diluted with tap water 50:50 (v/v) (PWTWW), and only rain-feeding was used for the
control trees. Each tree was irrigated with 1000 L of water. The irrigation was applied twice
per month from June to October, and once per month for the rest of the year. It is important
to highlight that the irrigation frequency depended also on the rainfall.

Fruit samples were collected in January 2020. Harvesting was performed manually
using rakes. Olives were randomly plucked, at the height of a man, and around the
perimeter of each olive tree, when they were fully mature. Only healthy olive fruits, free
of physical damage or infection, were selected. The olive oil was extracted within 24 h of
harvesting, using laboratory scale equipment, then, through a mechanical extraction unit,
the oil was transferred to a sterile dark glass bottle, and stored at +4 ◦C until analysis.

2.3. Determination of Maturity Index and Pomological Parameters

The maturity index (MI) was determined based on the appreciation of the color of
100 olives, randomly selected from a 1 kg gross sample. These olives were divided into
eight classes, ranging from olives with a dark green epidermis to olives with a black
epidermis and entirely dark pulp [28].

The pomological characteristics of the randomly collected olive samples were deter-
mined according to the procedures described by the International Olive Council. The
measure of each descriptor was obtained from the average of 100 fresh fruits.

The average fresh weight (AFW) of the fruits was determined based on the weight
of 100 fresh fruits. The diameter was measured from the center of the fruit using a caliper,
with an accuracy of 10−3 mm, then the olives were pitted. The stones (S) and the pulp
(P) were also weighed. Then, the ratio of pulp to stone (P/S), and the percentage of pulp,
were determined.

Pitted and dried olive samples were crushed, and 10 g of the paste was put in a Soxhlet
cartridge. In a previously weighed round-bottom flask, 150 mL of hexane was added,
and the extraction of olive oil was carried out at 70 ◦C for 6 h. Finally, the hexane was
evaporated using a rotary evaporator and the flask was reweighed after putting it in the
oven overnight, and then for 30 min in the desiccator [29]. The oil content was determined
as a percentage.

2.4. Quality Indices

Free fatty acids (FFA), peroxide value (PV) and specific UV absorbance at 232 and
270 nm (K232 and K270, respectively) were carried out following the analytical methods
described in the Commission Regulations EEC 2568/91 and EEC 1429/92 of the European
Union [30], to attribute the oil samples a commercial class.

2.5. Fatty Acid Methyl Esters (FAMEs) Profile Analysis

The fatty acid composition of the olive oil samples was carried out by GC-FID after
derivatization to their methyl esters (FAMEs) [31,32]. A gas chromatograph (GC) (Dani
Instrument, Master GC1000, Milan, Italy), equipped with a split/splitless injector, a flame
ionization detector (FID), and a capillary column (SLB-IL100, Supelco, Merck Sigma Aldrich,
USA), 60 m × 0.25 mm ID × 0.20 µm thickness film, was used for the GC analysis.

The following chromatographic conditions were used: column temperature of 165 ◦C
to 210 ◦C (held for 10 min) at 2 ◦C min−1; injector and detector temperatures of 250 ◦C;
a constant linear velocity of ultrapure helium (carrier gas) at 30 cm sec−1. The injection
volume was 1 µL, with a split ratio of 1:100. The identification was carried out by comparing
the retention times of the compounds identified in the oil to the retention times of a reference
FAME mixture. The percentage of individual FAMEs was calculated relative to the total
area of the chromatograms.
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2.6. Dosage of Total Phenolic Content (TPC)

The TPC was determined using the Folin–Ciocâlteu assay [33]. A triple-extraction,
with water–methanol (80:20 v/v), was carried out from fruit and oil samples, according to
the method described by [34] and [32], respectively. TPCs were measured at 760 nm via a
UV-spectrophotometer (UV-2401 PC, Shimadzu, Japan). The results were expressed as mg
gallic acid equivalent (GAE) kg−1.

2.7. Determination of Mineral Elements and Heavy Metals

Sample preparation was carried out according to the method described by [35], with
minor modifications. In short, 0.5 g from each sample (fruits and oils) was used. The
digestion was made with 8 mL of HNO3 (65%) and 2 mL of H2O2 (30%). The mixtures
obtained were placed in a microwave digester (Milestone ETHOS) and the mineralization
was carried out at 180 ◦C, with a power of 1000 W, for 10 min, as described in the microwave
operation manual for fruits and oils. The determination of the heavy metal content was
performed using Inductively Coupled Plasma-Mass Spectrometry (ICP-MS), using an iCAP
Q (Thermo Scientific, Waltham, MA, USA) spectrometer equipped with an autosampler
ASX520 (Cetac Technologies Inc., Omaha, NE, USA). The quantification of Hg levels was
performed using a Direct Mercury Analyzer (DMA-80, Milestone, CT, USA). The operating
conditions of the ICP-MS and DMA-80 used are described by [36], and the results were
given as mg kg−1.

2.8. Statistical Analysis

Univariate statistical analysis was performed using the SPSS v22 software (SPSS,
Chicago, IL, USA). Differences between means were assessed using the one-way ANOVA
test, after checking the normal distribution of the dataset. Comparative analysis was
performed by Tukey’s HSD test. Values of p≤ 0.05 were considered significant. Multivariate
statistical analysis (principal component analysis, PCA) was performed using the Statistica
v8.0 software (former Stat Soft Inc., now TIBCO Software Inc., Palo Alto, CA, USA).

3. Results
3.1. Effects of Poultry Wastewater Irrigation on Pomological Parameters of ‘Chemlali’ Olives

The results of the visual assessment based on the pulp color of 100 randomly selected
fruits, revealed that the reuse of industrial effluent PWW and PWTWW in the irrigation of
olive trees delayed the maturation of olive fruits, in comparison to those collected from
olive trees cultivated in rain-fed conditions, where the maturity index (MI) values were
5.30, 5.36, and 6.12, respectively (Table 1). The one-way ANOVA showed that different
pomological parameters: fruit average weight and diameter, weight and percentage of pulp,
stone weight and diameter, and pulp/stone recorded in the lot irrigated with PWTWW,
were significantly higher (p ≤ 0.05) than those recorded in the control lot, grown under
rain-fed conditions, and the lot irrigated with PWW. No significant difference was detected
between the latter two lots.

The fruit water content did not present statistically significant inter-lots differences,
where the values recorded were in the range from 46% to 48%. However, the highest
pulp oil content (69.51%) was recorded in the lot of olives harvested from the lot irrigated
with PWW.

3.2. Effect of Wastewater Irrigation on Olive Oil Quality

Table 2 shows the results of quality indices of the olive oil samples obtained using
wastewater irrigation. All values are within the limits established by the International
Olive Council [35] for extra virgin olive oils (EVOOs).
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Table 1. Effect of wastewater irrigation on the pomological criteria of fruit from the Olea europaea L.
cv. Chemlali.

Control PWW PWTWW

Maturity index (MI) 6.12 5.30 5.36
Average fruit fresh

weight (g) 0.86 a ± 0.13 0.88 a ± 0.11 0.97 b ± 0.14

Water fruit content (%) 46.00 a ± 0.00 46.00 a ±1.00 48.00 a ± 1.00
Fruit diameter (mm) 0.84 a ± 0.08 0.85 a ± 0.06 0.88 b ± 0.06
Average pulp fresh

weight (g) 65.00 a ± 0.10 0.67 a ± 0.09 0.74 b ± 0.11

Pulp percentage (%) 75.49 a ± 1.58 76.00 a ± 1.73 77.00 b ± 1.65
Pulp oil content (%) 58.03 a ± 0.02 69.51 c ± 0.01 66.71 b ± 0.01
Average stone fresh

weight (g) 0.21 a ± 0.03 0.21 a ± 0.03 0.22 b ± 0.03

Stone diameter (mm) 0.38 a ± 0.03 0.38 a ± 0.04 0.39 b ± 0.03
Pulp/stone 3.11 a ± 0.26 3.20 a ± 0.30 3.38 b ± 0.31

Control: olive trees grown under rain-fed conditions; PWW: olive trees irrigated with poultry wastewater;
PWTWW: olive trees irrigated with poultry wastewater diluted with tap water (50:50) (v/v). ± standard deviations.
Same superscript letters indicate not significant differences at p ≤ 0.05, according to Tukey’s HSD test.

Table 2. Effect of wastewater irrigation on the quality of olive oils from cv. Chemlali.

Control PWW PWTWW
* Standards

Extra-Virgin Virgin

Free fatty acids (% Oleic acid) 0.2 0.2 0.2 ≤0.80 ≤2.0
Peroxide value (mEqO2 kg−1) 13 13 16 ≤0.20 ≤0.20

K232 2.48 2.42 2.59 ≤2.50 ≤2.60
K270 0.08 0.13 0.08 ≤0.22 ≤0.25
∆K −0.005 0 −0.005 ≤0.001 ≤0.001

Control: olive trees grown under rain-fed conditions; PWW: olive trees irrigated with poultry wastewater;
PWTWW: olive trees irrigated with poultry wastewater diluted with tap water (50:50) (v/v); * Commercial
standards applicable to olive oils [37].

The results of the peroxide value revealed that the samples of oil produced from trees
that were irrigated with PWTWW had the highest value (16 mEq O2 kg−1), whereas the
other oil samples showed similar values (13 mEq O2 kg−1).

The olive oil extracted from trees irrigated with PWTWW presented the highest
spectrophotometric absorbance value (2.59) at 232 nm, while the lowest value was recorded
in the PWW samples (2.42), while the control group displayed a value in between (2.48).
The oil sample from the group receiving PWW irrigation had a high concentration of
oxidized secondary products, with a value of 0.13, according to the data obtained for the
absorbance at 270 nm. However, oil samples obtained with the PWTWW and control
groups showed lower secondary oxidation levels (0.08).

All ∆k values recorded were lower than 0.001, which shows that the reuse of wastewa-
ter did not affect the purity of the oils obtained. On the basis of these classification criteria,
established according to the commercial standard of the International Olive Council [37],
the olive oils extracted from the lot grown under rain-fed conditions, and the lot irrigated
with PWW, belong to the extra-virgin olive oil category, while the oil obtained from the
PWTWW irrigated group belongs to the virgin olive oil category, this is due to the K232
extinction value, which was in the range 2.50–2.60.

3.3. Effect of Wastewater Reuse on Total Phenolic Content

Figure 1 shows the total phenolic contents determined in the samples. Olive oil
samples showed a high statistical intragroup variability (F = 314.190), compared to fruit
samples (F = 7.688). The reuse of PWW and PWTWW in olive trees’ irrigation caused
a decrease in TPC concentrations of drupes, i.e., 182 ± 5 and 180 ± 4 mg GAE kg−1,
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respectively. However, olive oil samples showed a significant increase in TPC using PWW
(106 ± 1 mg GAE kg−1).
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Figure 1. Influence of wastewater irrigation on olive fruit and oil total phenolic contents (mg GAE
kg−1). Control: olive trees grown under rain-fed conditions; PWW: olive trees irrigated with poultry
wastewater; PWTWW: olive trees irrigated with poultry wastewater diluted with tap water (50:50)
(v/v). Same superscript letters indicate not significant differences at p ≤ 0.05, according to Tukey’s
HSD test.

3.4. Effects of Wastewater Reuse on Mineral and Heavy Metal Accumulation on Fruits and Olive
Oil Samples

Table 3 shows the results of mineral and heavy metal determination on the fruit and
olive oil samples. Olive fruits harvested from PWW-irrigated trees were rich in Mg, B, and
Cu, with values of about 27.490, 3.660, and 0.240 mg kg−1, respectively. In addition, a very
marked Fe fruit enrichment was noticed in the lot irrigated with PWTWW (2.590 mg kg−1),
compared with the PWW (1.480 mg kg−1) and control (1.060 mg kg−1) lots. No significant
difference, at p ≤ 0.05, was registered in the concentrations of the nutrients Mn, Zn, and Co.

Statistical analysis showed that the reuse of wastewater had a significant effect, at
p ≤ 0.05, on the rate of accumulation of heavy metals in the olive pulp (Table 3). Fruits
harvested from trees irrigated with PWTWW showed a higher accumulation rate of Cr, Al,
Ti, V, Ni, Sr, and Ba than those irrigated with PWW or rain-fed. Except for Li and Ti, the
lowest heavy metal concentrations were detected in the control lot.

Regarding the olive oil samples, the reuse of PWW induced a very significant accumu-
lation of mineral elements such as Mg, Fe, and Mn, with concentrations of 12.090, 8.360,
and 0.250 mg kg−1, respectively (Table 3). According to standards established in [37], Fe
concentrations exceeded the set limits. The lowest amounts of these minerals were found in
olive oil derived from the control olive trees, while the highest concentrations were found
in the PWTWW-irrigated olive trees.

The evaluation of heavy metals accumulation showed the absence of some metals,
such as Be, Se, and Ag, in the three olive oil samples, as well as the absence of a significant
difference, at p ≤ 0.05, in the Hg, Tl, and Bi content. Olive oil extracted from olive trees
irrigated with PWTWW revealed very high concentrations of Cr and Ni, on the order
of 0.100 mg kg−1 (Table 3). However, the concentrations recorded in the sample of oil
extracted from the trees irrigated with PWW had higher values than the other two samples,
especially in the contents of Li, Al, Ti, V, Sr, and Ba, where the concentrations were 0.010,
13.610, 1.180, 0.030, 0.100, 0.050 mg kg−1, respectively. In addition, Cd and Sb were not
detected in the PWW olive oil sample (Table 3).
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Table 3. Determination of minerals (mg kg−1) in fruits and olive oil samples.

Control PWW PWTWW * Standard for
Olive OilFruit Olive Oil Fruit Olive Oil Fruit Olive Oil

Mg 23.460 a ± 0.090 2.070 a ± 0.005 27.490 b ± 0.400 12.090 c ± 0.067 26.510 b ± 0.290 3.100 b ± 0.001 -
B 2.020 a ± 0.010 nd 3.660 b ± 0.050 nd 2.070 a ± 0.030 nd -

Cu 0.240 b ± 0.000 nd 0.240 b ± 0.000 nd 0.200 a ± 0.010 nd <0.1
Fe 1.060 a ± 0.040 0.020 a ± 0.001 1.480 b ± 0.010 8.360 c ± 0.004 2.950 c ± 0.040 0.710 b ± 0.004 <0.3
Mn 0.250 a ± 0.030 0.001 a ± 0.000 0.230 a ± 0.020 0.250 b ± 0.003 0.290 a ± 0.030 0.010 a ± 0.003 -
Mo nd nd nd nd nd 0.004 a ± 0.001 -
Zn 0.100 a ± 0.000 0.100 a ± 0.002 0.120 a ± 0.010 0.100 a ± 0.000 0.100 a ± 0.000 0.100 a ± 0.000 -
Co 0.002 a ± 0.000 nd 0.002 a ± 0.000 0.010 b ± 0.001 0.002 a ± 0.000 0.001 a ± 0.000 -
Hg 0.004 a ± 0.001 0.002 a ± 0.001 0.005 a ±0.001 0.001 a ± 0.001 0.003 a ±0.001 0.001 a ± 0.001 -
Cr nd nd nd 0.020 a ± 0.002 0.002 a ±0.001 0.100 b ± 0.001 -
Li 0.050 b ± 0.001 nd 0.070 c ± 0.001 0.010 a ± 0.001 0.040 a ±0.001 nd -
Be nd nd nd nd nd nd -
Al 1.320 a ±0.004 0.100 a ± 0.005 1.840 b ±0.002 13.610 b ± 0.003 3.531 c ±0.001 0.100 a ± 0.002 -
Ti 0.240 b ± 0.001 0.030 a ± 0.002 0.210 a ± 0.001 1.180 b ± 0.005 0.500 c ± 0.001 0.020 a ± 0.001 -
V 0.003 a ± 0.001 0.001 a ± 0.000 0.004 a ± 0.001 0.030 b ± 0.001 0.010 b ± 0.001 0.002 a ± 0.001 -
Ni 0.010 a ± 0.001 nd 0.010 a ± 0.001 0.010 a ± 0.001 0.030 b ± 0.001 0.100 b ± 0.007 -
As 0.001 a ± 0.000 nd 0.001 a ± 0.000 0.003 b ± 0.001 0.001 a ± 0.000 nd -
Se 0.001 a ± 0.000 nd 0.001 a ± 0.000 nd 0.001 a ± 0.000 nd -
Sr 0.700 a ± 0.010 0.010 a ± 0.001 0.760 b ± 0.001 0.100 c ± 0.002 1.550 c ± 0.004 0.020 b ± 0.001 -
Ag nd nd nd nd nd nd -
Cd 0.010 a ± 0.000 0.002 a ± 0.001 0.010 a ± 0.000 nd 0.010 a ± 0.000 0.001 a ± 0.000 -
Sb 0.002 a ± 0.000 0.003 a ± 0.001 0.003 a ± 0.001 nd 0.002 a ± 0.001 0.003 a ± 0.001 -
Ba 0.040 a ± 0.000 0.002 a ± 0.001 0.040 a ± 0.000 0.050 b ± 0.001 0.100 b ± 0.007 nd -
Tl 0.001 a ± 0.000 0.001 a ± 0.000 0.001 a ± 0.000 0.001 a ± 0.000 0.001 a ± 0.000 0.001 a ± 0.000 -
Pb 0.002 a ± 0.000 0.001 a ± 0.000 0.002 a ± 0.000 0.003 b ± 0.000 0.002 a ± 0.000 nd -
Bi 0.003 a ± 0.000 0.004 a ± 0.001 0.003 a ± 0.000 0.004 a ± 0.001 0.003 a ± 0.000 0.003 a ± 0.001 -

Control: olive trees grown under rain-fed conditions; PWW: olive trees irrigated with poultry wastewater;
PWTWW: olive trees irrigated with poultry wastewater diluted with tap water (50:50) (v/v). * Commercial
standards applicable to olive oils [37]. ± standard deviations. Same superscript letters indicate not significant
differences at p ≤ 0.05, according to Tukey’s HSD test. nd: not detected (concentration < 0.001).

3.5. Effect of Wastewater Irrigation on Olive Oil Fatty Acid Profile

Figure 2 shows the results of the determination of fatty acids in the olive oil samples.
A relatively higher concentration of monounsaturated fatty acids was found (62.19%) in
olive oil extracted from the PWW-irrigated lot versus the control (60.37%) and PWTWW
(60.75%) lots, respectively. This abundance was accompanied by a decrease in the relative
percentage of saturated fatty acids.

As shown in Table 4, all fatty acid contents quantified in the olive oil samples were
within the range set by the IOC for the classification of olive oil as extra-virgin (2021). The
characterization of these fatty acids showed that oleic acid was the major representative
compound (57.62–59.71%), followed by palmitic acid (17.41–18.82%), and linoleic acid
(16.51–17.25%). According to the obtained results, statistical differences were only observed
in the PWW irrigated lot, which presented the highest percentages of oleic acid and
eicosenoic acid. The reuse of industrial wastewater had no effect on the content of the
remaining fatty acids.

In rain-fed conditions, a significant increase in the percentage of total sterols was
detected, where apparent β-sitosterols were the major representative. The analysis of
cholesterol content did not show a difference between the two rain-fed and PWW groups,
with values of 0.20% and 0.15%, respectively, while the PWTWW lot presented the lowest
content, with a percentage of 0.13%.
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Figure 2. Effect of irrigation with poultry wastewater on olive oil fatty acid concentrations (%). Control:
olive trees grown under rain-fed conditions; PWW: olive trees irrigated with poultry wastewater;
PWTWW: olive trees irrigated with poultry wastewater diluted with tap water (50:50) (v/v).

Table 4. Fatty acid (%), sterol (%), and alcohol (%) contents in olive oils from cv. Chemlali, obtained
after wastewater irrigation.

Fatty Acids Common Name Control PWW PWTWW * Standards

Fatty acids (%)
C14:0 Myristic acid 0.01 a ± 0.00 0.02 a ± 0.00 0.01 a ± 0.00 ≤0.03
C16:0 Palmitic acid 18.82 a ± 0.55 17.41 a ± 0.26 18.11 a ± 0.61 7.00–20.00
C16:1 Palmitoleic acid 2.55 a ± 0.19 2.21 a ± 0.29 2.26 a ± 0.38 0.30–3.50
C17:0 Heptadecanoic acid 0.05 a ± 0.01 0.04 a ± 0.02 0.08 a ± 0.02 ≤0.40
C17:1 Heptadecenoic acid 0.05 a ± 0.02 0.03 a ± 0.01 0.06 a ± 0.02 ≤0.60
C18:0 Stearic acid 2.72 a ± 0.06 2.68 a ± 0.03 2.66 a ± 0.03 0.50–5.00
C18:1 Oleic acid 57.62 a ± 0.11 59.71 b ± 0.39 58.25 a ± 0.13 55.00–85.00
C18:2 Linoleic acid 16.89 a ± 0.36 16.51 a ± 0.31 17.25 a ± 0.05 2.50–21.00
C18:3 Linolenic acid 0.65 a ± 0.01 0.63 a ± 0.01 0.63 a ± 0.01 ≤1.00
C20:0 Arachidic acid 0.44 a ± 0.01 0.46 a ± 0.02 0.44 a ± 0.01 ≤0.60
C20:1 Eicosenoic acid 0.15 a ± 0.01 0.24 b ± 0.01 0.18 a ± 0.01 ≤0.50
C22:0 Behenic acid 0.03 a ± 0.01 0.03 a ± 0.01 0.04 a ± 0.01 ≤0.20
C23:0 Tricosylic acid 0.02 a ± 0.00 0.03 a ± 0.00 0.03 a ± 0.00 ≤0.20

Sterols (%)
Cholesterol 0.20 b ± 0.02 0.15 a,b ± 0.01 0.13 a ± 0.02 -

Brassicasterol 0.02 a ± 0.00 0.03 b ± 0.00 0.05 c ± 0.00 -
Campesterol 2.86 a ± 0.13 3.21 b ± 0.03 3.04 a,b ± 0.05 -
Stigmasterol 0.60 a ± 0.14 1.04 b ± 0.04 0.95 b ± 0.03 -

** Apparent β–sitosterols 95.40 c ± 0.15 94.80 b ± 0.05 94.22 a ± 0.12 -
∆7-stigmastenol 0.29 a, b ± 0.00 0.25 a ± 0.01 0.31 b ± 0.02 -
Total sterols (%) 0.23 b ± 0.00 0.19 a ± 0.01 0.20 a ± 0.00 -

Alcohols (%)
Erythrodiol and uvaol 2.58 a ± 0.12 3.15 b ± 0.09 2.76 a,b ± 0.11 <4.50

Control: olive trees grown under rain-fed conditions; PWW: olive trees irrigated with poultry wastewater;
PWTWW: olive trees irrigated with poultry wastewater diluted with tap water (50:50) (v/v); * Commercial stan-
dards applicable to olive oils [37]; ** Apparent β-sitosterols: ∆−5.23-stigmastadienol + cholesterol + β-sitosterol +
sitostanol + ∆−5-avenasterol + ∆−5.24-stigmastadienol. ± standard deviations. Same superscript letters indicate
not significant differences, at p ≤ 0.05, according to Tukey’s HSD test. nd: not detected (concentration < 0.001).

Erythrodiol and uvaol, determined as a sum, were the only alcohols detected with a
higher percentage in the PWW lot, with a value of 3.15%, compared to 2.58% in the control
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lot. Erythrodiol and uvaol levels did not exceed 4.5%, the acceptable COI limit for edible
virgin olives [37].

Principal component analysis (PCA) was performed on the autoscaled data obtained
for the olive oil samples, in order to reduce such a large dataset without losing information
(Figure 3a,b). The first principal component (PC1) and the second principal component
(PC2) explained 48.80% and 22.77% of the total variance, respectively.
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(50:50) (v/v).

Oleic acid, myristic acid, arachidic acid, eicosenoic acid, K270, the sum of the two
alcohols, and campesterol weighed on PC1 with a positive sign and were highly correlated
with the mineral elements (Mg, Mn, and Fe), but also with Li, Al, Ti, V, Sr, and Ba (Figure 3a).
PC2 was mainly characterized by apparent β-sitosterols, cholesterol, and stearic acid with
a positive sign, while brassicasterol, peroxide value, Ni, and Cr weighed on PC2 with a
negative sign. Figure 3b shows the scatterplot of PC1 vs. PC2. The samples are perfectly
separated in three different clusters. PWW is located on the positive quadrant of PC1, while
PWTWW is set in the negative quadrant of PC1 and PC2, and finally, the controls are placed
in the negative quadrant of PC1 and the positive quadrant of PC2.

PC3 represents 13.26% of the total variance. However, this PC is mainly characterized
by minor fatty acids, which reflects in the more scattered positions of the samples in the
score plot. However, PWW samples are clearly separated by the remaining samples, which
are instead more mixed.

4. Discussion

Wastewater reuse is becoming a worldwide agricultural practice, especially for olive
tree irrigation. In fact, wastewater plays a primary role in supplementing irrigation water
requirements [19,38]. However, maintaining the commercial value of the olives, such as
their size, is still critical. In fact, their commercial value increases with the increase in pulp
to stone ratio [39].

Several previous works have shown that the reuse of treated wastewater has improved
the pomological criteria of Chemlali olives [23,40]. In order to determine the optimal
harvesting moment, the calculation of the maturity index (MI) value is a very common
method to assess the degree of ripeness of olives. MI is very useful for farmers, because
it allows for an improvement in the quantitative and qualitative characteristics of olive
oil [41]. Indeed, it has been proven that the pomological characteristics of fruits, and the
quality of olive oil, depend on several factors, including the stage of maturation [42,43].
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After 12 months of irrigation, the results showed that using PWW and PWTWW
delayed the maturity of olives compared with those harvested from olive trees grown
under rain-fed conditions. The nutritional state of the tree can influence the maturity of the
fruits. In particular, fertilization with nitrogen reduces the biosynthesis of anthocyanins
(phenolic compounds responsible for changes in the color of the fruits) and, consequently,
delays the olive matutity [44,45].

Another study has found that under conditions of high nutrient availability, phenyala-
nine is preferentially directed towards protein synthesis rather than phenylpropanoid
synthesis, via phenylalanine ammonia-lyase (PAL), the main pathway for flavonoid biosyn-
thesis [46]. Those findings agree with our results, since PWW and PWTWW induced a
decrease in fruits’ total polyphenols content.

According to [47] the stage of maturity of Chemlali fruits is the most important factor
determining the fat content of olives, in relation to the fresh weight. In addition, it has been
shown that the irrigation of olive trees is a promoting factor for increasing fruit productivity,
by increasing both size, number, and oil content [12,48,49].

In the present work, the quality of water irrigation influences the pomological charac-
teristics of fruits. Aside from for the pulp oil content, the best criteria were recorded in the
olives harvested from the PWTWW-irrigated trees that showed the highest pulp to stone
ratio, which allows the improvement of their commercial value [39]. These findings suggest
that the nutrient contents of PWTWW represent the ideal nutritional ratios that allow for
the improvement of the fruits’ pomological features [18]. According to [50] the application
of appropriate dilutions of olive oil mill wastewater has stimulated the productivity of olive
trees. In fact, magnesium and potassium, at suitable concentrations, act as pomological
stimulator factors (fruit weight, fruit dimensions, pulp weight, and pulp to stone ratio), by
enhancing the plant physiological processes [51].

A previous study has shown that foliar application of potassium improved fruit
quality by promoting the synthesis and transfer of carbohydrates from the shoot to the
storage organs (fruits) [52]. Magnesium, which also affects the biosynthesis of proteins,
chlorophylls, and carbohydrates in plant anabolism, is responsible for the improvement in
fruit quality. By increasing the plant capacity for photosynthetic energy, magnesium makes
assimilates for fruit growth more readily available [53]. Fertilization with magnesium and
potassium, which function as controllers of the enzyme activity involved in oil production,
results in an enhanced assimilation translocation to the storage organs [51,54]. In addition,
it has been proven that the accumulation of oil in the olive is a process that depends on
the amount of carbohydrates from the fruits and leaves [55], which is consistent with our
earlier findings about the carbohydrate content in olive tree leaves [18]. Regarding the
health status of fruits, [56] did not mention any contamination of fruits harvested directly
from the canopy.

According to the classification proposed by [37], the PWW preserved the oil quality as
extra-virgin. However, the oil obtained following the PWTWW irrigation was classified
as virgin oil, due to the slight increase in the K232 extinction value, which could be
due to its oxidation during storage. The UV spectrophotometric absorbance test is a
complementary analysis to determine oil purity degree, by evaluating the oxidation state
of unsaturated fatty acids and the formation of oxidized products. Absorbance at 232 nm
allowed the measurement of the concentration of linoleic hydroperoxides, which act as
oxidation initiators, giving rise to volatile and non-volatile compounds [57]. The oxidation
of PWTWW oil samples can be attributed to the higher fruit water content, in comparison
with the remaining samples. In fact, lipases naturally present in olive pulp or seeds, are
active in the aqueous phase [58]

The absorbance at 270 nm is a tool to measure secondary products of oxidation such as
diketones and unsaturated ketones [59]. The determination of the ∆k value is fundamental
in order to assess the degree of purity of the oil [60]. The peroxide value corresponds to the
number of peroxides present in the oil, which is used to assess the state of conservation of
fat during storage and its degree of primary oxidation [61].
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Previous works have mentioned that the reuse of treated wastewater from different
origins (domestic, industrial, the dairy industry) did not affect the standard indices (free
acidity, specific absorbance at ultraviolet K232 and K270) used for evaluating the quality of
Chemlali olive oil [56,62,63].

The fatty acids profiles of the olive oils showed that PWW and PWTWW preserved the
olive oil quality as extra-virgin, according to the commercial standard applicable to olive
oils [35]. Furthermore, higher percentages of oleic and eicosenoic acids were observed in
the lots irrigated with PWW. These findings contradict those made by [62,64], who claimed
that the reuse of treated wastewater in the watering of Chemlali olive trees was the cause
of the increase in the contents of linoleic, stearic, palmitic, palmitoleic, and linolenic acids.

Free fatty acids are a very important parameter for determining olive oil quality. This
parameter is expressed as the percentage of oleic acid present in 100 g of oil. In fact, it has
been mentioned that the stage of maturity of the olives is one of the major factors that can
influence the oil quality, where the high oleic acid content is positively correlated with
less mature fruits. In addition, a high concentration of oleic acid, accompanied by low
concentrations of palmitic, stearic, linoleic, and linolenic acids, can improve the commercial
value of olive oil [65].

According to [66], the fatty acid profile of olive oil is affected by the irrigation water
quality. Furthermore, previous research has revealed that fertilization slightly affects the
contents of the main fatty acids [67,68]. In addition, it is recommended to carefully control
fertilization, especially nitrogen levels, in order to guarantee the final quality of the olive
oil [69]. Indeed, oleic acid is one of the most important fatty acids in olive oils, due to its
important nutritional value and its role in maintaining oxidative stability [70], which is in
agreement with our results relating to the peroxide values and extinction coefficients.

Sterols are among the most important minor compounds that influence the final virgin
olive oil quality, by contributing to its resistance to oxidative deterioration [71]. In addition,
they constitute part of the non-saponifiable lipid fraction, which possesses several beneficial
health properties [72]. In our study, the sterols content recorded, following irrigation with
different water qualities, varied between 0.19% and 0.23%, which is consistent with the
range of values reported in the literature (0.13–0.29%) [73–75].

The results showed that olive trees cultivated under rain-fed conditions produced
an oil richer in sterol compounds, compared to those irrigated with PWW and PWTWW.
However, the control lot recorded the lowest stigmasterol percentages. The authors of [76]
considered that stigmasterol is the main sterol that causes alterations in virgin olive oil
quality. In fact, its high content negatively affects the oil’s sensory quality. In addition,
previous studies have mentioned that a high stigmasterol content is positively correlated
with higher acidity [77,78].

In the present study, the decrease in the concentration of total sterols could be due to
the fact that steroid compounds are formed during the first phases of maturation, during
which the oil content normally increases. This increase is explained by the dilution of
sterols [79]. The fruits collected from the PWW and PWTWW lots were less mature, with
higher oil contents than those collected from the control batch. According to [71], the reuse
of treated wastewater for 13 years in the irrigation of Chemlali olive trees, induced an
increase in the content of total sterols, campesterol, stigmasterol, and cholesterol, with
a decrease in β-sistosterol. These results agree with ours only in terms of total sterols
and cholesterol content. The authors of [67] found that foliar fertilization based on boron,
manganese, magnesium, and sulfur decreased cholesterol levels in Picholine olive oil,
which is consistent with our results, given the richness of PWW in these nutrients. Contrary
to our findings, the combination of these elements with nitrogen does not seem to have an
impact on the amounts of brassicasterol, campesterol, and stigmasterol.

Erythrodiol and uvaol are triterpenic dialcohols [80]. The increase in erythrodiol and
uvaol levels observed in the oil sample extracted from the PWW lot can be explained by
the fact that these triterpene diols are mostly located in fruit epicarp. During maturation,
the epicarp becomes more fragile as the fruit ripens, and better breaks during milling [81].
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According to the high correlation shown by PCA among mineral elements (Mn, Mg, and
Fe), major fatty acids (oleic and myristic acid), and alcohols, this increase may be attributed
to PWW’s richness in these elements. As far as we know, no literature has established a
link between oils’ mineral and fatty acid profiles.

The content of phenolic compounds is responsible for major olive oil properties, such
as oxidative stability [82]. It is widely known that the highest quality of olive oil is obtained
during the initial ripeness stage, due to its composition of phenolic compounds [83,84].
In fact, less mature harvested fruits produce oil with a high polar phenol content, which
contributes to the sensations of bitterness and pungency, and to better oil stability [82].
These assertions agree with the results obtained in the present study, since the olives
harvested from the PWW lot remained less ripe than the control lot and consequently
had a higher total phenolic content. Nevertheless, previous studies have mentioned that
the increases in olive oil polyphenols can be a response to salinity stress [85–87]. In a
previous study, physicochemical characterization of PWW showed a high level of electric
conductivity, which resulted in a high salinity [18].

Besides the stage of fruit maturity and salinity, a higher olive water content could
explain the differences in the oil phenolic content between the PWW and PWTWW groups.
In fact, phenolic compounds are soluble in both water and oil. Fruits harvested from the
PWTWW group showed the highest water content, even though it was not significant,
meaning significant amounts of total phenol were carried away from the oily phase [88].

The nutritional fruit profile showed a high concentration of the minerals Mg, B, and Cu
in the lot irrigated with PWW. The authors of [89] have hypothesized that the transfer of N
and K from the leaves, for the synthesis of amino acids, proteins, and secondary metabolites
could be the cause of the enrichment of fruits in these minerals. The same work mentioned
an accumulation of Zn and Mn as well. An increase in the Mg content of fruits has also
been described in a study on the Tunisian cultivar Chemlali, treated using wastewater from
a dairy company [23]. However, the concentrations of the mineral elements Mn, Fe, and
Zn, as well as the levels of heavy metals (Pb and Hg), decreased [23]. Conversely, in the
present study an increase in the concentrations of Fe and several heavy metals, such as Al,
Ba, Sr, Ni, and Ti, was observed.

The accumulation of heavy metals in the soil, and their translocation to different plant
organs, is one of the main negative consequences of the reuse of wastewater in agriculture.
The results obtained in the present study suggest that PWW and PWTWW contributed to
the enrichment of olive oil in the minerals Mg, Fe, Mn, and Co. However, in parallel, there
was a considerable immobilization of heavy metals along the transition from fruit to olive
oil. In contrast to the findings mentioned by [90], the same observations were made by [91]
and [63]. In our case, before the beginning of the experience, high concentrations of heavy
metals were detected in the soil. The reuse of PWW and PWTWW induced a significant
decrease in their levels, accompanied by an increase in the electrical conductivity. Relevant
decreases recorded in the soil after irrigation could be correlated to the effect of NPK
fertilization. Indeed, it has been proven that NPK fertilization promotes the absorption of
elements (in particular zinc) by plants, as well as heavy metals [92,93]. Furthermore, this
result can be explained by the soil electrical conductivity increase, which is considered as
a determining factor of the bioavailability of heavy metals, where its increase leads to a
greater bioavailability [94,95].

5. Conclusions

Reusing poultry wastewater for the irrigation of olive trees, revealed that its 50%
dilution (PWTWW) improved the pulp to stone ratio, which is a relevant parameter of olive
tree productivity. Furthermore, two considerable phenomena were observed using poultry
wastewater to irrigate of olive trees, a delay in the fruit ripening process (for both PWW
and PWTWW), and a higher pulp oil content (PWW).

The reuse of PWW and PWTWW resulted in the production of extra-virgin and
virgin olive oil qualities, respectively, according to the classification proposed by the [35].
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Regarding the fatty acid profile of the olive oil, it was unaffected following irrigation
with PWW. Nevertheless, PWW induced a significant increase in the content of oleic acid,
triterpenic alcohols (erythrodiol and uvaol), and total phenolic content, and a decrease
in total sterols, in comparison with the other samples. Heavy metals analysis revealed
that PWW irrigation induced heavy metal bioaccumulation in olive oil translocated from
already contaminated soil.

The reuse of PWW can be a good alternative to minimize the reuse of fresh water and
improve the quality of olive oil, provided that it is ensured in advance that the irrigated
soil is free of heavy metals.
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