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Abstract
Salinity is one of the principal abiotic stresses that occurs in the Mediterranean area, causing loss of productivity and decrease 
of vegetable crop quality. The effect of salinity (0, 25, 75, 150 mM NaCl) was evaluated in three Diplotaxis tenuifolia varie-
ties (Dragon Tongue, Capriccio, Piccante), previously selected for salinity tolerance and high glucosinolates production in 
leaves. The aim of this research was to explore the salinity tolerance of three wild rocket varieties cultivated under optimal 
temperature conditions and under high temperature that typically characterized the Mediterranean greenhouse. Biomet-
ric, biomass, pigment production and physiological parameters were evaluated. Biometric, physiological, and biochemical 
parameters significantly varied because of variety, salt level used and environmental conditions. PCA analysis highlighted 
that the two cultivation systems deeply affected the wild rockets response to salt stress. In general, under optimal growing 
conditions, wild rocket varieties showed higher growth parameters compared to greenhouse conditions. Overall Capriccio 
was the most susceptible variety to salinity, while Dragon Tongue (V1) and Piccante (V3) were more tolerant to salt stress. 
Furthermore, in both growing conditions V1 was the less productive variety while V3 showed an opposite trend. Interest-
ingly, gene (DtOxo and DtGst) expression analysis revealed a significant increase of the target gene expression as response 
of salinity levels, with a clear increase of DtOxo level in V1 and V3. The results obtained in this study can be useful to plan 
future breeding programs aimed to increase rocket quality grown under Mediterranean conditions.
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1  Introduction

Wild rocket (Diplotaxis tenuifolia L.), is a leaf vegetable, 
belonging to Brassicaceae family, largely cultivated in 
Europe and North America, and more recently, with its 
increasing commercial value, is becoming popular also in 
South America (Parada et al. 2019). In Europe, it is manly 
growth in the Mediterranean region where favorable mild 
climatic conditions favored its production at farm-scale 
level. Wild rocket is principally used as green salad, and its 
success is related to the peculiar pungent and peppery taste 
and the high amount of health promoting compounds (Coc-
etta et al. 2018). Vitamin C, carotenoids, phenols, flavonoids 
and glucosinolates (GLS) present in leaves make rocket a 
functional food (Heimler et al. 2007). Several environmental 
conditions (temperature, salinity, light etc.) can influence the 
secondary metabolites production in this plant. The increas-
ing interest in wild rocket is also associated to the potential 
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role of GLS as health promoting compound for humans 
(D’Antuono et al. 2009). D. tenuifolia is cultivated almost 
all year and is well adapted to Mediterranean areas, char-
acterized by harsh and poor growing conditions. Further-
more, wild rocket is characterized by a fast-growing cycle 
and is traditionally cultivated as a winter crop mainly in dry 
areas. Winter cultivation required a longer cycle compared to 
spring–summer cultivation, where the optimal temperature 
of 25 °C and the long day light favor the growth rate of the 
species reducing its life cycle (Hall et al. 2012a). As reported 
by Purty et al. (2008), wild rocket is considered a promis-
ing crop adapted to coastal areas where high salinity soils 
select salt tolerant species (Franzoni et al. 2020). Salinity is 
one of the principal abiotic stresses that significantly impact 
plant growth, quality, and productivity (Munns and Tester 
2008). Salinity (NaCl) caused several plant disorders, associ-
ated with hyperosmotic stress, ions imbalance and oxidative 
damage (Massa and Melito 2019). Commonly plants pre-
sent a short-term (minutes, hours, the day of salinity stress 
occurrence), and a long-term (days, weeks, months) salinity 
effect. In the first case, roots present a reduced ability to 
absorb water because of the soil salinity. This condition of 
root-salt contact is called water-deficit effect of salinity and 
the metabolic pathway involved partially overlaps with the 
drought stress response. In the second case, plant response 
to salt is associated to its entrance in plant tissue and cells. 
A reduction of growth occurs as consequence of ion toxicity 
and nutrient imbalance, caused by the salt accumulation in 
cytosol that interfere with the other ion flux. In this condi-
tion general physiologic stress symptoms occur (stomatal 
conductance reduction, low photosynthetic activity) (Massa 
and Melito 2019), growth alteration (leaves number and 
area, plant size, fruit decrease), and alteration in second-
ary metabolites pathway (signaling molecules, hormone and 
oxidative compounds ad secondary metabolites) (Munns and 
Tester 2008). Previous studies (De Vos et al. 2013; Petretto 
et al. 2019), have shown a limited reduction of plant growth 
at 100 and 150 mM of NaCl, while more stress symptoms 
and reduction of plant biomass occurs at 200 mM. Several 
adaptation strategies can be used by tolerant plants to sur-
vive high salinity conditions including morphological, phys-
iological, metabolic, and genetic variation as response to salt 
stress. In addition to the plant's response to salinity, various 
environmental factors may interact with salinity-induced 
stress conditions, further influencing the overall impact of 
these stressors on plants. Temperature, wind, radiation, soil 
composition etc., are some of the co-factors that can deeply 
alter the plant mechanism response to NaCl stress. Salt tol-
erance includes adaptations to secondary effects, such as 
oxidative damage and changes in the quantities and content 
of secondary metabolites in the roots and leaves of a variety 
of plants. As an example, under salt stress, there have been 
reports of changes in the ratio of saturated to unsaturated 

fatty acids, as well as a decrease in the concentration of 
triacylglycerols (Purty et al. 2008). Furthermore, the K+ or 
Na+ homeostasis plays a key role in regulating the trans-
membrane flux of cations, indeed, Na+ likely enters cells 
by nonselective cation channels, and at high salinities, it 
may do so through K+ channels or K+-insufficiently selec-
tive transporters (Munns 2005). Several genes are impor-
tant in maintaining the K+/Na+ homeostasis, among these 
Na+ (NHX) and K+ (HKT) antiporter have been reported 
in higher plants (Munns 2005), while gene regulating the 
change in abscisic acid level are known to enhance survival 
under salinity (Sagervanshi et al. 2021). Furthermore, spe-
cific genes involved in the ascorbate–glutathione and oxalic 
acid pathways have been identified in D. tenuifolia (Cavaiu-
olo et al. 2017). Previous research studies have shown a 
significant different content of GLS among rocket species 
(wild and cultivated) (Petretto et al. 2019) cultivated with 
saline irrigation water. Based on these findings Petretto et al. 
(2019) indicated a pick of GLS production in three more 
tolerant wild rocket species at 150 mM of NaCl. To provide 
novel insights into the performance of wild rocket varieties 
under salt stress conditions, a multidisciplinary approach 
was adopted, specifically aiming to examine the variability 
in compound levels underlying quality and explore the RNA 
expression levels of selected target genes associated with 
salinity resistance. For this purpose, two experiments were 
designed to assess the response of three wild rocket varie-
ties to different salt stress treatments under optimal (growth 
chamber) and high-temperature (Mediterranean greenhouse) 
conditions.

2 � Material and Methods

2.1 � Plant material, Growth Condition and Salinity 
Treatments

Three wild rocket (Diplotaxis tenuifolia L.) varieties widely 
distributed in the European market were used in this study 
(Table 1). Two experiments were performed: an experiment 
was set up in a Mediterranean greenhouse (Exp. 1) while 
the second one was established under controlled environ-
mental conditions (growth chamber) (Exp. 2). Wild rocket 
seeds were germinated in growth chambers at University 
of Sassari, Italy, and at Research Centre for Vegetable and 
Ornamental Crops, Council for Agricultural Research and 
Economics (Pescia, PT, Italy, lat. 43°54′ N, long. 10°42′ E). 
Four/five seeds for hole were placed in rockwool seedling 
trays (120 holes) with the following environmental con-
ditions: 25 °C, 14 h photoperiod and under sodium vapor 
lamps, SOX-lamps (Philips®) by ensuring 250 μmol m−2 s−1 
PAR, reducing to one plant per hole after first true leaves 
emergence. After 20 days, at the stage of 2 true leaves, 
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young plants were transplanted in the greenhouse and in 
growth chamber, respectively. The two experiments were 
arranged using a randomized block design with four treat-
ments, three varieties and three replicates for a total of 12 
experimental units. Each experimental unit consisted of a 
ventilated plastic crate (30 × 50 × 22 cm) covered with anti-
algae mulch sheet opportunely holed to avoid the water 
stagnation and filled with a mixture peat and perlite 50:50 v 
v−1. Each experimental unit was divided into three sections, 
each one contained eight plants for variety. Nutrient solution 
was supplied from the transplant to the end of the experi-
ment every two days with a volume of irrigation of 0.5 L 
and was combined to the saline solutions. This amount was 
deemed sufficient to avoid excessive NaCl accumulation into 
the root zone. Treatments consisted in four salinity (NaCl) 
levels (0, 25, 75, 150 mM, respectively S0, S1, S2, S3). The 
base nutrient solution was described in Table S1.

- Experiment 1 (Exp. 1) (Mediterranean greenhouse): the 
greenhouse experiment was conducted from June to July 
2022, in unheated glasshouse at Ottava experimental station 
of the University of Sassari, Sardinia, Italy (lat. 40°46′ N, 
long. 8°29′ E). Air temperatures during the experiment were 
30.1 °C (average minimum temperature) and 44 °C (aver-
age maximum temperature), and the average heliophany 
was ~ 627.1 min/day.

- Experiment 2 (Exp. 2) (Growth chamber): the experi-
ment was conducted from June to July 2022 in a growth 
chamber located in CREA Research Centre for Vegetable 
and Ornamental Crops in Pescia. The growth chamber was 
set at 25 ± 1 °C both during daily and night hours with a 
night/day turn of 10/14 h, and 75–80% relative humidity. 
Light was supplied by SOX-lamps (Philips®) providing 
1050 µmol m−2 s−1 PAR, on average, at canopy level.

2.2 � Biometric Measurements, Biomass Evaluation 
and Mineral Analysis

Disruptive analyses of all plants were conducted 26 days 
after the beginning of saline irrigation. Leaf number (LN) 
and leaf area (LA) were recorded for each plant. Leaf area 
was measured using a planimeter (LI-COR, model 3100 area 
meter) and the WinDIAS Image Analysis System (Delta-T 
Devices, U.K.) in Exp. 1 and Exp. 2, respectively. Roots, 
stems and leaves were separated and weighted for fresh 
weight (FW) and dry weight (DW) measurement. DW was 

obtained after drying plant tissues in a forced-air oven (at 
60 °C), until constant weight. Shoot and root DW were used 
to calculate the relative ratio; leaf area and leaf DW were 
used for specific leaf area (SLA) calculation. Plant tissue 
dry matter was used for mineral analysis, after acid diges-
tion. In detail, after nitric digestion, K, Ca, Mg, Na, Fe, Mn, 
Zn and Cu were quantified by ICP-OES analysis (Optima 
7000, PerkinElmer, Waltham, MA, USA). Total N (Ntot) 
was calculated as the sum of the organic N, determined by an 
organic elemental analyser (Flash 2000 CHNS/O, Thermo 
Fisher Scientific Inc., MA, USA) after dry matter digestion 
with H2SO4, and the N-NO3, analysed on the water extract 
by the spectrophotometric method (Evolution(tm) 300 
UV–Vis Spectrophotometer, Thermo Fisher Scientific Inc., 
MA, USA) as described by Cataldo et al. (1975). Chloride 
was determined by potentiometric detection with ion-selec-
tive electrodes (ISEs) (AMEL 338, AMEL S.r.l., Italy with 
ISEs Radiometer ISE/HS25Cl, Hach Company/Hach Lange 
GmbH, Switzerland).

2.3 � Pigment Determination, SPAD Index and Leaf 
Physiological Parameters

Total chlorophyll (Chl tot), chlorophyll a (Chl a), chloro-
phyll b (Chl b), carotenoids (CAR), Chl a/b ratio and Chl 
tot/car ratio were determined by leaf extraction (100 mg 
FW) with MeOH (0.1 ml mg−1 FW), maintaining samples 
2 days at − 20 °C and renewing the solution after 1 day. 
Then measures were performed by the spectrophotometer 
and expressing data on fresh weight basis. SPAD index (502 
Plus, Konica Minolta) was measured as non-destructive 
parameter using the middle portion of five fully expanded 
leaves per plant. Plant physiological status (transpiration 
rate, Tr, stomatal conductance, gs, net photosynthesis, Pn, 
and intercellular CO2 concentration, CI) was recorded by 
a portable infrared gas analyser (CIRAS-2, PP-Systems, 
Amesbury, MA 01913 USA) at the end of the experiment. 
Measurements were performed directly in greenhouse condi-
tion (Exp. 1) and in the growth chamber (Exp. 2) on the first 
mature leaf of three different plants per replicate for a total 
of 12 measurements per treatment, by setting CO2 concentra-
tion at 400 ppm and PAR at 1,000 µmol m−2 s−1. Instantane-
ous Water Use Efficiency (IWUE; expressed as μmol CO2 
mmol−1 H2O) was calculated as the ratio of CO2-uptake (Pn) 
relative to water loss (Tr).

Table 1   Description of rocket varieties used for greenhouse and growth chamber experiments

Code Variety Origin Source material Specific traits

V1 Diplotaxis tenuifolia ‘Dragon Tongue’ France Mexfi Graines Red-veined leaves
V2 Diplotaxis tenuifolia ‘Capriccio’ Italy Four Tangy indented leaves
V3 Diplotaxis tenuifolia ‘Piccante’ United Kingdom Premier seeds direct Deep green, serrated foliage
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2.4 � RNA Isolation and qRT‑PCR Analysis

For RNA isolation, samples were collected from leaves 
of each variety grown in the four different salt treatments. 
We considered three biological replicates for a total of 
36 samples. Tissues were ground into fine powder in liq-
uid nitrogen, then, the RNA was isolated using the Nor-
gen RNA Purification Kit (Norgen Biotek Corp, Ontario, 
Canada) following manufacturer’s instructions. Total RNA 
was quantified using a Qubit 3.0 (Thermo Scientific) and 
its integrity was assayed on 2% agarose gel electrophore-
sis. Reverse transcription reaction was performed using the 
iScript RT Supermix for RT-qPCR (Biorad, Hercules, CA, 
United States) following manufacturer’s instructions. The 
resulting cDNA samples were used as template for qRT-
PCR. Each reaction was performed in a total volume of 
20 μl including 10 μl 2 × SsoAdvanced Univ SYBR Green 
Supermix (Biorad, Hercules, CA, United States), 6.25 ng 
cDNA and 300 nM of each primer (final concentration), 
nuclease free water to final volume. qRT-PCRwas carried 
out on a CFX96 TouchTM Real-Time PCR Detection Sys-
tem (Biorad, Hercules, CA, United States). Thermocycling 
conditions were as follows: 95 °C for 2 min, 40 cycles of 
95 °C for 10 s and 60 °C for 30 s. A final ramping stage 
65–95 °C, + 0.5 °C each 5 s was performed to confirm the 
absence of dimers and multiple products. Relative expres-
sion values were determined using the 2ΔΔCt method 
implemented in the Gene Expression Module of the CFX 
Manager Software (Biorad). We selected five markers from 
the literature, for gene expression analysis considering the 
Arabidopsis thaliana RT-PCR primer pair database (Han 
and Kim 2006) and D. tenuifolia transcriptome (Cavaiuolo 
et al. 2017) (Table 2). For gene expression normalization 
we considered two reference genes: the A. thaliana actin 
gene (ACT-for 5′-CTC​CTG​CCA​TGT​ATG​TCG​CTA​TCC​
-3′ and ACT-rev 5′-AAG​GTC​CAA​ACG​CAG​AAT​AGC​
ATG​T-3′) retrieved for Pandey and Penna (2017) and 
Actin 2 retrieved for the AT3G18780 sequence (TAIR 
database). For the latter, primer pairs were designed by 
using the online tool available at https://​eu.​idtdna.​com/​
scito​ols/​Appli​catio​ns/​RealT​imePCR. Forward and reverse 

sequence were as following: ACT2_For 5'-TCC CTC 
AGC ACA TTC CAG CAG AT-3', ACT2_Rev 5'-AAC 
GAT TCC TGG ACC TGC CTC ATC-3'. Prior to the gene 
expression analysis, the standard curve for amplicons of 
each marker was established using fourfold cDNA dilution 
series and three replicates (Fig. S1). Actin 2 was selected 
as best candidate reference gene given its better efficiency 
(130.5%) and higher R2 (0.96) in the standard curve com-
pared to actin (Fig. S1).

2.5 � Data Analysis

To analyze the effects of variety, salinity treatment and 
their interaction on biometric traits, mineral contents, and 
physiological parameters, a linear mixed-effect model was 
constructed using the lmer function in the lmer4 pack-
age. The model was constructed using variety, and salin-
ity treatment as fixed factors and block as random fac-
tor. The lmer model was followed by Tukey’s post-hoc 
test to determine pairwise statistical significance. When 
normality and homoscedasticity assumptions were not 
respected, data were log10- or square root-transformed 
prior to analysis. If even after transformation, the collected 
data did not respect parametric assumptions (root/shoot 
DW, Chl b, gs, Pn, Mg, Mn, Na, Ntot, P) the Scheirer Ray 
Hare test was used for treatment comparisons and their 
interactions along with a Dunn post-hoc test for multi-
ple nonparametric comparisons. The correlations among 
traits scored in the two locations and for each treatment 
were calculated from accession means using the psych and 
corrplot R packages. The Spearman linear coefficients of 
correlation (r) were calculated between pairs of traits and 
the significance of correlations was evaluated at p < 0.01. 
A principal component analysis (PCA) was carried out 
among varieties means considering the three treatments 
and two experiments to determine which are the most 
effective traits in discriminating among varieties. PCA 
loading and score plots were drawn using the FactoMineR 
and factoexta R libraries. The prediction ellipses with a 
95% level of confidence were added to the PCA score plot.

Table 2   Primer used for gene expression analysis

Marker
name

Forward primer (5'- > 3') Reverse primer (5'- > 3') Function Reference

NHX GGA​ATG​GAT​GCC​TTG​GAC​ATT​GAC​ CGG​CCC​TTG​TAA​ACT​TGT​TGT​ATG​C K+ transporter Han and Kim 2006
HKT TGG​ACT​CAT​CGT​GTC​ACA​ACT​TTC​C TGC​AAA​CCC​ATA​ACT​CGC​GTCT​ Na+ antiporter Han and Kim 2006
AAO3 TGT​CTT​GGC​ATT​CAA​GAG​CAT​AAC​G TTC​CTC​AGC​GGA​CCC​ATT​ATA​TTC​C Abscisic acid Han and Kim 2006
DtOxo CGG​CAC​TGA​TGA​TGT​TGG​TA CCT​CGG​TTC​AAG​ACT​TCT​GC Oxalic acid Cavaiuolo et al. 2017
DtGst GGG​TGA​ACA​ATC​CAA​TCC​AG CTC​GCT​GCC​TGA​AAA​TTG​AC Glutathione 

S-transferase 
zeta

Cavaiuolo et al. 2017

https://eu.idtdna.com/scitools/Applications/RealTimePCR
https://eu.idtdna.com/scitools/Applications/RealTimePCR
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3 � Results

3.1 � Effect of Environmental Conditions

Plants were grown under stress salinity in two different 
conditions with the aim to highlight their responses in both 
optimal (growth chamber) and stressful (high temperature 
in a Mediterranean greenhouse in spring–summer) growth 
conditions.

The PCA in the first two dimensions explained 66.1% 
of the total variation observed, with the first (PC1) and the 
second (PC2) components accounting for 42.9 and 23.2% 
of the total variation, respectively (Fig. 1). The PCA clearly 
distinguished the two experimental sites, thus showing how 
the cultivating conditions (i.e., Mediterranean greenhouse 
and growth chamber) were preponderant in determining the 
differences between the varieties tested. Furthermore, the 
distribution of the varieties in the biplot highlighted a greater 
variation for the varieties grown in Exp. 2. Vector analysis 
related to the PCA is showed in Fig. S2.

3.2 � Effect on Plant Growth and Biomass

Data referred to measured fresh weight are shown in supple-
mentary material (Tables S2 and S3) for both experiments. 
For the most part, the effects of individual factors, when 
statistically significant, were commented upon only when 
the effect of the interaction did not prove to be significant 
(Shadish et al. 2002).

In Exp. 1, all the biomass data (Leaf, root, stem, total 
shoot, and total dry weight) were found to be statistically 

influenced by varieties, where the V3 showed from 62.8% 
(Root DW) to 73% (Stem DW) higher biomass compared 
with V1 (Table 3). Additionally, V3 showed the highest 
LN and LA compared with V1, indicating increases of 48.3 
and 69.6%, respectively. Among the analyzed morphologi-
cal traits, only root/shoot DW and SLA were significantly 
affected by salt treatments. The former parameter showed 
increasing values with increasing stress levels, while the 
latter exhibited the lowest value under S3 (Table 3). Data 
obtained from Exp. 2 showed a significant effect of the vari-
ety in almost all biometric and biomass parameters (Table 4). 
Under optimal growing conditions, plants showed higher 
values for most of the biometric and biomass parameters 
compared to the greenhouse conditions. V3 had the highest 
LN and LA with increases of 38.6 and 77.9%, respectively, 
compared to the lowest value observed for V1. This trend 
was also confirmed by the biomass data where the V3 vari-
ety showed an increase in biomass ranging from 75% (Root 
DW) to 79.2% (Stem DW) compared to V1. Similarly to 
Exp. 1, even in the optimal growth chamber, salt treatments 
significantly influenced SLA and root/shoot dry weight ratio. 
Specifically, SLA showed the highest value in the Control, 
progressively decreasing with increasing saline stress. Con-
versely, root/shoot DW (Table 4) showed the lowest value 
in the S2 treatment, statistically different from S1 and S3 
(Table 4).

3.3 � Effect on Pigment Content and Leaf 
Physiological Parameters

For each variety, SPAD index was significantly higher 
in S0 treatment. Within S0, S1, S2 treatment, V1 and V2 

Fig. 1   Principal component 
analysis. Loading plot of the 
first (PC1) and second (PC2) 
principal components showing 
the variation for varieties in 
growth chamber condition (Exp. 
2; yellow ellipse on the top) and 
in Mediterranean greenhouse 
condition Exp. 1 (turquoise 
ellipse on the bottom)
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had significantly higher values of SPAD index compared 
to V3 (Table 5 and Fig. 2a). Pigment analysis revealed 
different results in the two experiments. In Exp. 1, Chl 
a and Chl tot decreased overall with increasing salinity 
levels, revealing the highest values in V1 and V3 under S0 
and S1 treatments (Table 5; Fig. 2b and c). Chlorophyll 
b was significantly affected only by the saline treatment, 
showing a significant reduction in content with increasing 

salinity levels. Overall chlorophyll data are coherent with 
SPAD trend observed in Table 5. Similarly, carotenoids 
content decreased significantly with increasing salt lev-
els, with the highest value observed in the S0 treatment 
for V1 and V2 varieties (Table 5; Fig. 2d). Under growth 
chamber conditions in Exp. 2, no significant differences 
were observed for pigment parameters among varieties, 
treatments, and variety × treatment, except for Chl a/b and 

Table 3   Main and interaction effects of variety and treatment on morphological traits in Mediterranean greenhouse condition (Exp. 1). Leaf 
number (LN), dry weight (DW), fresh weight (FW), leaf area (LA), specific leaf area (SLA)

Different letters within each column indicate significant differences according to Tukey’s test (p ≤ 0.05), or to * Dunn test (p ≤ 0.05). 
V1 = Dragon Tongue, V2 = Capriccio, V3 = Piccante. S0 = 0  mM NaCl, S1 = 25  mM NaCl, S2 = 75  mM NaCl, S3 = 150  nM NaCl. The base 
nutrient solution was described in Table S1

Factors LN
(n.)

Leaf 
DW
(g p−1)

Root 
DW
(g p−1)

Stem 
DW
(g p−1)

Total shoot 
DW
(g p−1)

Tot 
DW
(g p−1)

DW 
FW−1

Leaf

root/ 
shoot
DW*

LA
(cm2 p−1)

SLA
(cm2 g−1 p−1 DW)

Variety
V1 7.8 b 0.389 b 0.032 b 0.062 b 0.452 b 0.483 b 0.314 0.069 104.3 b 283.4
V2 15.1 a 1.239 a 0.086 a 0.230 a 1.469 a 1.555 a 0.159 0.061 342.6 a 276.9
V3 14.3 a 1.075 a 0.077 a 0.202 a 1.277 a 1.354 a 0.145 0.061 315.1 a 305.6
Treatment
S0 11.8 0.873 0.054 0.200 1.073 1.128 0.207 0.053 c 253.9 302.0 a
S1 13.3 1.022 0.067 0.210 1.232 1.299 0.221 0.057 c 301.4 306.3 a
S2 12.1 0.838 0.061 0.142 0.980 1.042 0.150 0.064 bc 238.9 294.4 ab
S3 12.2 0.870 0.077 0.108 0.978 1.055 0.244 0.081 a 221.7 251.8 b
Analysis of variance Df p > F p > F p > F p > F p > F p > F p > F p > F p > F p > F
Variety (V) 2 0.013  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001 0.483 0.334  < 0.001 0.256
Treatment (T) 3 0.563 0.694 0.141 0.325 0.780 0.740 0.566  < 0.001 0.324  < 0.001
V × T 6 0.482 0.293 0.058 0.085 0.218 0.226 0.746 0.988 0.210 0.084

Table 4   Main and interaction effects of variety and treatment on morphological traits in growth chamber (Exp. 2). Leaf number (LN), dry 
weight (DW), fresh weight (FW), leaf area (LA), specific leaf area (SLA)

Different letters within each column indicate significant differences according to Tukey’s test (p ≤ 0.05). V1 = Dragon Tongue, V2 = Capriccio, 
V3 = Piccante. S0 = 0 mM NaCl, S1 = 25 mM NaCl, S2 = 75 mM NaCl, S3 = 150 nM NaCl. The base nutrient solution was described in Table S1

Factors LN Leaf 
DW
(g p−1)

Root 
DW
(g p−1)

Stem 
DW
(g p−1)

Total shoot 
DW
(g p−1)

Tot 
DW
(g p−1)

DW 
FW−1

Leaf

root/ 
shoot
DW

LA
(cm2 p−1)

SLA
(cm2 g−1 p−1 DW)

Variety
V1 14.3 b 0.407 c 0.025 c 0.140 c 0.547 c 0.573 c 0.083 0.047 a 73.6 c 185.6
V2 22.6 a 1.238 b 0.064 b 0.431 b 1.670 b 1.732 b 0.081 0.038 b 243.6 b 204.0
V3 23.3 a 1.739 a 0.100 a 0.674 a 2.413 a 2.512 a 0.081 0.041 ab 333.1 a 193.4
Treatment
S0 22.0 1.233 0.067 0.480 1.713 1.781 0.074 0.040 ab 273.7 229.1 a
S1 22.0 1.150 0.068 0.493 1.642 1.710 0.076 0.046 a 241.0 217.7 a
S2 19.3 1.151 0.063 0.416 1.567 1.630 0.085 0.039 b 191.5 168.3 b
S3 16.8 0.979 0.054 0.271 1.250 1.301 0.091 0.044 a 160.7 162.2 b
Analysis of variance Df p > F p > F p > F p > F p > F p > F p > F p > F p > F p > F
Variety (V) 2 0.003  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001 0.054 0.031  < 0.001 0.606
Treatment (T) 3 0.649 0.999 0.802 0.887 0.995 0.995 0.353 0.043 0.880 0.023
V × T 6 0.690 0.928 0.956 0.316 0.754 0.771 0.537 0.436 0.339 0.338
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Table 5   Main and interaction effects of variety and treatment on 
SPAD Index and photosynthetic pigments in Mediterranean green-
house condition (Exp. 1). SPAD index (SPAD), chlorophyll a (Chl a), 

chlorophyll b (Chl b), total chlorophyll (Chl tot), carotenoids (CAR), 
clorophyll a to clorophyll b ratio (Chl a/b), total chlorophyll to carot-
enoids ratio (Chl tot/car ratio)

Different letters within each column indicate significant differences according to Tukey’s test (p ≤ 0.05), or to * Dunn test (p ≤ 0.05). 
V1 = Dragon Tongue, V2 = Capriccio, V3 = Piccante. S0 = 0  mM NaCl, S1 = 25  mM NaCl, S2 = 75  mM NaCl, S3 = 150  nM NaCl. The base 
nutrient solution was described in Table S1

Factors SPAD Chl a
(μg g−1 FW)

Chl b
(μg g−1 FW)*

Chl tot
(Chl a + b)

CAR​
(μg g−1 FW)

Chl a/b Chl tot/car

Variety
V1 36.7 492.3 192.5 684.8 83.1 2.6 8.7
V2 38.0 476.9 173.2 638.1 78.7 2.8 8.9
V3 34.6 531.7 195.9 727.6 88.4 2.9 8.4
Treatment
S0 40.8 599.8 202.6 a 802.4 116.2 3.1 7.0
S1 37.3 548.0 214.0 a 762.0 85.6 2.7 9.5
S2 36.1 446.1 185.8 a 615.9 70.7 2.3 9.0
S3 31.6 407.4 146.4 b 553.8 61.1 2.9 9.2
Analysis of variance Df p > F p > F p > F p > F p > F p > F p > F
Variety (V) 2  < 0.001 0.038 0.392 0.043 0.103 0.060 0.077
Treatment (T) 3  < 0.001  < 0.001 0.002  < 0.001  < 0.001 0.138 0.864
V × T 6  < 0.001 0.006 0.431 0.024 0.002 0.235 0.489

Fig. 2   SPAD index (a), chlorophyll a (b), total chlorophyll (c), and 
carotenoids (d) content affected by variety × treatment interaction at 
Exp. 1. Different lower-case letters within each variety indicate sig-
nificant difference among treatments according to Tukey's test, differ-
ent upper-case letters within treatment indicate significant difference 

among varieties according to Tukey's test. Bars indicate standard 
errors of the mean (Number of replicates = 3). V1 = Dragon Tongue, 
V2 = Capriccio, V3 = Piccante. S0 = 0 mM NaCl, S1 = 25 mM NaCl, 
S2 = 75 mM NaCl, S3 = 150 nM NaCl. The base nutrient solution was 
described in Table S1
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Chl tot/car ratio, which were affected by variety and treat-
ment as single effects (Table 6). In Exp. 1, both saline 
treatments and varieties significantly influenced stomatal 
conductance and photosynthesis (Table 7). Specifically, 
V2 and V3 showed higher stomatal conductance which, 
as expected, was coupled with a higher photosynthetic 

activity. A significant interaction was observed between 
variety and salt treatment for CI (Fig. S3). Varieties and 
salinity had significant effects on both transpiration and 
net assimilation rate in growth chamber conditions (Exp. 
2) (Table 8). V1 had a significantly lower photosynthesis 
rate compared to V2 and V3. Additionally, transpiration 

Table 6   Main and interaction effects of variety and treatment on 
SPAD Index and photosynthetic pigments in growth chamber condi-
tion (Exp. 2). SPAD index (SPAD), chlorophyll a (Chl a), chlorophyll 

b (Chl b), total chlorophyll (Chl tot), carotenoids (CAR), clorophyll 
a to clorophyll b ratio (Chl a/b), total chlorophyll to carotenoids ratio 
(Chl tot/car ratio)

Different letters within each column indicate significant differences according to Tukey’s test (p ≤ 0.05). V1 = Dragon Tongue, V2 = Capriccio, 
V3 = Piccante. S0 = 0 mM NaCl, S1 = 25 mM NaCl, S2 = 75 mM NaCl, S3 = 150 nM NaCl. The base nutrient solution was described in Table S1

Factors SPAD Chl a
(μg g−1 FW)

Chl b
(μg g−1 FW)

Chl tot
(Chl a + b)

CAR​
(μg g−1 FW)

Chl a/b Chl tot/car

Variety
V1 45.0 744.9 302.5 1047.3 147.2 2.46 b 7.20 b
V2 45.8 847.3 337.9 1185.2 130.8 2.51 ab 9.13 a
V3 46.1 895.4 342.6 1238.0 143.6 2.63 a 8.65 a
Treatment
S0 43.3 798.4 311.6 1110.0 145.7 2.57 ab 7.73 b
S1 45.0 783.3 297.4 1080.7 140.0 2.63 a 7.80 ab
S2 46.3 881.1 353.0 1234.1 147.0 2.50 ab 8.50 a
S3 47.9 853.9 348.7 1202.6 129.4 2.44 b 9.26 a
Analysis of variance Df p > F p > F p > F p > F p > F p > F p > F
Variety (V) 2 0.516 0.558 0.618 0.635 0.389 0.004 0.001
Treatment (T) 3 0.142 0.394 0.276 0.382 0.052 0.005 0.020
V × T 6 0.589 0.160 0.202 0.168 0.371 0.206 0.987

Table 7   Main and interaction effects of variety and treatment on physiological parameters in Mediterranean greenhouse condition (Exp. 1). 
Instantaneous Water Use Efficiency (IWUE)

Different letters within each column indicate significant differences according to Tukey’s test (p ≤ 0.05), or to * Dunn test (p ≤ 0.05). 
V1 = Dragon Tongue, V2 = Capriccio, V3 = Piccante. S0 = 0  mM NaCl, S1 = 25  mM NaCl, S2 = 75  mM NaCl, S3 = 150  nM NaCl. The base 
nutrient solution was described in Table S1

Factors Transpiration
(mmol H2O 
m−2 s−1)

Stomatal conduct-
ance*
(mmol CO2 
m−2 s−1)

Net assimilation*
(μmol CO2 m−2 s−1)

Intercellular CO2 
concentration
(ppm CO2)

IWUE
(μmol CO2 
mmol−1 
H2O)

Variety
V1 2.59 203.3 b 6.40 b 335.5 2.73
V2 2.99 253.5 a 8.57 a 326.9 2.97
V3 3.16 249.8 a 8.68 a 334.5 2.95
Treatment
S0 3.30 286.3 a 8.90 a 328.6 2.77
S1 3.09 244.2 a 7.69 a 334.2 2.78
S2 2.77 225.2 ab 7.77 a 334.7 3.00
S3 2.48 186.5 b 7.18 b 331.7 2.97
Analysis of variance Df p > F p > F p > F p > F p > F
Variety (V) 2 0.061  < 0.001  < 0.001 0.152 0.831
Treatment (T) 3 0.369  < 0.001 0.012 0.460 0.737
V × T 6 0.486 0.421 0.327 0.032 0.080
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and net assimilation rate were significantly impacted by 
saline treatments, with control treatment S0 showing 
higher values for both parameters. Instantaneous Water 
Use Efficiency showed the same trend as stomatal con-
ductance being affected by variety factor with lower val-
ues for V1.

3.4 � Effect on Mineral Nutrient Tissue 
Concentrations

Mineral contents in dry leaves exhibited different trends 
based on growing conditions and varieties in both experi-
ments (Tables 9 and 10). In Exp. 1 (Table 9), minerals pre-
sented four main trends: 1) No significant effects of treat-
ments and varieties, as it was observed for Ca and Fe; 2) 
Significant effects associated to the variety factor were 
observed for Zn, with the highest content found in V1, fol-
lowed by V3 and V2; 3) Significant effects were associated 
to the saline treatments for Na and K, with an increase in Na 
content in leaves from S0 to S3, reaching a maximum value 
of 45.8 g kg−1 DW. Conversely, K exhibited an opposite 
trend; 4) Both variety and saline treatment had significant 
impact on mineral content. Magnesium, and Mn showed 
similar trends in terms of variety, but opposite trends based 
on the salt levels, as also Ntot and P. Magnesium decreased 
with increasing NaCl levels, reaching the highest values in 
V1 and the lowest in V2. Similarly, Mn presented a sig-
nificant effect associated with variety revealing the highest 
value for V1. Conversely, total N was significantly higher in 
V2 and V3, while among the saline treatments, it was higher 
in both the control and S1. A similar trend was observed 
within the different salt stress levels for P (Table 9).

In Exp. 2, mineral content showed four distinct trends: 
1) Significant variation of mineral elements associated 
only to the variety factor, as in the cases of Ca Mg, Mn, 
and P (Table 10). Calcium and P showed similar trend, 
with the highest values in V2, and the lowest recorded for 
V1. Also, Mg tissue concentration revealed V2 as the vari-
ety with the highest content, and V1 exhibiting the lowest, 
similar to Ca and P trends. A different trend was observed 
for Mn, which presented a peak value in V1, although like 
V2, and a reduced content in V3 (Table 10); 2) Significant 
effect related to the treatment. Sodium increased in wild 
rocket tissues due to salt treatment, reaching the highest 
value in S3, as observed throughout Exp. 1; 3) Signifi-
cant effect of variety and treatment. Potassium and total N 
showed similar trends with higher concentrations observed 
for V2 and V3 and minimum in V1. In addition, both min-
erals had their highest accumulation in S0 and in S1 and 
the lowest in S3 treatment, with S2 showing an interme-
diate accumulation (Table 10). Even Fe was significantly 
influenced by both the individual effects of variety and 
treatment, particularly showing significantly higher values 

in V2. Among treatments, the control recorded the highest 
value in Fe; 4) Mineral element significantly affected by 
variety × treatment interaction, such as in the case of Zn 
(Table 10; Fig. S4). Within varieties, Zn content appeared 
systematically higher in S3 (Fig. S4). However, at the 
treatment level, V2 exhibited the highest values across all 
treatments except for S3, where V1 showed significantly 
higher Zn content (Table 10; Fig. S4).

3.5 � Multivariate Analysis

The Spearman rank correlation considering a significance 
threshold p < 0.01 using the Spearman coefficient revealed 
how some traits were rather independent, whereas a group 
of traits clustered together because of a reciprocal tight 
correlation for the same category of measures (Fig. 3). At 
both locations traits exhibited the same sign of correlation 
although a higher number of correlations were found in 
Exp. 1. For instance, Mn content was negatively correlated 
with plant traits.

3.6 � Gene Expression Analysis

Prior to gene expression analysis, candidate genes were 
tested for their efficiency. Only marker specific for DtOxo 
and DtGst were assayed on all samples considering their 
accuracy in the standard curve (Fig. S1). Results of the gene 
expression in the three studied varieties grown under diverse 
salt concentrations are reported in Fig. 4. DtOxo expression 
was up regulated in both V1 and V3 when the salt concen-
tration increased from S0 to S3, with the highest expression 
in V1 at S3 (Fig. 4a). Instead, V2 showed similar expres-
sion levels in the four treatments, being slightly higher only 
in S3. The expression of DtGst confirmed the trend in the 
accession V1 increasing its expression from the lowest to the 
highest salt concentration (Fig. 4b). Contrariwise, V2 and 
V3 showed contrasting results. While results for V2 agreed 
with DtOxo with similar gene expression among treatments, 
for V3 we observed an increase of the expression from S0 to 
S1 and then the gene was downregulated up to S3.

4 � Discussion

Several studies have reported reductions in vegetative plant 
growth caused by salinity in rocket (e.g., Bonasia et al. 
2017). However, understanding the responses of plants to 
salinity requires considering environmental conditions. 
Salinity adversely affected the growth of rocket varie-
ties, leading to reductions in all biometric and biomass 
parameters observed in both experiments. However, one 
of the intents of this experiment was to test the different 
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varieties, grown under salinity stress, in the optimal grow-
ing conditions of growth chamber and in the extreme (high 
temperature) growing conditions of greenhouse during 
the hot season. The growth chamber resembled the ideal 
conditions for wild rocket growth described by Hall et al. 
(2012b) more closely than the greenhouse conditions, which 
was reflected in the production values. Although the two 

growing environments influenced biomass showing similar 
trends among varieties and treatments, the values obtained 
in the growth chamber were consistently higher than those 
in the greenhouse, and the greatest yield reductions were 
observed in the latter one. However, the tested varieties 
exhibited differences in total DW, suggesting that each vari-
ety has distinct patterns of assimilate partitioning among 

Table 8   Main and interaction effects of variety and treatment on physiological parameters in growth chamber condition (Exp. 2). Instantaneous 
Water Use Efficiency (IWUE)

Different letters within each column indicate significant differences according to Tukey’s test (p ≤ 0.05), or to * Dunn test (p ≤ 0.05). 
V1 = Dragon Tongue, V2 = Capriccio, V3 = Piccante. S0 = 0  mM NaCl, S1 = 25  mM NaCl, S2 = 75  mM NaCl, S3 = 150  nM NaCl. The base 
nutrient solution was described in Table S1

Factors Transpiration
(mmol H2O 
m−2 s−1)

Stomatal conductance
(mmol CO2 m−2 s−1)

Net assimilation*
(μmol CO2 
m−2 s−1)

Intercellular CO2 
concentration
(ppm CO2)

IWUE*
(μmol CO2 
mmol−1 H2O)

Variety
V1 2.06 b 194.2 b 3.69 b 353.7 1.82 b
V2 2.33 ab 252.4 ab 7.20 a 329.9 3.31 a
V3 2.53 a 264.5 a 8.11 a 329.8 3.57 a
Treatment
S0 2.95 a 306.3 8.94 a 327.2 3.04
S1 2.34 b 243.2 5.90 b 340.4 2.62
S2 1.99 b 228.9 5.59 b 340.5 3.57
S3 1.94 b 169.6 4.90 b 343.2 2.37
Analysis of variance Df p > F p > F p > F p > F p > F
Variety (V) 2 0.035 0.009  < 0.001 0.068  < 0.001
Treatment (T) 3 0.024 0.060  < 0.001 0.123 0.381
V × T 6 0.539 0.784 0.429 0.051 0.592

Table 9   Main and interaction effects of variety and treatment on mineral nutrient concentrations (on dry weight basis) in Mediterranean green-
house condition (Exp. 1)

Different letters within each column indicate significant differences according to Tukey’s test (p ≤ 0.05), or to * Dunn test (p ≤ 0.05). 
V1 = Dragon Tongue, V2 = Capriccio, V3 = Piccante. S0 = 0  mM NaCl, S1 = 25  mM NaCl, S2 = 75  mM NaCl, S3 = 150  nM NaCl. The base 
nutrient solution was described in Table S1

Factors Ca
(g kg−1)

Fe
(mg kg−1)

K
(g kg−1)

Mg
(g kg−1)

Mn*
(mg kg−1)

Ntot*
(g kg−1)

Na*
(g kg−1)

P
(g kg−1)

Zn
(mg kg−1)

Variety
V1 23.1 110 49.2 3.09 a 89.0 a 11.9 b 24.3 8.21 b 131 a
V2 25.3 117 45.3 2.79 b 64.7 b 16.4 a 25.0 8.40 ab 107 c
V3 25.0 101 50.5 2.87 ab 70.0 b 17.7 a 24.8 9.70 a 115 b
Treatment
S0 26.2 120 60.9 a 3.18 a 66.6 b 19.5 a 4.58 d 9.59 a 109
S1 26.1 105 51.3 ab 3.00 a 69.7 b 18.9 a 19.5 c 8.68 a 104
S2 25.6 106 45.6 b 2.80 ab 72.2 ab 14.3 b 29.0 b 8.95 a 137
S3 20.0 107 35.5 c 2.69 b 89.7 a 8.8 c 45.8 a 7.82 b 120
Analysis of variance Df p > F p > F p > F p > F p > F p > F p > F p > F p > F
Variety (V) 2 0.061 0.320 0.060  < 0.001 0.003  < 0.001 0.973  < 0.001 0.019
Treatment (T) 3 0.692 0.968  < 0.001  < 0.001 0.016  < 0.001  < 0.001  < 0.001 0.681
V × T 6 0.051 0.718 0.136 0.148 0.552 0.649 0.999 0.091 0.161
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sink organs when photosynthesis and growth are limited due 
to salt stress. In rocket, both cell division and enlargement 
within leaf tissues are negatively affected even at low Na 
concentrations (D’Anna et al. 2003), although leaf elonga-
tion is reported to be more sensitive to salinity (Urlić et al. 
2017). In our Exp. 1, under more stressful growing condi-
tions, varieties V2 and V3 exhibited the highest leaf surface 
area per plant as a function of salinity with values decreased 
with increasing salinity stress level (even if without signifi-
cant differences), consistently with results by Shariatinia 
et al. (2021). Variety V1 consistently showed the lowest leaf 
area at any given salinity level. The different trends between 
Exp.1 and Exp. 2 underline the importance of testing plant 
varieties under suboptimal growing conditions in breeding 
programs, especially for those variables that can exacerbate 
the effects of the studied abiotic stress like high temperature 
in greenhouse in combination with salinity. The highest DW 
values were indeed obtained at lower levels of salt stress, 
consistent with findings in other Brassica species such as 
canola, where higher NaCl concentrations led to lower DW 
(Byobordi 2010). Specific leaf area was significantly affected 
by salt stress levels in both experiments. These findings align 
with the results of de Vos et al. (2013), who found that salt 
stressed Diplotaxis tenuifolia leaves were smaller but thicker 
with a maximum SLA decrease of 54% at 300 mM NaCl. 
Increased leaf thickness (reduced SLA) due to enlarged leaf 
mesophyll area has been reported as an adaptive response 
to salinity (Vile et al. 2005). In our experiment, SLA was 
greater at S0 and S1 in both experiments, indicating that it 
may serve as a tolerance mechanism in salt-stressed plants 
to allocate more biomass to leaf expansion, but only when 

sufficient water is available, as suggested by Munns and 
Tester (2008). These findings agreed with the lower total 
biomass observed at increasing salinity since plants at higher 
SLA may presents reduced photosynthesis efficiency as later 
discussed. Multivariate analysis and gene expression analy-
sis confirmed the trends showed in the two experiments for 
the observed traits. Among the tested genes, only DtOxo 
and DtGst exhibited variable expression across the differ-
ent salinity stress. This agrees with Cavaiuolo et al. (2017) 
confirming that specific genes for Diplotaxis better explain 
the response of rocket salad to saline stress.

Chlorophyll biosynthesis is crucial for plant photosyn-
thetic activity, where salt stress usually negatively affect its 
content by reducing its synthesis and/or inducing degrada-
tion and Chl b converting into Chl a (Santos 2004). In salt 
tolerant species, chlorophyll content can vary depending 
on different adaptative mechanisms, usually increasing, 
but also without showing significant variations (Acosta-
Motos et al. 2017), while carotenoids usually increase thus 
quenching ROS and protecting the photosynthetic appara-
tus (Gupta and Huang 2014).

As salt-tolerant species, all the observed varieties did 
not show significant differences regarding total chlorophyll 
(i.e., Chl a and Chl b and Chl tot) and carotenoids content, 
consistently with previous studies on saline stress adapta-
tive mechanisms (Acosta-Motos et al. 2017), including 
specific works on rocket (Franzoni et al. 2020; Shariatinia 
et al. 2021), when tested in growth chamber condition 
(Exp. 2). Conversely, in greenhouse condition (Exp. 1), 
Chl a, Chl tot and carotenoids showed a certain interac-
tion variety × treatment. These kinds of data recorded in 

Table 10   Main and interaction effects of variety and treatment on mineral nutrient concentrations (on dry weight basis) in growth chamber con-
dition (Exp. 2)

Different letters within each column indicate significant differences according to Tukey’s test (p ≤ 0.05), or to * Dunn test (p ≤ 0.05). 
V1 = Dragon Tongue, V2 = Capriccio, V3 = Piccante. S0 = 0  mM NaCl, S1 = 25  mM NaCl, S2 = 75  mM NaCl, S3 = 150  nM NaCl. The base 
nutrient solution was described in Table S1

Factors Ca
(g kg−1)

Fe
(mg kg−1)

K
(g kg−1)

Mg*
(g kg−1)

Mn*
(mg kg−1)

Ntot
(g kg−1)

Na*
(g kg−1)

P*
(g kg−1)

Zn
(mg kg−1)

Variety
V1 16.9 c 72.3 b 42.7 b 2.55 b 56.1 a 14.1 b 18.0 6.03 c 64.8
V2 25.6 a 111.1 a 51.4 a 3.27 a 52.3 a 20.7 a 17.2 9.66 a 74.0
V3 21.5 b 88.2 b 52.2 a 2.71 b 49.2 b 20.6 a 17.2 8.09 b 59.9
Treatment
S0 21.74 111.4 a 54.0 a 2.96 52.4 22.4 a 3.55 d 7.76 64.7
S1 19.59 69.9 b 48.3 a 2.29 51.9 19.2 a 10.5 c 6.67 52.6
S2 22.55 89.3 a 48.7 ab 2.97 51.9 18.1 ab 20.5 b 7.91 60.8
S3 21.49 91.4 a 44.0 b 3.15 54.0 14.1 b 35.4 a 9.38 87.0
Analysis of variance Df p > F p > F p > F p > F p > F p > F p > F p > F p > F
Variety (V) 2  < 0.001 0.002 0.043 0.012 0.002 0.024 0.955  < 0.001 0.357
Treatment (T) 3 0.072 0.001  < 0.001 0.087 0.746  < 0.001  < 0.001 0.058  < 0.001
V × T 6 0.762 0.126 0.455 0.707 0.455 0.257 0.993 0.998 0.021
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Exp. 1 condition in respect to salt stress responses confirm 
the previous study of Petretto et al. (2019) on these varie-
ties, however highlighting the different performances of 
the three varieties. The salt-tolerance can also explain the 
unexpected results in terms of Chl a/b ratio and Chl tot/
car ratio, indeed observed only in limited light growth 
chamber conditions, whereas stress conditions are known 
to induce an increase of the Chl a/b ratio and a decrease of 
the greenness ratio (Santos 2004). SPAD index measure-
ments showed the same trends of chlorophyll and, interest-
ingly, were not positively correlated with the Chl tot/car 
ratio as instead observed for other leafy vegetables under 
salinity (Germano et  al. 2022). Previous studies have 
shown that salt stress affects several gas exchange param-
eters, including gs, CI, Tr, and Pn (Mahlooji et al. 2018; 
Qiu et al. 2018). Stomatal closure, induced by decreased 

leaf turgor and atmospheric vapor pressure, as well as 
chemical signals from the roots, is a common response 
to salt stress (Arif et al. 2020). In line with the findings 
of Hniličková et al. (2017), we observed that salt stress 
treatments effectively reduced gs and Pn in both environ-
ments. Thus, maintaining control over stomatal conduct-
ance is crucial for efficient CO2 acquisition and preven-
tion of desiccation. However, the impact of salt stress on 
Pn can be attributed to both stomatal and nonstomatal 
factors as underlined by Balasubramaniam et al. (2023). 
The decrease in gs is also consistent with the reduced 
Tr. In fact, when stomatal conductance decreases under 
salt stress, as observed in our study, there is an increased 
resistance to water diffusion from inside the leaf to the 
atmosphere. Concerning the intercellular CO2 concentra-
tion, previous studies have reported conflicting results. 

Fig. 3   The Spearman’s rank significant correlations between pairs 
of traits evaluated in three Diplotaxis tenuifolia varieties with four 
stress conditions. Correlation coefficients are reported in Table  S3. 
Coloured cells are those with p < 0.01. Colour intensity is directly 
proportional to the coefficients. According to the scale on the right, 
blue and red colours correspond to positive and negative correlations, 
respectively. Correlations among traits in Mediterranean greenhouse 
condition (Exp. 1) are shown above the diagonal; correlations in 

growth chamber condition (Exp. 2) below the diagonal. SPAD index 
(SPAD), leaf number (LN), dry weight (DW), fresh weight (FW), leaf 
area (LA), specific leaf area (SLA), chlorophyll a (Chl a), chlorophyll 
b (Chl b), total chlorophyll (Chl tot), carotenoids (CAR), chlorophyll 
a to chlorophyll b ratio (Chl a/b), total chlorophyll to carotenoids 
ratio (Chl tot/car), transpiration (Tr), stomatal conductance (gs), net 
assimilation (Pn), intercellular CO2 concentration (CI), Instantaneous 
Water Use Efficiency (IWUE)
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In cases where salt stress reduces stomatal conductance, 
an increase in intercellular CO2 concentration is typically 
observed. However, in other instances, CI may be reduced 
(Seemann et al. 1985) or remain unaffected. Similarly, we 
found a significant interaction between variety and salt 
stress treatment in Exp. 1, but under growth chamber con-
ditions we did not observe any effect on CI. As regards the 
response of varieties to saline stress, studies carried out on 
other species suggested that the high stomatal conductance 
(gs) could be an effective method for identifying genotypic 
tolerance to saline stress (Rahnama et al. 2010). This may 
be attributed to the fact that tolerant varieties have a higher 
number of open stomata and may utilize Na+ instead of 
K+ for stomatal movements, or they might reduce stomatal 
density to conserve water under saline conditions (Zhao 
et al. 2020).

Despite both varieties and/or saline treatments exerted 
some influences on mineral tissue concentration, no evident 
deficiency symptoms were observed in the two environ-
ments. This trend is confirmed by recorded values, generally 
higher than the range of sufficiency especially considering 
macro-nutrients as nitrogen or phosphorus (Bozokalfa et al. 
2009). Deepening inside salt stress responses, K, Ca and Mg 
tissue concentrations are all considered as functional mark-
ers to determine plant salt tolerance, whereas sodium usu-
ally inhibits their uptake with detrimental effects on many 
physiological mechanisms (e.g., osmotic regulation, gas 
exchange, chlorophyll biosynthesis, enzymes activity, cell 
walls building up), as reported in different studies (Gupta 
and Huang 2014; Acosta-Motos et al. 2017). As expected, 
in both experiments, Na tissue concentration increased only 
because of the saline treatments, while Ca was influenced 
by variety in growth chamber conditions only. Looking 
instead to K and Mg, only the highest saline treatment was 

able to induce some reduction, but only in K ascribable to 
a deficiency condition as well (i.e., 35.49 g kg−1 DW in 
greenhouse condition), as many authors reported average 
values of roughly 4.5% on dry matter. As expected, trends 
observed for these three elements confirmed the same behav-
iors observed in varieties V2 and V3 regarding previously 
discussed biometric and eco-physiological parameters.

5 � Conclusions

Biometric, physiological and biochemical parameters sig-
nificantly varied because of variety, salt level used and envi-
ronmental conditions. The two cultivation systems used in 
Exp. 1 (greenhouse) and Exp. 2 (growth chamber) deeply 
affected the variety response in presence and absence of salt 
stress. In general, under optimal growing conditions, the 
wild rocket varieties used showed higher growth (leaf num-
ber, leaf area, specific leaf area, dry weight) compared to 
greenhouse conditions. Overall V1 (‘Dragon Tongue’ vari-
ety) and V3 (‘Piccante’ variety) presented similar trends and 
response in both growing conditions: V1 was the least, while 
V3 was the most productive. Interestingly, gene expression 
analysis revealed a significant increase of two target genes 
for tolerance to salinity (DtOxo and DtGst) therefore to salt 
level used. This trend is mainly confirmed in V1 and V3 
varieties under optimal growing condition, without any other 
environmental variable. These two genes in agreement with 
the morpho-physiological parameters tested, could be used 
as potential markers for future breeding program for salt 
tolerance in wild rocket.

Fig. 4   Expression of DtOxo 
and DtGst genes in leaves 
of three D. tenuifolia varie-
ties (V1, V2, V3) grown at 
different salt concentration 
(increasing from S0 to S3). 
The average and confidence 
interval of three replicates is 
reported for each accession 
and treatment. The different 
letters above each bar indicate 
significant differences (p ≤ 0.05) 
among treatments within each 
variety. V1 = Dragon Tongue, 
V2 = Capriccio, V3 = Piccante. 
S0 = 0 mM NaCl, S1 = 25 mM 
NaCl, S2 = 75 mM NaCl, 
S3 = 150 nM NaCl. The base 
nutrient solution was described 
in Table S1
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