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ABSTRACT: The influence of macronutrient status on olive oil properties was studied for three years. Data were analyzed by a
multivariate model considering N, P, K, and fruiting year as explanatory factors. Oil quality parameters were primarily associated
with N concentration in leaves and fruits which increased with N in irrigation solution. The effect of P on oil quality was mainly
indirect since increased P availability increased N accumulation. The potassium level had negligible effects. The oil phenolic
content decreased linearly as a function of increased leaf N, indicating protein−phenol competition in leaves. The overall
saturation level of the fatty acids decreased with fruit N, resulting in increased polyunsaturated fatty acids. Free fatty acids
increased with increased levels of fruit N. High fruit load tended to reduce fruit N and subsequently improve oil quality. The
effect of N on oil properties depended solely on its concentration in leaves or fruits, regardless of the cause.
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■ INTRODUCTION

Public perception of its gastronomic and health-related benefits
has led to continual increases in the global consumption of
virgin olive oil (VOO). The growing demand for VOO has led
to the intensification of olive cultivation.1 Unlike most other
vegetable oils, VOO is extracted solely by physical means
without the use of industrial solvents. Hence, VOO preserves
both the unique flavor and beneficial minor compounds. In
particular, VOO has been found to reduce the risk of
cardiovascular diseases, cancer, obesity, type II diabetes, and
metabolic syndrome.2 The health properties of VOO are
related to three major characteristics: the first, a high
proportion of monounsaturated fatty acid (MUFA), namely,
oleic fatty acid,3 the second, the existence of powerful
antioxidants, mainly phenolic compounds,4 and the third, the
presence of a variety of minor compounds beneficial to health
including sterols, carotenoids, squalene, and tocopherols.5

Many environmental, horticultural, and genetic factors may
alter olive oil properties. The most acknowledged are variety,
climate, irrigation, fruit maturity level, pest damage, harvest
method, and oil extraction method.6,7 Mineral nutrition has not
traditionally been considered to play a major role regarding oil
quality.7,8 Since proper nutrition is essential for high yields,9

most of the trials regarding olive mineral nutrition examined
nutritional effects on productivity rather than on quality. A
number of studies are responsible for the general belief that
fertilization has an insignificant effect on oil quality. Inglese et
al.10 and Ferreira et al.11 did not find any changes in fatty acid
composition in response to nitrogen (N), phosphorus (P), and
potassium (K) application. Similarly, no effect on oil quality
was found subsequent to urea application12 or for foliar N

application on FFA and oil fatty acid composition.13 In contrast
to the above, recent studies indicate that macronutrients may
have an effect on some VOO quality properties.14−17 In a long-
term N trial, Fernańdez-Escobar et al.14,18 reported that high N
fertilization caused a decrease in polyphenol content and thus a
decrease in oil stability. In another experiment, using a modern
fertigation system, the researchers found that increasing
amounts of N, P, and K led to decreased polyphenols,
bitterness, and oil stability.15 The percentage of MUFA
decreased, and consequently, the portion of polyunsaturated
fatty acids (PUFA) increased with increased fertigation
concentrations. Similarly, in a controlled container experiment,
Dag et al.16 reported decreased oleic percentage and
polyphenol content in response to high levels of N and P,
while K had only a minor effect. Recently, foliar nutrient
application was reported to elevate the level of phytosterols and
decrease polyphenol content of olive oil.17 Interestingly, similar
to that reported for olive oil, increasing N application was
found to reduce phenol content and the oleic portion also in
walnut kernels.19

The references cited above indicate that present available
knowledge regarding the effect of mineral nutrition on oil
quality is limited and inconsistent. The different conclusions
found in the various studies have a number of explanations.
One reason for the inconsistencies may be due to the essential
differences between traditional and modern cultivation systems,
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for which nutrient availability and uniformity are significantly
different. This is especially true when taking into account
fertigation compared to traditional methods of dryland
fertilization.20 Another potential complicating factor is the
dependence of tree response to mineral nutrition on additional
aspects including: soil type,21 fruit load,22 and climate. Perhaps
the most compelling reason for the conflicting findings
regarding mineral nutrition is the way fertilization is being
assessed. The traditional way of examining nutritional effects in
response to fertilizer application dose is problematic. Minerals
taken up and accumulating in the tree may be influenced by a
number of factors including fertilizer composition, application
methods (fertigation, soil application, or foliar spray), timing,
soil physical and chemical properties, tree nutritional status, or
environmental conditions. In particular, water availability is
highly important for determining plant response to miner-
als.23,20 It is therefore necessary to evaluate tree nutritional
status rather than application rate when studying response to
minerals.
Leaf analysis is considered to be the best method for

diagnosing nutritional status in olives.24,25 However, fruit
nutritional level is expected to be more relevant than leaf
concentration regarding the examination of nutrient status on
oil properties26 since the fruit is the site of oil biosynthesis.
Another level of difficulty in studying the influence of mineral
nutrition on oil quality is that interactions between minerals

frequently occur. Manipulation of a single mineral can directly
or indirectly affect the nutritional level of other minerals,23

making interpretation challenging. Therefore, assessment of the
effect of nutrients on oil quality must include consideration of
nutritional levels of each of the main minerals. In a previous
paper, we presented an analysis of the effect of single-factors N,
P, and K on VOO quality for a single season.26 The aim of the
present study was to further evaluate the effect of the three
major nutrients and their interactions on VOO quality over
multiple fruiting years. To accomplish this, we investigated the
effect of mineral levels in fruits and leaves on oil obtained from
trees receiving various fertilizer concentrations in their
irrigation solution. The data collected in the first season was
reprocessed and integrated with results from the following two
seasons. Naturally, during the three examined seasons trees had
different fruit bearing levels. A multivariate statistical model was
used in order to capture the interactions between N, P, and K
nutritional levels in fruits and leaves on the major VOO quality
parameters.

■ MATERIALS AND METHODS
Plant Material and Experimental Design. Olives (cv. Barnea)

were grown in containers at the Gilat Research Center, Israel. Two
year old plants were planted in February 2006 in 60-L containers filled
with type 4 (4−6 mm) granular perlite. Initially, the trees were
irrigated excessively via a drip system twice a day with a nutrient

Table 1. Annual Means and Statistical Analysis for N Concentration in Leaves in October and N Concentration in Fruit Flesh at
Harvest as a Function of N Concentration in the Irrigation Solutiona

irrigation N leaf N (%) fruit flesh N (%)

treatment (mg/L) 2007 2008 2009 2007 2008 2009

N1 6 1.17 0.64 0.98 N.D 0.33 N.D
N2 15 1.33 1.52 1.53 1.29 0.78 1.37
N3 25 1.78 1.78 1.68 1.54 0.95 1.73
N4 47 1.70 1.99 1.83 1.67 1.07 1.90
N5 75 1.67 2.12 1.83 1.73 1.14 1.81
N6 109 1.69 2.07 1.89 1.88 1.06 1.78
N7 153 1.78 2.00 1.90 1.78 1.45 2.14
N8 198 1.85 2.24 2.10 2.02 1.58 2.12
year effect 1.62 a 1.79 a 1.72 a 1.70 a 1.15 b 1.84 a
logarithmic regression

R2 0.74 0.81 0.88 0.91 0.91 0.78
p value 0.006 0.002 <0.001 0.001 <0.001 0.010

aDifferent letters indicate significant differences between means of annual data (P ≤ 0.05).

Table 2. Annual Means and Statistical Analysis for P Concentration in Leaves in October and P Concentration in Fruit Flesh at
Harvest as a Function of P in Irrigation Solutiona

irrigation P leaf P (%) fruit flesh P (%)

treatment (mg/L) 2007 2008 2009 2007 2008 2009

P1 0.2 0.08 0.03 0.03 0.08 0.04 N.D
P2 0.7 0.10 0.06 0.07 0.11 0.07 0.08
P3 1.2 0.11 0.10 0.10 0.12 0.08 0.15
P4 2.0 0.14 0.13 0.17 0.17 0.13 0.23
P5 4.4 0.15 0.15 0.15 0.21 0.15 0.24
P6 9.9 0.15 0.18 0.21 0.20 0.17 0.23
P7 19.3 0.17 0.23 0.24 0.21 0.19 0.30
year effect 0.13 a 0.13 a 0.14 a 0.17 ab 0.13 b 0.20 a
logarithmic regression

R2 0.91 0.98 0.95 0.91 0.98 0.79
p value <0.001 <0.001 <0.001 0.001 <0.001 0.017

aDifferent letters indicate significant differences between means of annual data (p ≤ 0.05).
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solution containing 83, 16, and 69 mg/L of N, P, and K, respectively.
Differential nutrient-irrigation treatments were initiated in September,
2006. Average nutrient concentrations in irrigation solutions are
presented in Tables 1, 2, and 3 for the N, P, and K treatments,
respectively. The 20 treatments included eight levels of N, seven levels
of P, and seven levels of K, with one of the treatments (N5, P6, and
K6) common to all three variables. For each treatment, only one
mineral was subject to manipulation. The concentrations of the
remaining minerals were set to 70, 10, and 100 mg/L N, P, and K,
respectively. The experiment used a randomized block design with six
replicates. Following the first harvest on November, 2007, three trees
per treatment were transplanted into 500 l containers filled with perlite
substrate for two more seasons. Detailed experimental set up
information and fertilizer composition are described by Erel et al.27,28

Fruit and Leaf Analysis. Fruits were harvested manually during
October−November of each fruiting year. Each tree was harvested
independently when its maturity index reached ∼2.5 according to the
IOC method.29 A sample of fruits was taken for mineral analysis. After
the stones were removed, fruit flesh was rinsed for 15 s in deionized
water, dried at 60 °C, and ground to powder. Total N, P, and K
content was determined after digestion with sulfuric acid and hydrogen
peroxide. The concentrations of N and P were determined with an
autoanalyzer (Lachat Instruments, Milwaukee, Wisconsin, U.S.A.), and
K content was determined with a flame photometer (Corning 400,
Corning Inc., New York, U.S.A.). Leaf samples were taken close to the
harvest in early November according to the common protocol.30 The
youngest fully developed leaves were collected from the middle
portion of nonbearing branches. Sampled leaves were washed, dried,
and digested as described for fruits.
Oil Extraction and Quality. Cold-pressed oil was obtained from

representative 1 kg fruit samples using an ‘Abencor’ laboratory mill
(mc2 Ingenieria y Sistemas, Seville, Spain) in accordance with the
protocol described by Ben-David et al.31 Determination of free fatty
acid (FFA) and peroxide value was carried out according to ISO 660
and 3960, respectively. Total polyphenols, expressed as gallic acid
equivalents (mg/kg), were determined with a UV visible spectropho-
tometer (Beckman Coulter, Inc. Fullerton, CA, U.S.A.) at 765 nm
using the Folin−Ciocalteu reagent. Fatty acid composition was
determined by gas chromatography (GC) as fatty acid methyl esters
(FAMEs). FAMEs were prepared according to AOCS protocol No. Ce
2-66 (97). GC analysis was performed in accordance with ISO 5508,
using an Agilent Technologies (model 6890N) GC with a flame
ionization detector and the recommended capillary column (60 m,
0.25 mm id, 0.25 μm film thickness; Quadrex Corporation,
Woodbridge, CT, U.S.A.).
Data Analysis. Data were analyzed using JMP 10.0 software (SAS

Institute Inc., Cary, NC, U.S.A.). The effect of fruiting year on leaf and
fruit N, P, and K was tested by Tukey’s honest significance test.
Initially, the combined relationships of a single mineral level (fruit flesh
or leaves), fruiting year, and the measured oil quality parameter were

determined using two-way ANOVA. The model includes data
composed of all of the measured trees, and each point in the model
represents the average of six trees in 2007 and three trees in 2008 and
2009 (sum of 240 measurements). Subsequently, all of the minerals,
fruiting years, and interactions were examined in a multifactorial
model. Only significant correlations between mineral level and quality
parameters were considered. Linear regression of combined data was
presented only when there was an insignificant effect of fruiting year;
otherwise, regression was presented for each year separately.
Interaction between the variables was not significant and therefore
not presented. Because of multiple factor comparisons and
interactions, the default p value for significance was set for 0.01.

■ RESULTS
The data incorporate the three years of study and the three
elements. Each symbol in Figures 1−5 represents an average of

six replicates in 2007 and three replicates in 2008 and 2009. At
the lowest N and P levels, missing data is due to the fact that
some of the nutrient-deficient trees did not produce enough
fruits to obtain oil. Regardless of the nutritional level, in all oils,
the FFA, peroxide values and delta-K were well within
acceptable IOC thresholds of 0.8%, 20 meq O2/kg, and 0.01
for extra VOO. No major effect on peroxide value or delta-K
was found (see Supporting Information, Tables S4 and S5).

Mineral Accumulation in Fruits and Leaves. July is
considered to be the accepted period for leaf analysis in

Table 3. Annual Means and Statistical Analysis for K Concentration in Leaves in October and K Concentration in Fruit Flesh at
Harvest as a Function of K in Irrigation Solutiona

irrigation K leaf K (%) fruit flesh K (%)

treatment (mg/L) 2007 2008 2009 2007 2008 2009

K1 9.9 0.82 0.45 0.31 1.67 1.27 0.74
K2 19.2 1.07 0.74 0.79 2.20 1.61 2.66
K3 28.7 1.18 1.07 0.97 2.57 2.27 2.93
K4 52.1 1.23 1.02 1.15 2.68 2.38 3.09
K5 80.3 1.41 1.30 1.33 3.03 2.88 3.75
K6 102.0 1.27 1.40 1.58 2.75 2.74 3.69
K7 209.0 1.67 1.51 2.02 3.45 3.11 4.24
year effect 1.24 a 1.07 a 1.17 a 2.62 a 2.32 a 3.02 a
logarithmic regression

R2 0.91 0.94 0.98 0.92 0.94 0.86
p value 0.001 <0.001 <0.001 <0.001 <0.001 0.003

aDifferent letters indicate significant differences between means of annual data (P ≤ 0.05).

Figure 1. Correlation between leaf P and leaf N in the P treatments
(received identical N fertilizer concentration) during the three studied
years. Each point represents an average of six replicates in 2007 and
three replicates in 2008 and 2009.
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Figure 2. Average free fatty acid (a and b) and polyphenol (c and d) concentration as a function of N concentration in fruit flesh (a and c) and in
leaves (b and d) for the three studied years: 2007 (purple), 2008 (red), and 2009 (blue) and the three manipulated treatments: N (●), P (▲), and K
(■). Each point represents an average of six replicates in 2007 and three replicates in 2008 and 2009. The statistical parameters of the model are
presented in Table 4.

Table 4. Statistical Parameters of the Two Way ANOVA Model (Mineral Level, Year) Presented in Figures 2−7

explanatory variable model effect tests

mineral plant tissue responding variable R2 significance year nutritional status cross

N fruit flesh FFA 0.38 <0.0001 N.S <0.0001 N.S
N leaf FFA 0.21 0.0055 0.0054 N.S N.S
N fruit flesh polyphenol 0.47 <0.0001 <0.0001 <0.0001 N.S
N leaf polyphenol 0.58 <0.0001 N.S <0.0001 N.S
N fruit flesh SFA 0.37 <0.0001 0.0024 <0.0001 N.S
N fruit flesh oleic C18:1 0.66 <0.0001 N.S <0.0001 N.S
N fruit flesh linoleic C18:2 0.62 <0.0001 N.S <0.0001 N.S
N fruit flesh linolenic C18:3 0.77 <0.0001 N.S <0.0001 N.S
P fruit flesh FFA 0.24 0.0028 N.S N.S N.S
P leaf FFA 0.17 N.S N.S N.S N.S
P fruit flesh polyphenol 0.36 <0.0001 <0.0001 0.0029 N.S
P leaf polyphenol 0.29 0.0006 0.0032 N.S N.S
P fruit flesh SFA 0.41 <0.0001 N.S <0.0001 N.S
P fruit flesh oleic C18:1 0.51 <0.0001 <0.0001 0.0015 N.S
P fruit flesh linoleic C18:2 0.46 <0.0001 0.0050 0.0005 N.S
P fruit flesh linolenic C18:3 0.69 <0.0001 0.0082 <0.0001 N.S
K fruit flesh FFA 0.24 0.0024 N.S N.S N.S
K leaf FFA 0.27 0.0008 N.S 0.0038 N.S
K fruit flesh polyphenol 0.28 0.0008 0.0012 N.S N.S
K leaf polyphenol 0.24 0.0029 0.0010 N.S N.S
K fruit flesh SFA 0.08 N.S N.S N.S N.S
K fruit flesh oleic C18:1 0.46 <0.0001 <0.0001 N.S N.S
K fruit flesh linoleic C18:2 0.37 <0.0001 0.0006 N.S N.S
K fruit flesh linolenic C18:3 0.41 <0.0001 0.0004 N.S N.S
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olives.24 However, in order to enable comparison with fruit
mineral concentration and oil properties, leaf sampling and
analysis were conducted in October each year and are
presented in Tables 1−3. Logarithmic regression best described
the relationship between mineral concentrations in irrigation
solution to those in plant tissue for all 18 comparisons (Tables
1−3). As a function of N concentration in irrigation solution,
leaf N ranged from 0.64 to 2.24%. Nitrogen in fruit flesh was
comparable to leaf N with the exception of 2008 when N
concentration in fruit was slightly lower than leaf N. Leaf P
ranged between 0.03 and 0.24%, while P in fruit flesh was
inconsistent. Fruit P was higher in 2007 and 2009 and relatively
low in 2008. Leaf K ranged from 0.31 to 2.02%, while K in fruit
flesh was consistently higher, approximately double that in
leaves.
Over the three years, no significant effect of fruiting year on

leaf mineral content was found. Conversely, fruit mineral
concentrations were lowest in 2008 for each of the three
studied minerals (Tables 1−3). The most pronounced fruiting
year effect was found for N with fruit levels in 2008 being
significantly lower than that in 2007 and 2009 (Table 1). Fruit
P was significantly lower in 2008 compared to that in 2009, and
fruit K had an insignificant fruiting year effect.
Although only one mineral was subject to change in each

treatment, a strong positive interaction between P and N was
repeatedly measured. Nitrogen concentration in leaves and in
fruit flesh consistently increased with the concentration of P in
irrigation solution. The increases in N accumulation with P
application persisted in spite of the fixed N concentration in
irrigation solution. As a result of this enhanced N uptake in

response to P, a linear correlation was found between leaf P and
leaf N in the P treatments (Figure 1). The relationship between
leaf P and leaf N was consistent over the three seasons. The
data clearly indicate that P availability increased N accumu-
lation throughout the range of P investigated. The significant
effect of fruiting year on fruit mineral concentrations (Tables
1−2) raises the need to assess the fruiting year as an
explanatory factor. Two-way ANOVA model results are
presented in Figures 2−7, and the model’s statistical parameters
are shown in Table 4.

Effect of N and Fruiting Year on FFA and Polyphenol
Content. For all of the measured treatments and seasons, FFA
was relatively low, lower than the threshold of 0.8% for extra
VOO. FFA increased continuously from ∼0.15 to ∼0.45% with
increased fruit N, while fruiting year had no significant effect
(Figure 2a). Four measurements were exceptionally high,
exceeding 0.4%. These values were measured for the highest N
levels: N8 in 2007, N8 in 2008, N7, and N8 in 2009. In each of
the fruiting years, the highest FFA was measured for the highest
fruit N. Unlike fruit N, leaf N was not significantly correlated to
FFA. In 2008, average FFA values were somewhat lower
compared to those in 2007 and 2009 (Figure 2b).
Both fruit N and fruiting year were significantly associated

with polyphenol content in oil (Figure 2c). In each year,
independently, polyphenol decreased with fruit N, but the
effect was inconsistent and significant only in two fruiting years.
When examining polyphenol level against leaf N, a robust
continuous correlation was found, and no fruiting year effect
was discernible (Figure 2d). For the three studied seasons,

Figure 3. Fatty acid composition as a function of N concentration in fruit flesh for the three studied years: 2007 (purple), 2008 (red), and 2009
(blue) and the three manipulated treatments: N (●), P (▲), and K (■). Each point represents an average of six replicates in 2007 and three
replicates in 2008 and 2009. The statistical parameters of the model are presented in Table 4.
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lowest polyphenol concentration corresponded to the highest
leaf N concentration.
Effect of N and Fruiting Year on Oil Composition. The

following results refer to the major components of fatty acids:
saturated (palmitic C16:0 + stearic C18:0), oleic (C18:1),
linoleic (C18:2), and linolenic (C18:3). These four compo-
nents account for 98−99% of the fatty acid profile. Full fatty
acid profiles for the different treatments are presented in Tables
S1−S3 in the Supporting Information.
The percentage of saturated fatty acids was significantly and

negatively associated with fruit N in two out of the three
seasons and was significantly affected by fruiting year (Figure
3A and Table 4). Although significant, the range of saturated
fatty acid percentage was quite narrow, from 18% for the lowest
fruit N to 16.9% in the high fruit N range. Fruit N had
substantial negative effect on the main monounsaturated fatty
acid, oleic acid. The percentage of oleic acid decreased by 10%,
from more than 60% when fruit N < 1% to 53−56% when fruit
N > 2%. Solid positive linear responses to increased fruit N
were found regarding linoleic (C18:2, Figure 3C) and linolenic
(C18:3, Figure 3D) fatty acids. The proportion of linoleic acid
ranged between 15.6 and 24.6%, and linolenic percentage
increased from 0.6 to 1.4% as fruit N increased.
Effect of P and Fruiting Year on FFA, Polyphenol

Content, and Oil Composition. Neither fruit P nor leaf P
was found to be correlated to FFA (Figure 4A and B).
Although fruit and leaf P greatly changed between the two
extreme treatments, P1 and P7 (Table 1), FFA was 0.27−
0.28%, 0.14−0.23%, and 0.29−0.24% for P1 and P7 in 2007,

2008, and 2009, respectively. Polyphenol concentration in oil
was significantly associated with fruit P only in 2008.
Polyphenol in oil was not significantly correlated to leaf P
(Figure 4C,D and Table 4).
Fruit P was significantly associated with the four studied fatty

acid components (Figure 5). Saturated fatty acid (SFA)
percentage in oil slightly decreased as fruit P increased (Figure
5A). Oleic acid percentage in oil tended to decrease with
increased fruit P; however, the fruiting year had a highly
significant effect (Table 4). Linoleic and linolenic PUFAs
increased with fruit P and were also significantly affected by
fruit year (Figure 5D,C and Table 4).

Effect of K and Fruiting Year on FFA, Polyphenol
Content, and Oil Composition. Potassium had less effect on
oil composition compared to that of other minerals. Only FFA
was significantly correlated to leaf K (Figure 6b and Table 4)
but with a lower p value and lower correlation coefficient
compared to those of fruit N (Figure 2a). Polyphenol
concentration was entirely independent of leaf or fruit K
(Figure 6c,d). Fatty acid composition was also entirely
independent of fruit K (Figure 7A−D).
The year was significantly associated with the main

unsaturated fatty acids. Most notable was the higher portion
of oleic acid and lower linoleic and linolenic acids in 2008
compared to those in 2007 and 2009.

Relative Contribution of Fruiting Year and Interaction
between Minerals. In the previous Results section, all data
were analyzed testing only two factors: the studied mineral
concentration and fruiting year. This method is suited for

Figure 4. Average free fatty acid (A and B) and polyphenol (C and D) concentration as a function of P concentration in fruit flesh (A and C) and in
leaves (B and D) for the three studied years 2007 (purple), 2008 (red), and 2009 (blue) and the three manipulated treatments N (●), P (▲), and K
(■). Each point represents an average of six replicates in 2007 and three replicates in 2008 and 2009. The statistical parameters of the model are
presented in Table 4.
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evaluating the individual effect of each of the elements: N, P,
and K. Clearly, the interactions between elements cannot be
ruled out, especially in light of the strong correlation between P
and N. The results of a multivariable model used to test all
minerals together with years and interactions are presented in
Table 5. The correlation coefficient of the model regarding
polyphenol concentration, oleic, linoleic, and linolenic acid
percentage is fairly high (model R2 > 0.62). Especially high are
the correlation coefficients for oleic and linolenic acids, which,
respectively, explain 71% and 81% of the variation by the four
factors: fruit N, P, K, and fruiting year. The effect of minerals
and fruiting year on the remaining oil components, FFA and
SFA, were highly significant but with relatively low correlation
coefficients, implying the involvement of additional factors.
Among the minerals, N strongly stands out with the most
significant effect on all the oil properties other than SFA.
Moreover, N was found to be the only significant factor
regarding FFA and linoleic acid percentage. As for P, a relatively
weak correlation was found for fruit P on SFA and linolenic
percentage in oil. When taking into account all of the factors,
fruit and leaf K did not correlate significantly to any of the
measured oil properties. The fruiting year, which may contain
many hidden factors (climate, pests, etc.), had only a minor
effect on polyphenol concentration and oleic acid percentage.
Table 5 presents correlation levels of the explanatory factors

with oil properties. In order to evaluate the extent of the effect
of each factor, scaled estimates of the main model components
are presented in Figure 8. The scaled estimates are defined as
the direction (negative or positive) and the extent of change
when adjusting half the range of the studied factor. For
example, in response to increasing half the given range of fruit

N, FFA is expected to increase by 0.13% (Figure 8, upper left).
The N level emerges as the factor which had the greatest
quantitative impact on all of the studied oil components
(Figure 8). Nitrogen level was not only significantly associated
with the oil quality parameters but also had a considerable
quantitative effect in regard to FFA, polyphenol, and oleic,
linoleic, and linolenic acids but not SFA.

■ DISCUSSION
Oil quality is defined by a complex combination of parameters
which influence sensory evaluation, nutritional values, health
benefits, and oil stability. Mineral nutrition of olives has
traditionally been studied in relation to fruit yield and thought
to play only a minor role in oil quality.7 The present study
indicates that high nutritional N level is detrimental to major oil
quality parameters. Nitrogen concentration in olive fruit flesh
was found to be a function of three factors: N application rate,
fruit load, and P availability. All three factors should be taken
into account when assessing the tree’s nutritional status.

Phosphorus and Potassium Nutritional Level and Oil
Quality. Potassium nutritional level had only a minor effect on
oil quality. This is not surprising since unlike N and P, K is not
an intrinsic mineral in oil or in any organic tissue. Phosphorus
nutritional level had a minor direct effect on SFA and linolenic
acid (Figure 8). Nevertheless, P nutrition enhanced N
accumulation in leaves and fruits (Figure 1) and thus indirectly
modified the oil properties by increasing the N nutritional level.
To the best of our knowledge, the nutritional synergism
presented here between P and N in olive is novel, although we
have failed to uncover a solid scientific explanation for it. It is
very likely that the olive tree has a unique synergism

Figure 5. Fatty acid composition as a function of P concentration in fruit flesh for the three studied years: 2007 (purple), 2008 (red), and 2009
(blue) and the three manipulated treatments N (●), P (▲), and K (■). Each point represents an average of six replicates in 2007 and three
replicates in 2008 and 2009. The statistical parameters of the model are presented in Table 4.
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mechanism in N acquisition. By the end of the experiment, we
recorded a continuous increase in root weight with P
nutritional level (data not shown). Therefore, the phenomenon
of P−N synergism may be the result of P enhancement of root
growth and subsequent improved utilization or uptake of N.
This stated, we need to question and restrict the conclusion of
our previous publication26 that asserted a direct effect of P
nutrition on VOO properties.
Nitrogen Nutrition and Oil Quality. In general,

increasing levels of N in leaves and fruits were found to have
an adverse effect on olive oil quality by lowering oleic acid and
polyphenol concentrations and by raising the PUFAs linoleic
and linolenic acids, and FFA. The sharp decrease in polyphenol
concentration and oleic acid percentage and increase in FFA are
expected to impair oil stability.32 Negative effects of N nutrition
on a number of oil parameters were reported in previous
studies,14,17,26,33 each focusing on a single piece of the puzzle.
The current study offers a comprehensive view on the effect of
the individual minerals in relation to their tissue nutritional
level.
Nitrogen and Phenol Biosynthesis. The linkage between N

nutrition and product quality in various crops was widely
discussed in a recent review in which adverse effects of N on
overall quality, and specifically on secondary plant metabolites,
were presented.34 Inhibitory effects of N on the biosynthesis of
polyphenol were previously reported for olive oil,14,33 apple,35

and sphagnum peat.36 Jones and Hartley37 suggested a protein/
phenol competition model. The model’s mechanism is derived
from biosynthetic pathways of proteins and phenols which

share phenylalanine as a common precursor. A high mineral N
level induces the biosynthesis of proteins and hence consumes
the limiting precursor. A low N level permits more phenyl-
alanine for the synthesis of secondary metabolites, i.e.,
polyphenol. Polyphenol content has therefore been proposed
to serve as an indicator for N status in woody plants.38 The
olive fruit, due to its commercial importance, has received most
of the attention in regard to phenol biosynthesis.39−41 Very
little is known regarding the interactions between biosynthesis
sites and transportation of phenols among various plant
tissues.40−42 Ryan et al.42 suggested that some precursors
may be transported from one site to another for subsequent
biosynthesis. In the present study, we found a consistent and
continuous correlation between polyphenol content in the oil
to N content in leaves but a weaker, inconsistent correlation to
fruit N (Figure 2c and d). The interaction between leaf N status
and polyphenol in the oil implies a possible interaction between
leaves and fruit regarding phenol metabolism. Therefore, we
tentatively suggest that either phenol precursors or polyphenol
itself is being produced in leaves and translocated to the fruit.
The N persisting in leaves competes with the upstream
precursor and thus reduces its availability. The limiting
precursor determines the rate of phenol biosynthesis in the
leaf and creates a bottleneck for polyphenol accumulation in
fruit.

Nitrogen and Fatty Acid Biosynthesis. Olive oil is
composed of ∼98% triacylglycerols that are built from a
number of typical fatty acids, mainly oleic acid.43 A high oleic
level is especially desired since it is closely related to oil

Figure 6. Average free fatty acid (a and b) and polyphenol (c and d) concentration as a function of K concentration in fruit flesh (a and c) and in
leaves (b and d) for the three studied years 2007 (purple), 2008 (red), and 2009 (blue) and the three manipulated treatments N (●), P (▲), and K
(■). Each point represents an average of six replicates in 2007 and three replicates in 2008 and 2009. The statistical parameters of the model are
presented in Table 4.
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stability22,32,44 and health promoting nutrition.2,3 Most of the
fatty acid biosynthesis takes place in the plastid which
eventually forms oleate (C18) and palmitate (C16). Following
desaturation, the C18 chain is converted to oleic acid, which is
the main fatty acid in the olive.45 Down the metabolic pathway,
oleic acid can be further desaturated to linoleic and linolenic
fatty acids, which is the final step of the process. In the present
study, the level of desaturation increased with fruit N for the
three major C18 fatty acids, implying enhanced progression of
the fatty acid biosynthesis process. All of the C18 unsaturated
fatty acids (oleic, linoleic, and linolenic acids) add up to ∼80%.
The proportions of the three changed according to the N level.
The decrease in oleic was very pronounced, falling below the
55% threshold for authenticity of VOO according to the IOC
standards when fruit N was higher than ∼1.5%, in agreement
with data previously reported in a study of the combined
application of N, P, and K to olive.33 N fertilization had a
similar effect (i.e., increase in PUFA proportion) in various

other plants including walnuts,19 evening primrose,46 winter
mustard,47 and quinoa.48

Although reports regarding the encouraging role of N in
desaturation are widespread, no solid linkage between N and
oleate desaturase could be found in the literature. Nitrogen
level may indirectly affect desaturation via assimilate availability.

Fruiting Year, Mineral Accumulation, and Oil Quality.
Fruit load has previously been reported to significantly affect oil
composition and quality.22,49,50 Specifically, high fruit load was
associated with higher oleic22 and lower FFA.49,50 Fruiting year
significantly affected N and P mineral accumulation in the fruit
(Tables 1 and 2). Of the three studied years, 2008 was
characterized by high fruit load, while in 2007 and 2009, the
trees bore medium-low fruit load.28 Indeed, high fruit load was
coupled with low concentrations of fruit N and vice versa. A
similar interaction was reported in a recent field trial where
lower fruit N and P levels were found in an “on” compared to
an “off” year.51 Consequently, low fruit N was associated with
lower FFA, higher oleic acid, and lower PUFA (Figure 8). The

Figure 7. Fatty acid composition as a function of P concentration in fruit flesh for the three studied years: 2007 (purple), 2008 (red), and 2009
(blue) and the three manipulated treatments N (●), P (▲), and K (■). Each point represents an average of six replicates in 2007 and three
replicates in 2008 and 2009. The statistical parameters of the model are presented in Table 4.

Table 5. Statistical Parameters of the Multi-Factorial Statistical Model

FFA polyphenol SAT oleic linoleic linolenic

R2 0.41 0.62 0.47 0.71 0.65 0.81
model sign. <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
source
N 0.0034 <0.0001 N.S <0.0001 <0.0001 <0.0001
P N.S N.S 0.0057 N.S N.S 0.0028
K N.S N.S N.S N.S N.S N.S
year N.S 0.0052 N.S 0.0018 N.S N.S

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf4031585 | J. Agric. Food Chem. 2013, 61, 11261−1127211269



apparent connection between fruit load, fruit mineral
accumulation, and oil quality may partly explain the difference
in oil quality among fruiting years found here and else-
where.22,49,50 Possibly, the higher fruit load led to lower N in
fruit, which consequently resulted in better oil quality.
Nitrogen concentration in leaves was found to be

independent of fruit load. Similarly, under field conditions,
leaf N concentrations in “on” and “off” trees were fairly
similar.51,52 The levels of polyphenol in the oil were not
affected by fruit load. Previous field studies found an
inconsistent effect of fruit load on polyphenol.49,50

To conclude, olive tree N level was found to have a major
effect on main olive oil quality components, including
polyphenol content, FFA, and oleic and polyunsaturated fatty
acids. Fruit N was influenced by three factors: the first, N
concentration in irrigation solution; the second, P availability;
and the third, fruit load. The leaf N level was affected solely by
N in irrigation and P availability. The effect of N on oil
properties depended solely on the absolute N content in leaves
or fruits, regardless of the cause. Phosphorus had only minor
direct effects on oil quality, while K level had negligible effects.
The negative relationship between N and oil polyphenol
content may be a result of biosynthesis inhibition of phenols or
its precursors in leaves due to protein/phenol competition.
Higher N level in fruit resulted in higher desaturation level.
High fruit load tended to reduce fruit N and subsequently
improve oil quality. The overall effect of high tree N status as
found in the current study may lead to decreased oil stability,
flat flavor, and lower health benefits. The current study raises
questions regarding the role of N in fatty acid biosynthesis and
phenol translocation from leaves to fruits. The results highlight
the requirement for balanced N fertilization in olives cultivated

for oil to ensure good quality. Furthermore, tree N level (and
not N and P application rates) should be taken into account
when studying the interaction between plant nutrition and oil
quality.
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(2) Loṕez-Miranda, J.; Peŕez-Jimeńez, F.; Ros, E.; De Caterina, R.;
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Beltrań, G. Influence of fertigation in ‘Manzanilla de Sevilla’ olive oil
quality. Hortscience 2007, 42, 1157−1162.
(16) Dag, A.; Ben-David, E.; Kerem, Z.; Ben-Gal, A.; Erel, R.;
Basheer, L.; Yermiyahu, U. Olive oil composition as a function of
nitrogen, phosphorus and potassium plant nutrition. J. Sci. Food Agric.
2009, 89, 1871−1878.
(17) Tekaya, M.; Mechri, B.; Bchir, A.; Attia, F.; Cheheb, H.; Daassa,
M.; Hammami, M. Effect of nutrient-based fertilisers of olive trees on
olive oil quality. J. Sci. Food Agric. 2013, 93, 2045−2052.
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