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A B S T R A C T

Processing tomato is a widespread crop in the Mediterranean area where often there are problems of high salin-
ity of irrigation water with considerable harmful effects on yield. Pyraclostrobin is a strobilurin based fungi-
cide (PBF) having a broad range of applications. Strobilurins are reported to have biostimulant effect on plant
mitigating abiotic stress. Therefore, the objective of this work was to investigate the ability of PBF to improve
gas exchange parameters, chlorophyll, activity of antioxidative enzymes as superoxide dismutase (SOD), peroxi-
dase (POD), catalase (CAT), ascorbate peroxidase (APX), yield characteristics, and water use efficiency (WUE) of
tomato under salinity.

A two-year research was carried out in Southern Italy, on tomato cv Coronel grown in pots under plastic
greenhouse, to compare two soil salinity levels (electrical conductivity, ECe=1.1 and 5.4dSm−1) in combina-
tion with or without PBF. As expected, salinity had harmful effects on physiological and biochemical parameters
of tomato that in turn affected yield and WUE, but improved fruit quality. In fact, salinity reduced fruit mean
weight (19.0%) and yield (21.4%), and increased fruit blossom-end rot (55.7%), total soluble solids (18.2%)
and dry matter (18.5%) content. Overall, PBF increased leaf chlorophyll content (6.1%) and the activity of SOD,
POD, CAT and APX, mainly under salinity. Moreover, it reduced stomatal conductance (12.5%) and transpiration
(11.7%), but improved assimilation rate (7.8%) and intrinsic WUE (23.3%), that in turn increased yield (8.1%)
and yield WUE (6.5%). The improvement in yield produced by PBF was highest in salt stressed plants. In view
of the positive effects of PBF, its use should be promoted in defence programs of tomato crop, above all in areas
with salinity problems.

1. Introduction

High salinity is one of the main abiotic stresses causing agricultural
production decline. This problem is of particular importance in light of
the growing irrigated agriculture. Worldwide, it is reported that about
20% of agricultural land and 33% of irrigated areas are affected by
salinity and these areas are growing at a rate of 10% per year. Fifty per
cent of agricultural land can be affected by salinity by 2050 (Jamil et
al., 2011). In particular, the risk of salinization impends on the soils of
coastal agricultural areas where the water used for irrigation can have
very high salt content due to the salinization of the aquifers by the
marine intrusion (Polemio, 2016). The phenomenon is widespread in
several Mediterranean countries such as Italy (Scheidleger et al., 2004;
Boari et al., 2012).

Salinity is detrimental to crops as a consequence of its negative
physiological, biochemical and morphological effects which results in
reduced biomass production and yield (Flagella et al., 2002; Munns,
2002). The reduction of plant growth due to salinity is mainly deter-
mined by the following factors that contribute to the decline of the
photosynthetic activity (Munns et al., 2006; Munns and Tester, 2008):
i) the increase of the osmotic pressure of the medium which reduces
the plant ability to absorb water (similar to water stress); ii) ionic ex-
cess (e.g., Na+ and Cl−) up to a toxic level for plant cells; iii) ionic im-
balance that affects the nutritional status of the plant and acts on the
biochemical and metabolic components related to plant growth. Salt
stress, as well as other environmental stresses, increases production of
reactive oxygen species (ROS), to the origin of oxidative stress in plant
cells (AbdElgawad et al., 2016; Asadi Karam and Keramat, 2017). ROS
are highly cytotoxic and can react with different biomolecules (eg.: nu
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cleic acids, proteins, lipids) causing DNA mutation, protein denatura-
tion, lipid peroxidation, until cell death (Kaur and Zhawar, 2016; Nxele
et al., 2017). The elimination of ROS can be achieved by the activa-
tion of antioxidant enzymes such as superoxide dismutase (SOD), per-
oxidase (POD), catalase (CAT), ascorbate peroxidase (APX) (Caverzan et
al., 2016; Kaur and Zhawar, 2016).

Among the strategies that can be implemented to reduce the harm-
ful effects of salinity we can mention some concerning the use of bios-
timulants, that improve physiological and/or biochemical processes of
plants under stress (Boari et al., 2014, 2016; Arya et al., 2018). Due to
the similarity, in many aspects, of physiological response of plants to
water and salt stress, as well as the interesting results reported in lit-
erature concerning the biostimulant action of strobilurins in attenuat-
ing water stress, it has been hypothesized that these latter compounds
can alleviate also the detrimental effects of salinity. Strobilurins are a
class of broad-spectrum fungicides of natural origin from which vari-
ous structural variants have been obtained (Wu and von Tiedemann,
2001). These natural molecules are produced by a group of fungi be-
longing 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 (Bartlett et al., 2002). The fungicidal action is
carried out through the inhibition of mitochondrial respiration of some
pathogenic fungi of agricultural crops by blocking the electron transport
at the outer side of the cytochrome-bc1 complex (Balba, 2007). In recent
years, several studies proved the complementary biostimulant proper-
ties of strobilurin-based crop protection products, to reduce water re-
quirements and mitigate abiotic stress. In fact, after the application of
these fungicides, a change in the plant metabolism has been observed,
often with positive physiological effects, including the increase in the
production of abscisic acid (ABA) and the activation of some enzymes
involved in oxidative stress (SOD, POD, CAT, APX) (Köehle et al., 2003;
Liang et al., 2018) which may improve gas exchange and water use effi-
ciency (WUE), especially under water stress conditions (Venancio et al.,
2003; Joshi et al., 2014). Experimental findings on tomato under water
stress and treated with strobilurins showed an improvement in the water
status of the plant in terms of osmotic potential, relative water content
and water stress index, gas exchange, yield and WUE (Giuliani et al.,
2011; Cantore et al., 2016; Boari et al., 2017; Giuliani et al., 2018). In
addition, a positive effect on nitrate reductase activity, which results in
improved nitrogen metabolism, was observed (Joshi et al., 2014; Amaro
et al., 2018). It has also been shown that strobilurins promote the in-
crease of chlorophyll (Chl) and slow down its degradation (Baranyiova
et al., 2014).

Tomato, worldwide the second most valuable vegetable crop next
to potato (Battilani et al., 2012), is common among open field crops
in Southern Italy often in soils affected by salinity problems and/or ir-
rigated with saline water. Tomato is indicated as moderately sensitive
to salinity (Flagella et al., 2002) according to the Mass and Hoffman
(1977) model. As known, several factors, by different extent, contribute
to yield reduction due to salinity, e.g. the number and mean weight of
fruits and the percentage of waste, mainly determined by the number of
fruits affected by blossom-end rot, in relation to the salinity level, the
type of salts and the phenological phase impacted by salt stress (Cucci
et al., 2000; Zhang et al., 2017). The adverse effects of salinity on yield
are offset by a significant improvement in the quality of fruits due to the
increase in dry matter content, total soluble solids and titratable acidity
(Cantore et al., 2008a, 2012), which results in improved taste, as oc-
curred also under water deficit conditions (Colella et al., 2014; Candido
et al., 2015).

Because of the economic importance of tomato crop, the spreading
of salinity problem in many areas occupied by this crop and the eco-
nomic damage that may result, there is a growing interest in the search
of new solutions that can mitigate the negative effects of salinity. We
hypothesized that a strobilurin-based agrochemical (Pyraclostrobin), in
addition to fungicidal action, may have a biostimulant action able to
mitigate the harmful effects of salt stress on tomato plant, as already

noticed for water stress. As far as we know, there are no experimen-
tal findings in literature that have studied the interactive effect between
salt stress and strobilurins. Therefore, the aim of this work was to evalu-
ate the single and combined effect of salinity and a Pyraclostrobin based
fungicide (PBF), on gas exchanges and related parameters, some bio-
chemical characteristics, biomass, yield, quality and WUE of tomato.

2. Material and methods

2.1. Experimental site characteristics

The research was carried out for two years (July-October 2010 and
April-July 2011) at experimental farm ‘E. Pantanelli’ of the University
‘Aldo Moro’ of Bari, Policoro (MT), Southern Italy (40°10′ NL, 16°39′
EL, altitude 15m a.s.l.). The site is characterized by sub-humid climate
according to the De Martonne classification (Cantore et al., 1987). The
experimental trials were performed under unheated plastic greenhouse
(covered by EVA 200µm thick film), using cylindrical pots (0.34m di-
ameter and 0.50m height), equipped with flowerpot saucers, filled with
40 dm3 of soil, collected in the same site. The soil was a fine, mixed, sub-
active, thermic Chromic Haploxererts (Cassi and Viviano, 2006), with
the following physical and chemical characteristics (average of the two
years): sand (2 > Ø > 0.02mm) 28.6%, silt 38.0%, clay (Ø < 2 μ)
33.4%; pH 7.71; organic matter (Walkley–Black method) 31.2g kg−1, to-
tal N (Kjeldahl method) 1.39g kg−1, exchangeable K2O (ammonium ac-
etate method) 265mgkg−1, available P2O5 (Olsen method) 26.7mgkg−1,
active limestone 4.7g kg−1, total limestone 13.2g kg−1; ESP 1.9%; elec-
trical conductivity of soil saturated paste extract (ECe) 0.94dSm−1; bulk
density 1.23kg dm-3; soil moisture at i) wilting point (−1.5MPa, Richard
Pressure Plate Extractor) 15.1% (w/w), and ii) field capacity (FC) 31.6%
(w/w) of soil dry weight.

The climatic parameters (temperature and relative humidity) were
measured by utilizing a thermistor (model E001, Tecno.El, Rome, Italy)
and a hygrometer (C-83_N Rotronic, Zurich, Switzerland). The acquisi-
tion and storage of data was carried out by a data-logger (model Kam-
pus, Tecno.El, Rome, Italy) connected to a PC.

2.2. Experimental design and crop management

Two soil salinity levels, in combination with two PBF treatments,
were compared. The soil salinity levels (ECe), at transplanting time,
were 1.1 (S0) and 5.4dSm−1 (S1). The PBF treatments consist of plants
sprayed with water (control, Py0) or PBF water solution (Py1) (2.5mL
L−1, Cabrio® Duo, by BASF Italia S.p.A.). PBF application were per-
formed every 7–10 days during flowering and fruit enlargement stages
for a total of three applications. The PBF was sprayed by a backpack
power sprayer (mod. MS073D, Maruyama Mfg. Co, Inc., Japan). Treat-
ments were arranged in a split plot design with seven replicates. Salinity
levels were the main plot factor while PBF treatments were the subplot
factor. Each subplot consisted of two pots each containing a plant.

The different soil salinity levels were obtained, before filling the
pots, by accurately mixing 0.0 (S0) and 2.0g dm−3 (S1) of NaCl+CaCl2
1:1 (w/w) to the soil fertilised with 0.05g dm−3 of diammonium phos-
phate and 0.04g dm−3 of urea.

Tomato (Solanum lycopersicum L.) seedlings cv Coronel (ISI sementi
S.p.A., Fidenza, PR, Italy) were transplanted at three true leaves stage
in the center of each pot on 20th July 2010 and 2th April 2011, respec-
tively. After transplanting, the soil surface was covered with a layer of
about 1cm of wheat straw with the function of mulching, in order to
limit evaporation and the rising of the salt on the soil surface. In this
way the compaction of the soil during the watering was avoided also.
Weeding was carried out manually, disease and pest control by applying
the integrated pest management strategies of the Basilicata region.
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Evapotranspiration (ET) was estimated by the water balance method
by weighing every day the pots, and utilizing the following equation
(Ünlükara et al., 2010; Schiattone et al., 2017):

where,
ET = daily evapotranspiration (L)
PWn and PWn+1 = pot weights (kg) in two consecutive days
I = applied water (kg)
D = drainage water (kg)
ρw = water bulk density (1kg L−1)
In order to restore the water lost by evapotranspiration, fresh wa-

ter with an electrical conductivity of 0.5dSm−1 was supplied manually
from the top of the pots. The watering was performed when the al-
lowable water depletion (p) in the S0 treatment was reached. During
the whole growing cycle, the threshold was assumed to be 0.40 of to-
tal available water (p=0.40) (Allen et al., 1998). The whole amount
of water lost by evapotranspiration has been restored at each watering
event in all treatments. To avoid significant variations in soil salinity
during the crop cycle, the water that eventually leached in the flowerpot
saucers, was collected, measured and used for the subsequent watering
in the same pot. On the whole, about 1.4 and 1.6L pot−1 (average of all
pots) of drainage water, respectively in 2010 and 2011, was collected.
Irrigation was stopped one week before harvesting.

2.3. Soil salinity

Four soil samples were collected to measure ECe after mixing the
fertilizers and the different quantities of salts (in relation to the salin-
ity treatments) to the soil. The same analysis was performed at the end
of the growing cycle for the soil of each pot by taking the soil samples
along the whole profile of the pot by a cylindrical probe (∅ 2.5cm).

2.4. Gas exchange, chlorophyll, canopy temperature and leaf water
potential

Gas exchange (CO2 assimilation rate - A, transpiration - T, stomatal
conductance - gs), total chlorophyll (Chl), canopy temperature (Tc) and
midday leaf water potential (ψl), were assessed in three days of each
year (August 25th, September 6th and 14th 2010; May 5th, 16th and
26th 2011), between flowering and fruits growth stages.

Leaf gas exchange was measured by a portable photosynthetic
open-system ADC-LCA3 (Analytical Development Co., Hoddesdon, UK)
equipped with a 6.2 cm2 large assimilation leaf chamber. The measure-
ments were performed at noon in three clear sky days (12:00 - 14:00h),
on two upper fully-expanded, healthy, terminal, and sun well-exposed
leaves per plant. The measuring order for different treatments was ran-
dom.

The leaf Chl content was measured by a non-destructive method, us-
ing a chlorophyll meter SPAD-502 (Minolta, Ramsey, NJ), which pro-
vides the Chl content in arbitrary units (SPAD units). The measurements
were performed on five young fully expanded leaves randomly selected
for each plant, attributing to each replication the average value of the
five leaves.

The Tc was assessed using an IR thermometer (model 112 C; Ever-
est Interscience, Tustin, Calif.). Three measurements for each plant were
carried out and the order followed for the measurements of the dif-
ferent plots was random. The ψl was measured by the pressure bomb
(Model 3005, Ecosearch, Città di Castello-PG, Italy) on two fully ex-
panded, healthy, young leaves of each plant.

2.5. Antioxidant enzyme assay

On 14th September 2010 and 26th May 2011 an homogeneous sam-
ple of mature and healthy leaves (about 50g) and roots (about 25g)
was taken from each plot, immediately closed in a black plastic bag and
placed in a portable refrigerator at a temperature of 4 °C. The samples
were then transported to the laboratory and analysed within two hours.
For the enzyme extraction, 1g of plant material was selected randomly
from the main sample and homogenized in a cold mortar with 1mL
of buffer. The enzymatic activities of superoxide dismutase (SOD; EC
1.15.1.1), peroxidases (POD; EC 1.11.1.7), catalase (CAT; EC 1.11.1.6)
and ascorbate peroxidase (APX; EC 1.11.1.11) were assessed in both
leaves and roots as previously described by Sergio et al. (2012).

2.6. Biomass, yield and fruit quality

The crop cycle ended on 27th October 2010 and on 7rd July 2011.
The fruits and shoots of all plants were collected to assess the
above-ground dry biomass, yield (total, marketable and unmarketable)
and mean weight of marketable fruit. The fruits that were green,
cracked, with symptoms of blossom-end rot, sun burn, or damaged by
tomato fruit-worm were considered unmarketable.

In the same day of harvesting, Hunter chromatic parameters L*
(brightness), a* (redness) and b* (yellowness) (CIE, 1986) on ten ran-
domly selected marketable fruits of each plot were analysed. Three mea-
surements per fruit were assessed on the equatorial area of the skin and
flesh with a Minolta colorimeter (model CR-400, Konica Minolta, Osaka,
Japan) and by Spectra Magic NX software.

On the same fruits, shape index was assessed as length/diameter ra-
tio, and pulp firmness (Fi) was measured by a penetrometer (model
53205 TR, Turoni, Forlì, Italy), fitted with a 3mm diameter round-head
probe on three discs of the skin surface from the fruit equatorial area.

A sample of ten marketable fruits was dried in a ventilated oven at
55 °C, until a constant weight was reached (about 48h) to determine the
fruit dry matter (DM). In addition, a sample (about 0,5kg) of marketable
fruits was analysed for total soluble solid (TSS), titratable acidity and pH
as follow: from the liquid extract, obtained by liquefying the fruit sam-
ple in a blender (1min; 14,000 rpm) and then filtering all mesocarp, the
following were determined i) TSS content in juice using a refractome-
ter (model DBR35, XS instruments, Poncarale-BS, Italy) and expressed
as °Brix at 20 °C; ii) titratable acidity by titrating juice with NaOH 0.1M
in the presence of phenolphthalein with an automatic titrating machine
(Technotrate, Kartell, Noviglio-MI, Italy) until colour change, with the
result expressed in terms of monohydrate acid; iii) fruit juice pH using a
pH meter (Acorn pH 6M, Oakton Instruments, Vernon Hills, IL).

2.7. Water use efficiency

WUE was calculated as: i) the ratio between A and gs, i.e. intrinsic
water use efficiency (WUEi), ii) the ratio between the dry aboveground
biomass and evapotranspiration, i.e. biomass WUE (WUEb) and ii) the
ratio between the marketable yield and evapotranspiration, i.e. yield
WUE (WUEy) (Schiattone et al., 2018).

2.8. Statistical analysis

Collected data were analysed according to a split plot design and
elaborated by analysis of variance (ANOVA) procedure; mean values
were separated by Student-Newman-Keuls (SNK) test at P=0.05. The
SPSS 17 software was used for the analysis.
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3. Results

3.1. Climatic trend

Due to the different transplant date of the two years, the two tomato
crop cycles have been characterized by a different trend in air tempera-
ture. In the first year, when the transplant was performed on 20th July,
the daily minimum (Tmin) and maximum (Tmax) temperatures showed a
stable trend until the end of August and then decreased thereafter. In
the second year, on the other hand, with transplantation on 2nd April,
the temperature trend was increasing from transplanting to harvesting
(Fig. 1). Tmin ranged between 10 and 25.5 °C while Tmax between 17.5
and 38 °C, in 2010. In 2011, Tmin ranged between 7 and 22 °C, while Tmax
between 15 and 34 °C (Fig. 1).

Daily maximum relative air humidity in both years ranged between
90 and 100%, except in rare cases in which lower values were recorded.
The minimum daily relative humidity, however, was much more vari-
able with values ranging between 20 and 90% in the first year and be-
tween 25 and 95% in the second one (Fig. 1).

3.2. Soil salinity, evapotranspiration and water supply

Soil ECe, during the tomato growing cycles, underwent a slight in-
crease (about 1.2dSm−1 as average of the two years), as a consequence
of salts supplied with irrigation water. In fact, from the transplant to the
harvest time, in S0 ECe passed from about 1.1 to about 2.4dSm−1, while
in S1 these values ranged from about 5.4 to 6.5dSm−1 (Table 1).

ETc, as average of the treatments, was about 81 and 72L pot−1, re-
spectively the first and second year. On average, this parameter under-
went a 12.9% reduction between S0 and S1 and a slight increase (on av-
erage 1.5%) with the application of PBF (Table 2).

Since the irrigation was cut a few days before the harvest, the total
water supply (TWS) was lower than ETc. In particular, it ranged from
81 and 70.7L pot−1 of S0 to 70.5 and 62.1L pot−1 of S1, in the first and
second year, respectively (Table 2).

3.3. Gas exchange, chlorophyll, canopy temperature and leaf water
potential

Salinity influenced all the examined physiological parameters of
tomato plants (Table 3). In particular, in saline treatment, as the aver-
age of the two years, A, T, gs and SPAD index decreased respectively
by 19.0, 27.7, 28.3 and 2.2%, while WUEi, ψl and Tc increased respec-
tively by 13.1, 30.3 and 4.7%. The decline of A, T, gs and SPAD showed
a growing trend during the crop cycle.

The application of PBF affected some of the examined physiologi-
cal parameters (Table 3). In particular, in the measures performed after
spraying PBF, in Py1 in respect to Py0, A, WUEi and Chl on average in-
creased respectively of 7.8, 23.3 and 6.1%, while T and gs decreased on
average by 11.7 and 12.5%, respectively. In both years, in the last mea-
suring date, the positive effect of PBF on A and Chl was higher in the
saline treatment (interaction salinity x PBF).

3.4. Antioxidant enzymes

The activity of antioxidant enzymes was affected differently by salin-
ity both in leaves and roots, depending on the type of enzyme (Fig. 2). In
leaves, the activity of SOD, CAT, and APX in the S1 treatment increased
(average of PBF treatments and years) by 14.6, 145.5, and 95.2%, re-
spectively, compared to the control; while, in roots, it increased by 4.9,
29.5, and 37.6%, respectively. Instead, in the same conditions, POD de-
creased by 17.1 and 11.1% in leaves and roots, respectively.

PBF increased the antioxidant enzyme activity to a large extent in
the salt treatment. Indeed, the activity of all the evaluated enzymes was
enhanced by the application of PBF, both in leaves and roots, on aver-
age (salinity treatments and years) by 41.2 and 28.9% (SOD), 73.0 and
51.2% (POD), 120.2 and 53.5% (CAT), 83.1 and 118.8% (APX), respec-
tively (Fig. 2).

3.5. Biomass, yield characteristics and water use efficiency

Salinity caused a decline in dry biomass of shoots and fruits, respec-
tively by 12.4 and 18.0%, and an increase in root/shoot ratio dry bio

Fig. 1. Trend of maximum (Tmax) and minimum (Tmin) air temperature, and of maximum (RHmax) and minimum (RHmin) relative humidity (RH) during tomato crop cycles in 2010 and
2011.
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Table 1
Mean values±SD of soil saturated paste extract (dS m−1) at planting (n=4) and at har-
vesting (n=7) related to the different treatments and years. S0 and S1 are the soil salinity
levels; Py0 and Py1 are the Pyraclostrobin based fungicide (PBF) treatments.

Treatments 2010 2011

Planting Harvesting Planting Harvesting

S0 Py0 1.11±0.11 2.48±0.15 1.12±0.17 2.29±0.19
S0 Py1 1.07±0.08 2.50±0.13 1.14±0.08 2.34±0.14
S1 Py0 5.35±0.33 6.53±0.59 5.48±0.45 6.57±0.47
S1 Py1 5.41±0.26 6.61±0.46 5.40±0.53 6.48±0.56

Table 2
Mean values±SD (n=7) of total crop evapotranspiration (ETc) and total water supply
(TWS) related to the different treatments and years. S0 and S1 are the soil salinity levels;
Py0 and Py1 are the Pyraclostrobin based fungicide (PBF) treatments.

Treatments ETc (L pot −1) TWS (L pot −1)

2010 2011 2010 2011

S0 Py0 86.6±2.32 75.8±2.11 81.6±1.39 69.9±1.46
S0 Py1 87.5±1.95 77.3±1.83 82.4±2.45 71.5±1.67
S1 Py0 74.2±1.63 67.3±1.34 69.8±1.27 61.8±1.02
S1 Py1 75.6±1.71 67.9±1.10 71.3±1.48 62.4±1.27

mass by 18.7%, on average (Table 4). Moreover, in S1, total and mar-
ketable yield decreased on average by 24.7 and 21.4%, respectively. The
decline in fruit size, whose average weight decreased by 19%, mainly
contributed to the yield reduction due to salinity. The salinity has also
led to a 55.7% increase in the number of fruits with blossom-end rot
(Table 5). Fruit DM, TSS, TA, pH, and Fi were not influenced by salin-
ity in the first year. However, in the second year, DM, TSS, and TA in-
creased respectively by 18.5, 18.2, and 26.3%, while the other three
parameters did not change (Table 6). The chromatic characteristics of
fruits showed some changes under salinity conditions. In particular,
with reference to fruit surface, L* underwent an increase which resulted
significant only in the first year (7.0%), while a* and b* increased in
both years (on average 6% and 12.3%, respectively). On the fruit pulp,
salinity led to an increase in a* and b*, on average by 5.8 and 12.7%
(Table 7). WUEb and WUEy were not influenced by salinity in the first
year, while WUEy decreased by 20.1% in the second one (Table 8).

PBF affected biomass accumulation and yield, while had no effect on
fruit quality. In particular, the dry biomass of shoots and fruits in Py1
increased by 5.1 and 9.0%, respectively (Table 4).

PBF resulted in an average increase by 7.9 and 8.1% in total and
marketable yield, respectively, as well as by 5.9% in fruit mean weight.
The positive effect of PBF on yield was greater in the salt treatment (in-
teraction salinity x PBF levels) (Table 5, Fig. 3). In addition, PBF led to
a significant increase (on average 6.5%) in WUEy (Table 8).

4. Discussion

4.1. Effect of salinity on physiological, biochemical, morphological and
yield features of tomato

As expected, salinity negatively affected the gas exchange of tomato
plants. The increase in soil salinity initially causes the reduction of gs
by osmotic effect and, if the salinity stress lasts, the toxic effect caused
by a gradual Na+ and Cl− ions accumulation in plant organs can occur;
such effect interferes with the ion balance in the cytoplasm (Munns and
Tester, 2008; Maathuis et al., 2014). The decrease in gs leads to the si-
multaneous reduction of T and A. Generally, as effect of osmotic stress,
T decreases more than A (Hernández and Almansa, 2002; Parida and
Das, 2005); but, as the toxic effect appears, A is more inhibited because
of the damage suffered at the biochemical level (Munns and Tester,

2008). This would lead to an initial increase in WUEi and a subsequent
decrease (Lovelli et al., 2012). In our trial, the increase in WUEi led us
to hypothesize that salt stress experienced by tomato has been such as
to make osmotic stress prevailing, as it is also evident from the consid-
erable reduction of the xylematic potential (Álvarez et al., 2012). T re-
duction is also confirmed by Tc data, which in S1 increased as a con-
sequence of the cooling effect reduction due to lower T (Sirault et al.,
2009). On the other hand, also leaf Chl content, a toxic stress indicator
(Zhang et al., 2018), declined only at the last measurement date. Chl re-
duction can be attributed to the inhibition of saline-induced Chl biosyn-
thesis (Khan, 2006), which may be caused by nutritional imbalance.

The negative effects of salinity on A have led to the reduction of
biomass production and to the variation in its partitioning, also. The
production of biomass in salinity conditions is reduced both for decline
in A and for the greater allocation of photosynthetates in roots to the
detriment of leaves whose expansion can dramatically decrease, further
reducing photosynthesis (Maggio et al., 2007). In fact, an increase in
the root/shoot ratio was already reported as response to saline stress,
mainly due to osmotic effect rather than to a salt-specific one (Hsiao
and Xu, 2000). This is confirmed by our trial in which the root dry bio-
mass remained unchanged for the two salinity levels, while root/shoot
ratio increased with increase in salinity, as obtained on tomatoes also
by other authors (Albacete et al., 2008; Lovelli et al., 2012). The higher
proportion of the roots may constitute a typical mechanism of resistance
to salt stress (Cassaniti et al., 2012).

Salinity has led to a smaller yield reduction than expected based
on the characteristics parameters values of Maas and Hoffman (1977)
model for tomato. In fact, using the critical threshold (2.5dSm−1) and
slope (9.9% m dS−1) values reported in the literature for tomato
(Flagella et al., 2002), and considering the average ECe recorded in S1,
a 35% reduction in yield would be expected instead of 20%. Therefore,
we can consider that ‘Coronel', the cultivar used in our trial, presents
a greater tolerance to salinity, confirming the genotypic variability of
tomato plant for this character, as already observed by several authors
(Cucci et al., 2000; Cantore et al., 2008a).

Yield reduction, determined by salinity, was mainly caused by the
decline of fruit size. Other authors have shown that in the early phases
of stress and with mild or moderate salt stress the reduction of mean
weight of fruits prevails, while with a stronger stress there is also a de-
crease in number of fruits due to both the reduction in number of flow-
ers and fruit set (Cuartero and Fernández-Munõz, 1999).

Plants affected by salinity showed a high incidence of fruits with
blossom-end rot. Saline stress is considered among the predisposing fac-
tors of this disease, due to the Na+/Ca2+ antagonism, at the origin of
the nutritional imbalance that leads to the reduction of calcium in fruits
(Grattan and Grieve, 1999). In the second year, the salinity improved
some quality traits of tomato, in particular DM, TSS and TA, as already
demonstrated under salt (Cucci et al., 2000; Santamaria et al., 2004;
Boari et al., 2016) and water stress (Giuliani et al., 2017; Lovelli et al.,
2017). However, in the first year no effect was observed, probably due
to the different cultivation time, then ripening of fruits coincided with
lower temperatures. The very high DM and TSS values recorded in the
first year can be attributed to favourable environmental factors. Salin-
ity did not have any effect on the fruit Fi as noticed by Cuartero et al.
(1996). Instead, with higher salinity levels, other authors reported a de-
cline in tomato fruit Fi (Cantore et al., 2012).

Salinity caused the increase in fruit red index (a*) and yellow index
(b*), which are positively correlated to the lycopene and β-carotene con-
tent, respectively (Dumas et al., 2003; Cantore et al., 2008b). There are
numerous experimental findings showing a positive effect of salt stress
on the content of these important antioxidants improving tomato nutri-
tional value (Ehret et al., 2013).

The WUEb and WUEy were not affected by salinity in the first year,
while WUEy was negatively affected in the second one. Similar results
for WUEb have been reported by Romero-Aranda et al. (2001) and
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Table 3
Physiological measures carried out in 2010 (a) and 2011 (b) before (25/8/2010 and 5/5/2011) and after (6 and 14/9/2010, 16 and 26/5/2011) Pyraclostrobin based fungicide (PBF)
application. Effect of salinity level and PBF application on net assimilation (A, μmol m−2 s-1), transpiration (T, mmol m−2 s-1), stomatal conductance (gs, mol m−2 s-1), intrinsic water use
efficiency (WUEi, μmol m−2 s-1/mol m−2 s-1), leaf water potential (ψl, MPa), canopy temperature (Tc, °C) and leaf chlorophyll content (Chl, SPAD unit).

(a)

Treatments
A
(μmol m−2 s-1)

T
(mmol m−2 s-1)

gs
(mol m−2 s-1)

WUEi
(μmol CO2 mol−1

H2O)
ψl
(MPa)

Tc
(°C) Chl (SPAD unit)

25/8/2010
Salinity (S) ** ** ** * ** * ns

S0 20.7 4.7 0.51 40.6 −0.95 30.2 53.8
S1 17.7 3.5 0.39 45.4 −1.15 32.0 53.5

Pyraclostrobin (PBF) ns ns ns ns ns ns ns
Py0 19.3 4.1 0.46 42.0 −1.06 31.3 54.3
Py1 19.1 4.1 0.44 43.4 −1.04 30.9 53.0

S x PBF ns ns ns ns ns ns ns
6/9/2010

Salinity (S) ** ** ** ns ** ns ns
S0 18.7 4.2 0.41 45.6 −0.91 28.7 54.5
S1 15.4 3.1 0.32 48.1 −1.20 29.2 53.4

Pyraclostrobin (PBF) * * * ** ns ns *
Py0 16.3 3.8 0.39 41.8 −1.06 28.8 52.3
Py1 17.8 3.5 0.34 52.4 −1.05 29.1 55.6

S x PBF ns ns ns ns ns ns ns
14/9/2010

Salinity (S) ** ** ** * ** * *
S0 16.2 3.5 0.37 43.8 −0.90 27.5 53.7
S1 11.4 2.5 0.23 49.6 −1.12 29.6 51.4

Pyraclostrobin (PBF) * * * ** ns ns *
Py0 13.4 3.2 0.32 41.9 −0.99 28.6 50.7
Py1 14.2 2.8 0.28 50.7 −1.03 28.5 54.5

S x PBF * ns ns ns ns ns **

(b)

Treatments
A
(μmol m−2 s-1)

T
(mmol m−2 s-1)

gs
(mol m−2 s-1)

WUEi
(μmol CO2 mol−1

H2O)
ψl
(MPa)

Tc
(°C) Chl (SPAD unit)

5/5/2011
Salinity (S) ** ** ** * ** * ns

S0 21.3 5.2 0.55 38.7 −0.90 27.6 53.4
S1 18.1 3.7 0.40 45.3 −1.19 29.2 53.7

Pyraclostrobin (PBF) ns ns ns ns ns ns ns
Py0 19.6 4.4 0.47 41.7 −1.05 28.1 53.2
Py1 19.8 4.5 0.48 41.3 −1.04 28.7 53.9

S x PBF ns ns ns ns ns ns ns
16/5/2011

Salinity (S) ** ** ** * ** * ns
S0 20.3 5.1 0.48 42.3 −0.88 30.3 54.0
S1 17.5 3.9 0.36 48.6 −1.15 31.2 53.1

Pyraclostrobin (PBF) ns ns ns * ns ns ns
Py0 18.6 4.6 0.44 42.3 −1.01 30.5 53.0
Py1 19.2 4.4 0.40 48.0 −1.03 31.1 54.1

S x PBF ns ns ns ns ns ns ns
26/5/2011

Salinity (S) ** ** ** * ** * *
S0 21.7 5.4 0.50 43.4 −0.92 31.6 55.2
S1 16.6 3.6 0.33 50.3 −1.30 32.9 52.2

Pyraclostrobin (PBF) * * * ** ns ns **
Py0 18.0 4.9 0.45 40.0 −1.02 32.5 51.5
Py1 20.3 4.1 0.38 53.4 −1.00 32.0 55.9

S x PBF * ns ns ns ns ns **

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

Reina-Sánchez et al. (2005), while Al-Karaki (2000) reported a decline
of this parameter in saline conditions. This discrepancy might be at-
tributed to the range of salinity tested by Al-Karaki (2000), which was
much higher than that used in our trial as well as by Reina-Sánchez et
al. (2005) and Romero-Aranda et al. (2001). WUEy reduction caused by
salinity in the second year of our trial is in accordance with findings of
Romero-Aranda et al. (2001) and Reina-Sánchez et al. (2005). Actually,
the water used by the plant decreased with the increase in salinity, to
which a proportional reduction of total biomass was related, while the
fruit production decreased more drastically. Probably, water uptake by
plants under salinity conditions was primarily used to meet transpira

tion and vegetative growing demands and secondarily allocated to fruit
growth (Ehret and Ho, 1986; Johnson et al., 1992). The different re-
sults obtained in the two years for the WUEy were probably attributable
to the different cultivation time and, therefore, to the different climatic
conditions during the crop cycle.

4.2. Effect of Pyraclostrobin on physiological, biochemical, morphological
and yield features of tomato

According to previous literature, PBF influenced physiological and
biochemical parameters of tomato with consequent effects on morpho
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Fig. 2. Interactive effect of salinity level (S0 and S1) and Pyraclostrobin based fungicide (PBF) treatment (Py0 and Py1) on enzymatic activity (SOD, POD, CAT, APX) in tomato leaves (A)
and roots (B) in 2010 and 2011. Vertical bars indicate SD (n=7). U = unit; FW = fresh weight. One unit of SOD was defined as the amount of enzyme which produced a change of 0.01
of absorbance at 560 nm per minute; one unit of CAT was defined as the amount of enzyme needed to halve the concentration of nitrogen peroxide in the reaction mixture at 25 °C, per
minute; one unit of POD was defined as the absorbance change at 470 nm per minute, at 25 °C; tre APX unit was defined as the amount of enzyme that produced a change of 0.01 in
absorbance at 290 nm, per minute.

logical and productive characteristics as well as WUE. Moreover, the in-
teractive effect of PBF with salinity on physiological and productive per-
formances of tomato was demonstrated, thus confirming the hypotheses
inspiring our experiment.

PBF reduced gs, in agreement with previous findings on tomato
(Cantore et al., 2016; Giuliani et al., 2018), rice (Debona et al., 2016),
barley, soybean, and wheat (Nason et al al., 2007). Studies carried out
on wheat (Grossmann et al., 1999; Nason et al., 2007) and grapevine
(Diaz-Espejo et al., 2012) showed that this would occur due to the in-
creased production of ABA, a hormone notoriously involved in regula-
tion of the stomatal opening (Venancio et al., 2003). Furthermore, ac-
cording to gs decline, PBF reduced T, as also previously observed as a

result of the application of strobilurins on tomato (Marek et al., 2018),
wheat, barley, and soybean (Nason et al., 2007). By applying Azoxys-
trobin on tomato plants, Giuliani et al. (2018) obtained genotype-depen-
dent results; actually they found increase or no changes in T values de-
pending on the considered cultivar, thus demonstrating differences re-
lated to the genotype in the physiological responses to strobilurins, even
within the same species.

Several studies showed the positive effect of strobilurins on the pho-
tosynthetic activity of tomato (Giuliani et al., 2018; Marek et al., 2018)
and wheat (Baranyiova et al., 2014). According to these results, in
our trial PBF promoted tomato A increase, despite the concomitant de-
cline of gs, that reduced the flow of CO2 to the photosynthetic sites.
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Table 4
Effect of salinity and Pyraclostrobin based fungicide (PBF) treatments on dry biomass (g plant−1) of roots, shoots+leaves and fruits in the two years.

Treatments Roots/Shoots Shoots Fruits Roots/Shoots Shoots Fruits

2010 2011

Salinity (S) * ** ** * ** **
S0 0.23 142.2 228.8 0.19 263.4 181.3
S1 0.27 128.9 191.8 0.24 222.8 145.5

Pyraclostrobin (PBF) ns * * ns ns *
Py0 0.25 130.3 202.0 0.22 240.5 155.8
Py1 0.25 140.8 218.6 0.21 245.7 171.0

S x PBF ns * * ns ns *

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

Table 5
Effect of salinity and Pyraclostrobin based fungicide (PBF) treatments on total and mar-
ketable yield, fruit mean weight, fruits affected by blossom-end rot and shape index in
2010 and 2011.

Treatments Yield

Fruit mean
weight
(g)

Blossom-
end rot
(kg
plant−1)

Shape
index
(mm
mm−1)

Total
(kg
plant−1)

Marketable
(kg
plant−1)

2010
Salinity (S) ** ** ** * ns

S0 2.381 2.195 62.0 0.049 1.26
S1 1.959 1.898 50.6 0.081 1.24

Pyraclostrobin
(PBF)

* * * ns ns

Py0 2.098 1.978 54.8 0.077 1.24
Py1 2.242 2.115 57.8 0.053 1.26

S x PBF * * * ns ns
2011
Salinity (S) ** ** ** * ns

S0 2.816 2.165 65.0 0.039 1.24
S1 1.922 1.530 52.2 0.057 1.30

Pyraclostrobin
(PBF)

* * * ns ns

Py0 2.268 1.765 56.8 0.049 1.28
Py1 2.470 1.930 60.4 0.049 1.26

S x PBF * * * ns ns

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

Table 6
Effect of salinity and Pyraclostrobin based fungicide (PBF) treatments on fruit dry matter
(DM), total soluble solids (TSS), titratable acidity (TA), pH and firmness (Fi) in 2010 and
2011.

Treatments

DM
(g 100g
f.w.)

TSS
(°Brix)

TA
(mg 100g−1

juice) pH

Fi
(kg
cm−2)

2010
Salinity (S) ns ns ns ns ns

S0 9.6 7.4 0.36 4.32 4.7
S1 9.9 7.5 0.35 4.19 4.6

Pyraclostrobin
(PBF)

ns ns ns ns ns

Py0 9.7 7.5 0.38 4.24 4.7
Py1 9.8 7.4 0.32 4.27 4.6

S x PBF ns ns ns ns ns
2011
Salinity (S) ** ** * ns ns

S0 6.5 5.5 0.38 4.27 4.1
S1 7.7 6.5 0.48 4.21 4.5

Pyraclostrobin
(PBF)

ns ns ns ns ns

Py0 6.9 5.9 0.44 4.24 4.2
Py1 7.3 6.1 0.42 4.24 4.4

S x PBF ns ns ns ns ns

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

This apparent contradiction can be explained by the increase in Chl
content that results in photosynthetic efficiency improvement. Con-
trasting results were obtained on rice (Debona et al., 2016), soybean,
barley, and wheat (Nason et al., 2007). Several experimental findings

Table 7
Effect of salinity and Pyraclostrobin based fungicide (PBF) treatments on Hunter chromatic features of epicarp and pulp of tomato fruits in 2010 and 2011. L*, a* and b* represent bright-
ness, redness and yellowness, respectively.

Treatments Epicarp Pulp

L* a* b* a*/b* L* a* b* a*/b*

2010
Salinity (S) * * ** ns ns * * ns

S0 42.9 33.6 31.9 1.1 35.0 29.9 21.5 1.4
S1 45.9 35.2 36.6 1.0 36.7 31.6 23.9 1.3

Pyraclostrobin (PBF) ns ns ns ns ns ns ns ns
Py0 44.8 34.7 34.0 1.0 35.9 31.5 22.5 1.4
Py1 44.0 34.0 34.5 1.0 35.7 30.0 22.9 1.3

S x PBF ns ns ns ns ns ns ns ns
2011

Salinity (S) ns * * ns ns * * ns
S0 43.2 32.1 31.6 1.0 34.1 28.5 21.2 1.3
S1 44.0 34.4 34.7 1.0 34.4 30.2 24.2 1.3

Pyraclostrobin (PBF) ns ns ns ns ns ns ns ns
Py0 43.9 33.9 33.2 1.0 34.5 30.5 23.3 1.3
Py1 43.3 32.6 33.0 1.0 34.0 28.3 22.1 1.3

S x PBF 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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Table 8
Effect of salinity and Pyraclostrobin based fungicide (PBF) treatments on yield and bio-
mass water use efficiency (WUEy and WUEb, kg m−3) in the two years.

Treatments WUEy WUEb WUEy WUEy

2010 2011

Salinity (S) ns ns ** ns
S0 25.2 4.3 28.3 5.8
S1 25.3 4.3 22.6 5.4

Pyraclostrobin (PBF) * ns * ns
Py0 24.6 4.1 24.7 5.5
Py1 25.9 4.4 26.6 5.7

S x PBF ns ns ns ns

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

Fig. 3. Interactive effect of salinity level (S0 and S1) and Pyraclostrobin based fungicide
(PBF) treatment (Py0 and Py1) on tomato yield and fruit mean weight in 2010 and 2011.
Vertical bars indicate SD (n=7).

have highlighted the positive effect of strobilurins on Chl biosynthe-
sis (Ramos et al., 2015; Giuliani et al., 2018; Marek et al., 2018;
Schiattone, 2018) as well as on slowing down its degradation ('green

effect') (Amaro et al., 2018; Liang et al., 2018). The increase in pigment
biosynthesis involves the improvement of nitrate reductase activity by
strobilurins (Marek et al., 2018) which, by improving nitrogen metab-
olism (Viana and Kiehl, 2010), would rise its availability for the plant
and, therefore, would also improve the formation of Chl, being its main
constituent (Kluge et al., 2014). The increase in nitrate reductase activ-
ity associated with the application of strobilurins, beside tomato (Marek
et al., 2018), was also found in Japanese cucumber (Amaro et al., 2018),
maize (Barbosa et al., 2011) and soybean (Soares et al., 2011). On the
other hand, Chl degradation slowing down would be determined by the
effect of strobilurins on phytohormone balance. In particular, on one
hand strobilurins would reduce the synthesis of ethylene (Giuliani et al.,
2019), a hormone notoriously involved in the processes of senescence
and degradation of Chl, on the other hand it would promote the in-
crease of cytokinins, involved in the biosynthesis of the pigment, delay-
ing the senescence process (Grossmann et al., 1999; Amaro et al., 2018).
Grossmann et al. (1999) and Venancio et al. (2003) reported that in
wheat bud tissue, the Kresoxim-methyl strobilurin inhibits the biosyn-
thesis of ethylene through the reduction of 1-aminocyclopropane-1-car-
boxylic acid (ACC)-synthase activity. The slowing of senescence was
also related to the decline of lipid peroxidation as a consequence of the
reduction of oxidative stress (Zhang et al., 2010; Amaro et al., 2018;
Liang et al., 2018). The enhanced activity of antioxidant enzymes (SOD,
POD, CAT, APX) observed in our trial, as a result of the application of
PBF, would confirm this latter hypothesis. Senescence is considered a
process associated with ROS (Li et al., 2007). To counter the ROS stress,
plants have evolved strategies in which antioxidant enzymes play an
important role (Hadrami et al., 2005; Pompeu et al., 2008). The POD,
CAT, and APX are key enzymes in the active-oxygen scavenging system
able to inhibit ROS accumulation. Actually, SOD catalyses superoxide
anion radicals (O2

.−) dismutation to hydrogen peroxide (H2O2) and oxy-
gen (O2), while the three other enzymes provide to the H2O2 elimina-
tion, preventing its toxic accumulation (Zhao et al., 2007).

Under salt stress, PBF determined a higher increase in Chl and A
compared to the salt control. Similar results were obtained on tomato
under water deficit (Giuliani et al., 2018). This can be explained by
the increase in the activity of antioxidant enzymes determined by PBF,
which may have played primary role in the control of oxidative
processes promoted by saline stress. Similar findings were obtained on
barley, where the application of PBF inhibited the manifestation of the
'physiological leaf spot', a physiological disease attributable to oxidative
stress, due to the doubling of POD activity (Köehle et al., 2003). Also
other authors have found the improvement in the activity of the main
antioxidant enzymes following the application of strobilurins on ginseng
(Liang et al., 2018) and Japanese cucumber (Amaro et al., 2018).

The increase in A and the decline in gs contributed to enhance
tomato WUEi, as observed also by other authors (Ramos et al., 2015;
Giuliani et al., 2018; Marek et al., 2018), indicating greater capacity to
assimilate CO2 with low water loss, generating greater water saving and
higher synthesis of photo-assimilates. Similar effects after application of
strobilurins were observed in grapevine (Diaz-Espejo et al., 2012) and
winter wheat (Baranyiova et al., 2014).

As expected, the better physiological performance due to the PBF
allowed greater biosynthesis and translocation of photo-assimilated to
fruits, resulting in increased tomato yield. These results are consistent
with literature reporting evidences that the application of strobilurins
in tomato plants promote higher marketable fruit yield (Giuliani et al.,
2010; Cantore et al., 2016; Marek et al., 2018; Giuliani et al., 2019).
Previous studies have demonstrated the increase in yield determined by
strobilurins also in other crops such as Japanese cucumber (Amaro et
al., 2018), maize (Shetley et al., 2015), beans (Jadoski et al., 2015),
soybean (Joshi et al., 2014), and grapevine (Diaz-Espejo et al., 2012).
The increase in fruit yield of PBF treated plants in our trial was higher
in saline stress conditions, confirming the best physiological perfor
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mance promoted by PBF. Moreover, the effect of PBF on WUEy con-
firmed that the application of strobilurin could significantly improve
WUE related to fruit yield (Giuliani et al., 2018, 2019).

Therefore, it can be said that this fungicide, as well as the phytosan-
itary defence of tomato crop, can contribute to increase its tolerance to
salinity, one of the most widespread and harmful abiotic stresses. Sim-
ilar results were obtained on tomato subjected to water stress (Giuliani
et al., 2011; Cantore et al., 2016), an abiotic stress whose response of
the plant presents many similarities with the salt stress.

5. Conclusions

The results of the research confirmed the harmful effects of salinity
at physiological and productive level and the positive one in terms of
tomato quality. 'Coronel' has proved to be a tomato cultivar more tol-
erant to salinity respect to the tolerance levels reported in classical lit-
erature. WUE was negatively influenced by salinity in the second year
while in the first one it did not change, demonstrating the influence that
also environmental conditions may have on this parameter.

This research confirmed that PBF, besides being a valid fungicide for
the phytosanitary defence of many crops, could have biostimulant ef-
fects on physiological and biochemical parameters that lead to an in-
crease in yield and water use efficiency of tomato. Furthermore, the hy-
pothesis underlying the research was confirmed. In fact, as well as stro-
bilurin-based fungicides have proven effective in reducing water stress,
PBF reduced the negative effects of salt stress on tomato. The results of
this research obtained in a controlled environment would require fur-
ther experimental confirmation at field scale. However, in view of the
different experimental findings that have demonstrated the positive ef-
fect of strobilurins on the production and attenuation of water stress in
open field, it can be reasonably asserted that PBF applied in open field
would increase tomato's tolerance to salinity . However, since it is a pes-
ticide, we do not believe its use should be exclusively aimed at reducing
the salt stress, but it should be destined mainly for phytosanitary de-
fence and prefer it to other pesticides if the water and/or soil salinity
are a problem.
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