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Abstract: Wild rocket (Diplotaxis tenuifolia L. DC) is an emerging vegetable which market requires
high-quality standards that can be obtained through appropriate cultivation techniques such as the
right level of nitrogen and the application of biostimulant substances. These include strobilurins,
marketed mainly as fungicides that can have complementary positive effects on the yield, quality
and resources’ use efficiency of many crops. For this reason, a trial in an unheated greenhouse,
in Southern Italy, to evaluate the possibility of using Azoxystrobin to improve the production of wild
rocket subjected to different nitrogen inputs, was carried out. Two N levels (40 and 140 kg ha−1),
Azoxystrobin-based biostimulant (Azo+) and control without Azoxystrobin (Azo−) were compared.
The yield, morphological characteristics, nitrogen and water use efficiency (NUE, WUE), antioxidant
activity, the content of dry matter, chlorophyll, carotenoids, phenols, and nitrates were assessed.
A higher N level resulted in a 16.3% yield increase that was matched by a 12.5% reduction in NUE,
15.8, 7.3, and 16.1% increases in yield WUE (Y_WUE), biomass WUE (B_WUE), and irrigation yield
WUE (IY_WUE), respectively, and a worsening of some qualitative characteristics such as a 8.5% rise
in nitrates, and a decline by 11.5, 10.1, and 26.1% in the carotenoids, phenols, and antioxidant activity,
respectively. Azo+ increased the yield by 10.3%, NUE by 8.9%, and Y_WUE, B_WUE, and IY_WUE,
by 13.9, 9.1, and 13.8% respectively. Moreover, Azo+ improved some qualitative characteristics such
as total phenols (+9.4%), chlorophyll (+15.2%), carotenoids (+9.7%), and antioxidant activity (+17.4%),
while it did not affect the nitrate content. Azoxystrobin can be an additional tool available for farmers
to ensure high-quality standards of wild rocket.

Keywords: Diplotaxis tenuifolia; strobilurin; biostimulant; WUE; NUE

1. Introduction

Diplotaxis tenuifolia (L.) DC is a species belonging to the Brassicaceae, whose Italian trivial name of
‘rucola selvatica’ (wild rocket) is prevalent, while the specific trivial name of ‘perennial wallrocket’ is
used to discriminate it from other species of genus Diplotaxis [1]. Wild rocket was converted from a
wild edible species to an interesting crop about twenty-five years ago, covering a recently estimated
surface of about 4800 ha in Italy [2]. It has been drawing attention from vegetable operators due to its
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climatic resilience, successful yield performances, and profitability [3,4]. Wild rocket goes through
several growing cycles thanks to its adventitious buds disseminated on its roots. New buds and shoots
emerge at the plant’s base thanks to the storage and utilization of carbohydrate reserves in taproot,
leading to plant regrowth upon leaf cutting done at 3–5 cm above the soil surface [5]. For this reason,
the same plants can give 2–5 production cycles, even if the product with the best external characteristics
generally is obtained from the first harvest.

The growing consumption of this vegetable derives from the particular organoleptic and nutritional
features that meet the rising demand for new foods with improved nutritional characteristics.
In particular, wild rocket is characterized by a unique aroma and piquant flavor, and can be eaten raw
in salads or cooked in many recipes [6]. Compared to other leafy vegetables, wild rocket has a high
content in iron, fiber, phenols, ascorbic acid, sterols, fatty acids, carotenoids, and glucosinolates, which
are often ascribed as important bioactive properties (e.g., antioxidant, antitumor, etc.) [7–10].

The economic interest in the cultivation of wild rocket is currently growing. The increasingly
widespread consumption of ready-to-use vegetables contributes significantly to this, favoured by
their practicality, the variety of combinations of different species, the freshness, and often the very
captivating presentation. The ready-to-use leaf vegetable market is increasingly appreciating the baby
leaf product type, to which wild rocket is very suitable [11].

The ready-to-use market requires a product with high-quality standards that guarantees a long
shelf life, and ensures a high content of compounds with beneficial properties for health as well as a
low content of nitrates. The quality of the product is influenced by numerous factors including the
environment and cultivation techniques [12,13] such as the supply of fertilizers and the application
of substances that can act positively on the quality. The fertilizer element that plays the main role in
the yield and quality is nitrogen, which, due to its high solubility in water, is also subjected to great
attention in relation to the negative impact that its leaching determines on water bodies. The application
rate influences the availability of the nutrient in the plant, some physiological processes, and the
biosynthesis of some secondary compounds. Therefore, the management of nitrogen fertilization
requires great attention both for the effects on the yield and quality, and on the environment, and must
be aimed to maximize the resource use efficiency. Generally, high nitrogen rates have been used to
improve crop yield. Nevertheless, nitrogen oversupply is not beneficial: it might result in a reduced
yield, worsen some quality characteristics such as the nitrate content, reduce the nitrogen use efficiency
(NUE) and water use efficiency (WUE), and increase diffuse source pollution. Conversely, nitrogen
shortage is associated with a lower leaf chlorophyll content and lower yield [14]. Wild rocket can
contain a high content of nitrates, being counted among the hyper-accumulating species of this
anti-nutritional compound, which in humans, after various reactions, can lead to the formation of
carcinogenic compounds such as nitrosamines [15]. Therefore, the Regulations of the European
Commission (EU No 1258/2011) set the nitrate limits for the marketing of several leafy vegetables
including rocket, whose maximum allowed values are equal to 7000 mg kg−1 in the period between
October and March, and 6000 mg kg−1 during the remainder of the year [16].

The peculiar characteristics of this vegetable have favored the spreading of its cultivation even
outside the area of origin in the Mediterranean, providing the opportunity for horticultural growers all
over the world to have a new interesting cultivation option.

A strategy to improve the yield and quality is the use of substances showing biostimulating
actions on some metabolic and physiological processes [17]. One of these substances of natural origin
is strobilurin. Some of its structural variants (e.g., Pyraclostrobin, Azoxystrobin, Kresoxim-methyl) are
marketed as broad-spectrum fungicides with non-toxic effects for humans and the environment and
with positive complementary effects on the yield and quality of different crops [18–20].

These natural molecules are produced by a group of fungi belonging to the Basidiomycetes
[e.g., Oudemansiella mucida (Schrad ex Fr) Hoehn and Strobilurus tenacellus (Pers ex Fr) Singer], agents
of wood rot of some tree species [21,22].
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In recent years, several studies have highlighted the possibility of exploiting the complementary
properties of strobilurin-based agrochemicals, normally used for plant protection, to improve production
and resources’ use efficiency. In fact, after the application of these fungicides, several positive effects on
plant physiology have been observed, such as an increase in the production of abscissic acid (ABA) and
some enzymes involved in oxidative stress, such as superoxide dismutase (SOD), peroxidase (POD),
catalase (CAT), and ascorbate peroxidase (APX) [20,23,24], which can therefore improve gas exchange
and WUE [25–27]. Positive effects on cell proliferation [28], nitrogen metabolism, and on the limitation
of nitrate accumulation have been also highlighted. These effects are probably due to the stimulating
action of nitrate reductase activity [19,29,30], as observed following the application of Azoxystrobin on
lettuce [31] and spinach baby leaf, on which an increase in chlorophyll, ascorbic acid, and total phenol
content has been also observed [32].

In view of the growing economic importance of wild rocket, interest is rising in finding new solutions
that are able to increase yield, improve quality, and enhance resource use efficiency. We hypothesized
that the application of strobilurin-based products could help to achieve these goals. Currently, to the
best of our knowledge, there is a lack of sufficient experimental evidence in the literature focused on
the complementary effects of Azoxystrobin on wild rocket. Therefore, four crop cycles of wild rocket
were carried out to verify the interactive effect of the Azoxystrobin and nitrogen rate on the main
morphological parameters, yield, WUE, NUE, antioxidant activity, dry matter, chlorophyll, carotenoids,
phenols, and nitrates.

2. Material and Methods

2.1. Experimental Site Characteristics

The research was carried out in the period of 5 November 2014–27 April 2015, in an unheated
greenhouse covered with ethylene vinyl acetate (EVA, 200 µm thick) film, located at ‘Troyli’ farm in the
countryside of Policoro (MT), Southern Italy (40◦22′ N, 16◦62′ E; 150 m a.s.l.).

The soil type is ‘Typic Haploxeralfs fine loamy, mixed, superactive, thermic’, according to the
United States Department of Agriculture classification [33], over 100 cm deep and of good fertility.
The climate is sub-humid, according to the De Martonne classification [34].

2.2. Treatments, Experimental Design, and Crop Management

The study focused on the combined effect of (i) two N levels (40 and 140 kg ha−1, namely N40 and
N140, respectively), and (ii) Azoxystrobin-based biostimulant (Azo+) (Ortiva®, Syngenta), besides a
control without Azoxystrobin (Azo−).

Soil P-K fertilization was carried out before sowing. In particular, 100 kg ha−1 of P2O5

(superphosphate) and 100 kg ha−1 of K2O (potassium sulphate) were applied broadcaster, then
buried with milling. The seedbed was prepared by arranging the soil in well-leveled 1.2-m wide raised
beds. The sowing of the wild rocket was carried out on 5 November 2014, with a seeder in continuous
rows 5 cm apart, using 0.7 g m−2 of seed. The emergence of 100% of the seedlings occurred four days
after sowing with a density of about 1800 plants m−2. Four successive vegetative cycles were carried
out by exploiting the ‘regrowth’ capacity of this species after harvesting.

Nitrogen, as ammonium nitrate, was applied broadcaster following the experimental plan.
Particularly, the N doses (i.e., 40 and 140 kg ha−1) were split into four applications: 40% before
sowing, while the remaining part was divided into equal quantities and applied before each new crop
cycle. Pest and disease management was carried out according to the Integrated Pest Management
disciplinary of Basilicata Region [35]. Weed control was performed by combining the false sowing and
hand weed removal.

Irrigation was scheduled by means of ‘day-by-day’ soil water balance, utilizing agrometeorological
and soil hydrological data [36]. Crop evapotranspiration (ETc, mm) was estimated following the
standard FAO two-step procedure [37]:
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ETc = ETo × Kc (1)

where
ETo = reference evapotranspiration measured with the atmometer [38] (mm).
Kc = crop coefficient, whose values were selected according to the crop phenological stages [39].

Watering was carried out before the ready available water (RAW) in the soil layers most explored
by roots was depleted. This threshold value (p) throughout the whole crop cycles was assumed to
be 45% of the available water (AW), as reported for other vegetables belonging to the Brassicaceae
family [37]. The capillary rise and runoff were considered negligible for the high depth of the water
table and for the low rainfall rate of the irrigation system, respectively. To make any corrections to the
water balance estimated by the model, the water content of the soil in the root zone was measured
every 10–11 days by the gravimetric method [40]. The irrigation method was a sprinkler with nozzles
(30 L h−1, 3 × 3-m spaced) placed at the top of the greenhouse, which provided a rainfall intensity of
about 3.3 mm h−1.

At the end of each crop cycle (19 December, 23 February, 24 March, and 27 April), the wild rocket
was machine-harvested in a sampling area of 2 m2 for each sub-plot, by cutting the plants to 3 cm in
height. After the collections, the “grooming” was carried out to prepare the crop for the next vegetative
cycle. In particular, the crop residues (leaves cut but having escaped from the harvesting machine),
were removed from the field by means of a suction machine to avoid the pollution of the product in
subsequent collections.

In the Azo+ plots, Ortiva® (1 L ha−1, 0.15% v/v) was sprayed 12 days before collections with a
backpack power sprayer (model MS073D, Maruyama Mfg. Co, Inc., Togane City, Japan); instead, in the
control plots (Azo−), fresh water was applied with the same sprayer.

2.3. Biomass, Yield, and Plant Biometric Characteristics

For each collection, leaves and stems of the sampling area were used to determine the yield (total,
marketable, and waste) and leaf area index (LAI). The latter parameter was assessed by measuring the
area of a 200 g leaf sub-sample in triplicate, using an LAI meter (Li-COR, 3100, Lincoln, NE, USA).
The value obtained was related to the leaf total weight of the sampling area (2 m2). The waste consisted
of leaves that were yellowed, necrotic, or damaged by pathogens or pests. The aboveground biomass
(AGB) was assessed at harvest by cutting the plants from the collar by means of a knife in a second
sampling area of 0.2 m2, adjacent to the main sampling area in which the collection was carried out.
About 50 g of AGB (in triplicate) were dried in a heat-ventilated oven at a temperature of 60 ◦C to
assess the dry matter percentage and compute the dry AGB (DAGB). Moreover, for each sub-plot,
a sample of 10 plants randomly chosen was cut at collar to assess some biometric features: the mean
weight, number of leaves per plant, leaf length and width, length of the leaf blade and leaf total length
(leaf + petiole) ratio, and indentation index of the leaf margin. The latter parameter was assessed by
attributing a score from 1 (slightly jagged margin) to 5 (very jagged margin).

2.4. N Uptake, Nitrogen and Water Use Efficiency

The N uptake (Nup, g m−2) was measured at each harvest. This parameter was obtained
from the product between the dry mass of the yield (YDM, g m−2) and the total nitrogen (TN, %)
contained therein.

NUE (g YDM g−1 Nup), which represents the ability of the plant to transform nitrogen acquired
from all sources into economic yield [41], was calculated according to Santamaria et al. [42]:

NUE = YDM/Nup (2)

WUE was assessed for each crop cycle in view of three indicators, as follows [43].
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The yield WUE (Y_WUE), which represents the ratio between the marketable yield (Y, kg ha−1)
and water lost by evapotranspiration (ETc, m3 ha−1):

Y_WUE =
Y

ETc
(3)

The biomass WUE (B_WUE), which represents the ratio between DAGB (kg ha−1) and ETc
(m3 ha−1):

B_WUE =
DAGB

ETc
(4)

The irrigation yield WUE (IY_WUE), which represents the ratio between Y (kg ha−1) and the
seasonal irrigation volume (IV, m3 ha−1):

IY_WUE =
Y
IV

(5)

2.5. Qualitative Features

The following qualitative parameters were determined on the marketable wild rocket: leaf dry
matter (DM), nitrates (Ni), total phenols (TP), total antioxidant activity (TAA), total carotenoids (TC),
total chlorophyll (Chla + Chlb, Chla+b), and total nitrogen (TN).

DM—To asses leaf DM (g 100 g−1 FW, FW = fresh weight), about 50 g of marketable product in
triplicate were used. After weighing, the plant material was placed in a heat-ventilated stove at 60 ◦C
until a constant weight was reached (about 48 h).

Ni—About 10 g of dry marketable product were finely ground by means of a mill (IKA,
Labortechnik, Staufen, Germany) equipped with a 1-mm sieve. The analyses were performed
on a 0.5 g sub-sample in triplicate by ion chromatography (Dionex DX120; Dionex Corporation,
Sunnyvale, CA, USA) with a conductivity detector, using an IonPack AG14 pre-column and an IonPack
separation column AS14 [44]. The Ni concentration was assessed based on the sodium nitrate standard.

TP, TAA—About 20 g of fresh marketable product (in triplicate) were homogenized and
subjected to extraction with methanol (1:5 w/v) under reflux on a water bath (two times for one
hour). After filtering through a Whatman 1 filter paper, the methanolic extract was vacuum-
concentrated and was then used for determining TP and TAA in triplicate. TP was assessed by
spectrophotometer with the Folin−Ciocalteu method [45] and expressed as caffeic acid equivalent
(CAE) (mg g−1 DM). TAA was assessed by means of the analysis of ABTS radical cations (2,2’-azino-bis-3-
ethylbenzothiazolin-6-sulphonic) [46] and expressed as Trolox (g Trolox 100 g−1 DM).

TC, Chla+b—About 30 g of leaves were finely chopped in a mortar after adding liquid nitrogen and
were then stored in the dark at −20 ◦C until use. To carry out the pigment extraction, the plant material
was homogenized with 80% acetone (0.2 g mL−1) in triplicate, and then centrifuged for 10 min at
14,000 rpm. On the recovered supernatant, three spectrophotometric readings (i.e., 662, 646, and 470 nm)
were performed. The absorbance (Abs) values obtained were then inserted in the following equations
to obtain the concentrations of Chla, Chlb, and TC [47]:

Chla (ug mL−1) = 12.21 (Abs 662 nm) − 2.81 (Abs 645 nm) (6)

Chlb (ug mL−1) = 20.13 (Abs 645 nm) − 5.03 (Abs 662 nm) (7)

TC (ug mL−1) = [1000 (Abs 470 nm) − 3.270 Chla − 104 Chlb]/198 (8)

The method is based on the property of chlorophyll of absorbing light in the red area of the visible
spectrum. All extraction procedures were performed in refrigerated and low-light conditions.

TN—The total nitrogen content of the collected rocket was obtained by the Kjeldahl method,
using a sample of 1 g (in triplicate) of dried and finely ground vegetable material.
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2.6. Statistical Analysis

The experimental layout was a split-plot with three replications, where the N levels treatments
occupied the plot and Azo (+/−) the sub-plot, 18 m2 in size. The data of each crop cycle were processed
separately utilizing SPSS 17 software, according to a split-plot design, by analysis of variance (ANOVA).
Mean values were separated by the Student−Newman−Keuls (SNK) test at p = 0.05.

3. Results

3.1. Evapotranspiration, Soil Water Regime, and Irrigation Supply

As a consequence of the climatic trend, ETo was decreasing from 1.4 mm d−1 in the sowing period
to about 0.5 mm d−1 at the end of January, and subsequently increased until reaching 1.5 mm d−1 at
the end of the fourth crop cycle of wild rocket (Figure 1).
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Figure 1. Trend of reference evapotranspiration (ETo), crop evapotranspiration (ETc), and soil water
depletion (SWD) during the wild rocket crop cycles. TAW = Total Available Water, RAW = Ready
Available Water. Arrows indicate collection dates.

The daily ETc during the crop cycles performed a sinusoidal trend as a consequence of the drastic
changes in LAI and the canopy cover after collections, with a range of variation between 0.5 and
1.8 mm (Figure 1). The cumulative ETc for each crop cycle increased from 35.1 mm for the first crop
cycle to 48.2 mm for the last one.

The soil water reserve has always been such as to ensure an optimal water supply to the crop,
remaining above the RAW (Figure 1). The irrigation supply, referred to the individual crop cycles,
increased from 308 m3 ha−1 for the first crop cycle to 470 m3 ha−1 for the last one, with an average of
four watering applications.

3.2. Yield and Quality Parameters

The marketable yield of wild rocket showed an increasing trend from the first to the last collection,
with average values between 1.15 and 1.74 kg m−2 (Table 1). The cumulated marketable yield of the
four crop cycles, as an average of all treatments, was equal to 6.09 kg m−2.
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Table 1. Effects of the Azoxystrobin (Azo) application and N level (NL) on the yield and some morphological traits of wild rocket in the four crop cycles. Azo− =

control without Azoxystrobin, Azo+ = with Azoxystrobin; N40 = 40 kg ha−1 of N, N140 = 140 kg ha−1 of N.

Treatments
Marketable

Yield
LAI

Plant Mean
Weight

Leaves
Aboveground
Dry BiomassNumber Total

Length (LT)
Bade

Length (LB) LB/LT Width Incision
Index

(kg m−2) (g plant−1) (n. plant−1) (cm) (cm) (%) (cm) (score 1-5) (kg m−2)

1st crop cycle

Azoxystrobin
(Azo) ns ns ns ns ns ns ns ns ns ns

Azo- 1.16 2.85 2.19 5.08 16.1 5.9 36.5 1.89 3.0 0.15
Azo+ 1.13 2.72 2.03 4.97 16.2 5.8 35.8 1.88 2.9 0.16

N level (NL) * * ns * * ns ns ns ns *
N40 1.05 2.48 2.09 4.80 15.9 5.8 36.8 1.90 3.0 0.14
N140 1.24 3.09 2.14 5.25 16.4 5.9 35.5 1.88 2.9 0.17

Azo x NL ns ns ns ns ns ns ns ns ns ns

2nd crop cycle

Azoxystrobin
(Azo) * * * * * * ns ns ns *

Azo- 1.48 2.12 3.68 9.3 17.4 9.0 51.5 1.08 4.7 0.23
Azo+ 1.63 2.60 3.95 9.9 19.6 10.0 50.9 1.07 4.7 0.25

N level (NL) * ** * * ns ns ns ns * *
N40 1.47 2.18 3.60 9.2 18.7 9.7 51.6 1.06 4.9 0.24
N140 1.64 2.55 4.02 10.0 18.3 9.3 50.8 1.09 4.5 0.26

Azo x NL ns ns ns ns ns ns ns ns ns ns

3rd crop cycle

Azoxystrobin
(Azo) * * * ns ns ns ns ns ns *

Azo- 1.65 3.35 6.14 10.7 19.3 11.3 58.7 1.02 5.0 0.28
Azo+ 1.83 3.95 6.85 11.3 20.0 11.6 58.0 1.01 5.0 0.29

N level (NL) ** * ** * ns ns * ns ns *
N40 1.61 3.30 5.79 10.2 19.8 11.2 56.7 1.04 5.0 0.28
N140 1.87 4.01 7.19 11.8 19.5 11.7 60.1 0.98 5.0 0.29

Azo x NL ns ns ns ns ns ns ns ns ns ns
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Table 1. Cont.

Treatments
Marketable

Yield
LAI

Plant Mean
Weight

Leaves
Aboveground
Dry BiomassNumber Total

Length (LT)
Bade

Length (LB) LB/LT Width Incision
Index

(kg m−2) (g plant−1) (n. plant−1) (cm) (cm) (%) (cm) (score 1-5) (kg m−2)

4th crop cycle

Azoxystrobin
(Azo) * * * ns ns ns ns ns ns *

Azo- 1.50 3.06 7.62 14.8 23.4 12.2 52.7 1.33 5.0 0.37
Azo+ 1.81 3.57 8.34 16.2 20.7 10.0 48.7 1.10 5.0 0.41

N level (NL) * * ** * ns ns ns ns ns *
N40 1.52 3.03 7.15 14.2 20.8 11.0 53.0 1.24 5.0 0.37
N140 1.80 3.59 8.80 16.8 23.2 11.2 48.5 1.19 5.0 0.41

Azo x NL ns ns ns ns ns ns ns ns ns ns

ns, *, ** indicate F test not significant or significant at P < 0.05 and P < 0.01, respectively.
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A positive effect of the higher nitrogen amount on the yield was noticed. In fact, this parameter in
N140 was on average about 16% higher than in N40. The increase in the yield was accompanied by a
rise in related parameters, such as the LAI, the average plant weight, the morphology of the leaves,
and, in particular, the number of leaves.

The application of Azoxystrobin did not affect the yield in the first collection, while in the
subsequent ones it resulted in an increasing growth, from 10.1% to 20.6% in the last one (Table 1).
The differences in the yield compared to the control were caused by a corresponding variation of the
main biometric parameters.

A higher N supply resulted in a reduction in the percentage of leaf dry matter in the third harvest,
while the application of Azoxystrobin did not affect this parameter (Table 2). By increasing the N
supply, the chlorophyll rose in the first two collections, while it decreased in the subsequent ones;
the carotenoid content, on the other hand, decreased in all collections, on average by 11.5%. With the
application of Azoxystrobin, chlorophyll and carotenoids increased in all collections, on average by
15.2 and 9.7%, respectively (Table 2).

The increase in the N supply reduced the content of total phenols and the antioxidant activity by
10.1 and 26.1% on average, respectively. On the contrary, by applying Azoxystrobin, an increase of 9.4
and 17.4%, respectively, was found in these last two parameters (Table 2).

The effect of the N level on the nitrate content was not very highlighted. In fact, a significant
increase with the higher N dose was observed only in the first (+11.5%) and third collections (+24.7%).
The nitrate content did not significantly change after Azoxystrobin application (Table 2).

3.3. N Uptake, NUE, and WUE

Among the crop cycles, as the average of all treatments, Nup ranged from 3.5 to 6.4 g m−2, and NUE
ranged from 24.3 to 24.8 g YDM g−1 Nup (Figure 2). With the exception of the first crop cycle (which
did not show differences between nitrogen rates), in others crop cycles the Nup and NUE values were
lower (−23.4%) and higher (+14.4%), respectively, for the N40 treatment with respect to the N140 one
(Figure 2). The Nup response in relation to the Azo treatments did not show differences in the first
and third crop cycles, and instead resulted in being higher by 8.0%, on average, in Azo+ at the second
and fourth crop cycles. NUE did not change after the application of Azoxystrobin in the first two
collections, and instead it improved on average by 10.5% in the last two (Figure 2). No significant
interaction occurred between the Azo and N levels for Nup and NUE.

The increase in the N level favored a greater WUE. In fact, on average there was an increase by
15.8, 7.3, and 16.1% in the Y_WUE, B_WUE, and IY_WUE, respectively (Table 3). The application of
Azoxystrobin did not affect the three WUE indicators in the first collection. On the other hand, between
the second and the last collection, Azo+ enhanced the three parameters: the average increase was 13.9,
9.1, and 13.8% for Y_WUE, B_WUE, and IY_WUE, respectively (Table 3).
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Table 2. Effects of the Azoxystrobin (Azo) application and N level (NL) on leaf dry matter (DM), nitrate (Ni), total phenols (TP), total antioxidant activity (TAA),
total chlorophyll (Chla+b), and total carotenoids (TC) of wild rocket in the four crop cycles. Azo− = control without Azoxystrobin, Azo+ = with Azoxystrobin; N40 =

40 kg ha−1 of N, N140 = 140 kg ha−1 of N.

Treatments
DM Ni TP TAA Chla+b TC

(g 100 g−1 FW) (mg kg−1 FW) (mg CAE g−1 DM) (g Trolox 100 g−1 DM) (µg g−1 DM) (µg g−1 DM)

1st crop cycle

Azoxystrobin (Azo) ns ns ns * ns *
Azo- 7.2 4838.5 11.7 0.37 836.9 155.5
Azo+ 7.4 4536.2 12.6 0.45 887.0 164.8

N level (NL) ns * * * * *
N40 7.2 4432.9 13.2 0.48 787.5 170.1
N140 7.4 4942.0 11.1 0.34 936.4 150.2

Azo x NL ns ns ns ns ns ns

2nd crop cycle

Azoxystrobin (Azo) ns ns ns ns * **
Azo- 8.5 4334.7 13.6 0.44 790.7 149.8
Azo+ 8.7 4438.1 13.8 0.47 966.7 173.1

N level (NL) ns ns * * * **
N40 8.6 4398.0 14.5 0.50 825.6 175.2
N140 8.6 4374.4 12.9 0.41 931.8 147.7

Azo x NL ns ns ns ns ns ns

3rd crop cycle

Azoxystrobin (Azo) ns ns * * * *
Azo- 8.2 3265.5 13.6 0.42 835.4 169.7
Azo+ 8.1 2946.8 14.6 0.52 948.1 187.9

N level (NL) * * ns * * *
N40 8.5 2764.2 14.4 0.53 936.6 185.4
N140 7.9 3448.3 13.8 0.41 846.9 172.2

Azo x NL ns ns ns ns ns ns
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Table 2. Cont.

Treatments
DM Ni TP TAA Chla+b TC

(g 100 g−1 FW) (mg kg−1 FW) (mg CAE g−1 DM) (g Trolox 100 g−1 DM) (µg g−1 DM) (µg g−1 DM)

4rt crop cycle

Azoxystrobin (Azo) ns ns ** ** * *
Azo- 9.4 2017.0 14.8 0.57 651.5 189.7
Azo+ 9.7 1959.5 17.9 0.67 774.2 201.4

N level (NL) ns ns * ** ** **
N40 9.6 1996.0 17.1 0.75 787.9 207.5
N140 9.5 1980.6 15.5 0.49 637.8 183.6

Azo x NL ns ns ns ns ns ns

ns, *, ** indicate F test not significant or significant at P < 0.05 and P < 0.01, respectively.

Table 3. Effects of the Azoxystrobin (Azo) application and N level (NL) on: (i) the yield (Y_WUE, kg m−3) and biomass (B_WUE, kg m−3) water use efficiency,
and (ii) the irrigation yield water use efficiency (IY_WUE, kg m−3) of wild rocket in the four crop cycles. Azo− = control without Azoxystrobin, Azo+ = with
Azoxystrobin; N40 = 40 kg ha−1 of N, N140 = 140 kg ha−1 of N.

Treatments
1st Crop Cycle 2nd Crop Cycle 3rd Crop Cycle 4rt Crop Cycle

Y_WUE B_WUE IY_WUE Y_WUE B_WUE IY_WUE Y_WUE B_WUE IY_WUE Y_WUE B_WUE IY_WUE

Azoxystrobin
(Azo) ns ns ns * ns * * ns * ** * **

Azo- 33.1 4.3 37.7 35.1 5.5 35.3 36.9 6.2 36.9 31.2 7.6 31.5
Azo+ 32.3 4.4 36.8 38.6 6.0 38.7 41.0 6.6 41.0 37.6 8.5 38.0

N level (NL) ** * ** * ns * ** ns ** * ns *
N40 30.0 4.1 34.1 34.9 5.6 35.0 36.1 6.4 36.1 31.5 7.7 31.8
N140 35.4 4.7 40.4 38.8 5.9 39.0 41.8 6.4 41.8 37.3 8.4 37.7

Azo x NL ns ns ns ns ns ns ns ns ns ns ns ns

ns, *, ** indicate F test not significant or significant at P < 0.05 and P < 0.01, respectively.



Agronomy 2020, 10, 849 12 of 18

  

Agronomy 2020, 10, x; doi: FOR PEER REVIEW www.mdpi.com/journal/agronomy 

The increase in the N supply reduced the content of total phenols and the antioxidant activity 
by 10.1 and 26.1% on average, respectively. On the contrary, by applying Azoxystrobin, an increase 
of 9.4 and 17.4%, respectively, was found in these last two parameters (Table 2). 

The effect of the N level on the nitrate content was not very highlighted. In fact, a significant 
increase with the higher N dose was observed only in the first (+11.5%) and third collections 
(+24.7%). The nitrate content did not significantly change after Azoxystrobin application (Table 2). 

3.3. N Uptake, NUE, and WUE 

Among the crop cycles, as the average of all treatments, Nup ranged from 3.5 to 6.4 g m−2, and 
NUE ranged from 24.3 to 24.8 g YDM g−1 Nup (Figure 2). With the exception of the first crop cycle 
(which did not show differences between nitrogen rates), in others crop cycles the Nup and NUE 
values were lower (−23.4%) and higher (+14.4%), respectively, for the N40 treatment with respect to 
the N140 one (Figure 2). The Nup response in relation to the Azo treatments did not show differences 
in the first and third crop cycles, and instead resulted in being higher by 8.0%, on average, in Azo+ at 
the second and fourth crop cycles. NUE did not change after the application of Azoxystrobin in the 
first two collections, and instead it improved on average by 10.5% in the last two (Figure 2). No 
significant interaction occurred between the Azo and N levels for Nup and NUE. 

 

Figure 2. Effects of the (A) N level and (B) Azoxystrobin on the N uptake (Nup, g m−2) and nitrogen 
use efficiency (NUE, g YDM g−1 Nup) of wild rocket in the four crop cycles. YDM = yield dry matter; 
Azo− = control without Azoxystrobin, Azo+ = with Azoxystrobin; N40 = 40 kg ha−1 of N, N140 = 140 kg 
ha−1 of N. Vertical bars indicate SD (n = 6). ns, *, ** indicate F test not significant or significant at p ≤ 
0.05 and p ≤ 0.01, respectively. 

The increase in the N level favored a greater WUE. In fact, on average there was an increase by 
15.8, 7.3, and 16.1% in the Y_WUE, B_WUE, and IY_WUE, respectively (Table 3). The application of 
Azoxystrobin did not affect the three WUE indicators in the first collection. On the other hand, 
between the second and the last collection, Azo+ enhanced the three parameters: the average 
increase was 13.9, 9.1, and 13.8% for Y_WUE, B_WUE, and IY_WUE, respectively (Table 3).

0

2

4

6

8

10

N u
p

(g
 m

-2
)

N40 N140

**

***

**
Azo- Azo+

ns

*
**

ns

1st 2nd 3rd 4th
Crop cycles

Azo- Azo+

ns ns
**

(A) (B)

0

5

10

15

20

25

30

35

40

1st 2nd 3rd 4th

NU
E 

(g
 Y

DM
 g

-1
N u

p)

Crop cycles

N40 N140

** * ***

Figure 2. Effects of the (A) N level and (B) Azoxystrobin on the N uptake (Nup, g m−2) and nitrogen
use efficiency (NUE, g YDM g−1 Nup) of wild rocket in the four crop cycles. YDM = yield dry matter;
Azo− = control without Azoxystrobin, Azo+ = with Azoxystrobin; N40 = 40 kg ha−1 of N, N140 =

140 kg ha−1 of N. Vertical bars indicate SD (n = 6). ns, *, ** indicate F test not significant or significant at
p ≤ 0.05 and p ≤ 0.01, respectively.

4. Discussion

4.1. Yield and Qualitative Parameters

The yield of wild rocket obtained in the various collections was very similar to that obtained
in the same location and in the same period by Schiattone et al. [48], but considerably higher than
the one indicated by Pimpini et al. [49] for Southern Italy. Similar yields are reported for different
environments and cultivation periods [50,51]. An increase between the yield obtained in winter and
that of the hottest periods is reported by Hall et al. [51]. The main factor that can influence the ability for
wild rocket to regrow is attributable to environmental conditions. This justifies the contrasting results
between the trend of an increase of the yield in the four crop cycles of our trial and the data obtained
by other authors [52,53]. The latter, in fact, report that the yield decreased after the first harvest but
that this occurred with a spring–summer cycle. The results of our research show that, in Southern Italy,
wild rocket is well suited to multiple crop cycles, especially in the autumn–spring period.

The highest N dose, as already observed by Schiattone et al. [48], led to a significant increase in
the yield, mainly due to the increase in the number of leaves and, secondarily, their size. This result
agrees with findings on other leafy vegetables [54–56].

The use of Azoxystrobin led to a significant increase in the yield. In addition to the normal
fungicidal activity, a biostimulating action of this substance has also been observed in the literature.
For example, a positive action of strobilurins on cell proliferation has been demonstrated, which
then leads to an increase in plant growth, linked to iron, nitrates, and sugar transport [28]. Other
authors have attributed an enhancement in the yield to an increase in chlorophyll [19,23,31,32],
in turn caused by the increase in cytokinins involved in its biosynthesis [29,57] and by the reduction
of ethylene [58], a phytohormone known to be involved in the processes of senescence and the
degradation of chlorophyll [59]. On the other hand, the results obtained in our trial confirm the positive
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effect of Azoxystrobin on the chlorophyll content of wild rocket. In addition, the positive effect of
Azoxystrobin has already been highlighted, both on chlorophyll biosynthesis [27,60,61] and on slowing
down its degradation (‘green effect’) [23,29]. The improvement in chlorophyll biosynthesis promoted
by strobilurins also involves an increase in nitrate reductase (NR) activity [60], which, by improving
the N metabolism [62], would increase N availability for plants and would also, therefore, favor the
formation of chlorophyll, being its main constituent [63].

Leaf total carotenoids decreased with an increase in the N supply, while the effect of the N level
on the chlorophyll content was variable in the various collections. Conflicting results are reported in
the literature about the effects of N availability on these parameters. Kopsell et al. [64] reported that
the increase in the N level did not affect chlorophyll and carotenoids in the fresh tissues of cabbage
leaves, but for the latter parameter the trend was reversed if the value was expressed on the basis of
dry matter. However, other authors [31,32] reported a significant increase in the chlorophyll content
in lettuce and spinach leaves by increasing the N dose, as would be expected, N being one of the
main constituents of chlorophyll [65]. The phenol content and antioxidant activity decreased when
increasing the N amount, as was also observed by other authors [66,67].

Azoxystrobin favored the increase in phenol content and antioxidant activity, parameters
notoriously closely related. Following the application of Azoxystrobin, Conversa et al. [32] observed
an increase in phenol content on baby leaf spinach, while Bonasia et al. [31] did not observe any effects
on lettuce.

In general, the nitrate content of the leaves has always been below the limits imposed by European
legislation for wild rocket [68], as also observed by Bonasia et al. [69] in Southern Italy. The decreasing
trend, between the first and last collection, of the value of this anti-nutritional compound probably
occurred due to the progressive increase in solar radiation and air temperature between December
(first collection) and April (last collection), factors that notoriously interact with the activation of NR
and, therefore, with the metabolism of nitrogen in the plant [69–71]. Results that are in agreement
have been observed on lettuce and spinach grown in Southern Italy [31,32], where, as in our case,
the environmental conditions are favorable for a fast metabolization of N absorbed by the plant.

The increase in the N level favored a greater Ni accumulation in the leaves of wild rocket, consistent
with data found in the literature, since the higher content of N in the rhizosphere would favor its
absorption by the roots and, therefore, the accumulation of Ni in the aerial part [71–73]. The application
of Azoxystrobin slightly reduced the Ni in the leaves of wild rocket. These changes were limited
compared to expectations, in view of the experimental findings that attribute to Azoxystrobin the
capacity to stimulate NR activity [30–32,60]. This probably occurred because of the favorable climatic
conditions that contributed to a fast N metabolization in all treatments.

4.2. N Uptake, NUE and WUE

Nup increased with a greater soil N availability and the corresponding increase in the yield,
as observed on numerous species including wild rocket [48,74,75]. The NUE, on the other hand,
was higher with the lowest nitrogen rate, as previously reported on wild rocket [42,48] as well as on
other species [76].

The application of Azoxystrobin resulted in a moderate increase in Nup as a consequence of the
increase in yield that this compound would have determined. In addition, the trend towards an
increase in the NUE was also observed, demonstrating the positive effects of this compound on N
metabolism, cell proliferation, and growth processes [18,28].

According to the observations of other authors [39,48], this research confirms that wild rocket,
along with other leaf vegetables (i.e., lettuce and celery) [77] with high harvest index values, has a high
WUE, particularly the Y_WUE.

The difference in photosynthetic metabolism could be one of the factors probably contributing
to the high Y_WUE of this species compared to other leaf vegetables. In fact, D. tenuifolia belongs to
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species with an intermediate carbon cycle (C3–C4), known for its high photosynthetic efficiency [78],
which would contribute to a greater biomass production for each unit of evapotranspired water.

In our trial, it was observed that the general trend of the three WUE parameters was better at a
higher N level, as already observed by Schiattone et al. [48]. Several studies have shown that the N
supply improves the WUE [56], even if it has been observed that the WUE increases up to certain N
levels while it decreases with excessive N doses [79].

Azoxystrobin also improved the WUE, in accordance with the findings of other authors on
tomatoes [19,25,26,80]. This result is the direct consequence of the positive effect of Azoxystrobin on
biomass production and yield. Furthermore, the possible effect of this compound on the reduction
of transpiration cannot be overlooked [60,81], as it seems that it can also act on the control of the
stomatal conductance through the stimulation of ABA biosynthesis, a hormone known to be involved
in regulating the stomatal opening [20].

5. Conclusions

The effect of Azoxystrobin was assessed in research carried out in Southern Italy on four crop
cycles of wild rocket under two nitrogen rates.

The findings show that Azoxystrobin, through its complementary effects on the physiology and
metabolism already reported in the literature for different species, can contribute to increasing the yield,
improving the water and nitrogen use efficiency, and enhancing some qualitative features (i.e., phenols,
chlorophyll, carotenoids, and antioxidant activity) of wild rocket, regardless of the nitrogen level.
Therefore, considering that Azoxystrobin is a fungicide that is also very effective for the control of
some diseases of wild rocket [82], its introduction in the phytosanitary defense plan of this species
should be promoted.

Contrary to expectations, Azoxystrobin did not cause significant reductions in the nitrate content,
probably due to the environmental conditions which, in any case, contributed to keep the level of this
anti-nutritional compound well below the limits imposed by European regulations.

Therefore, further research is desirable, possibly into growing conditions that may favor the
accumulation of nitrates in the plant (e.g., low solar radiation, excess nitrogen), so as to better evaluate
the possible effects of Azoxystrobin on this important qualitative feature of wild rocket.
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