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Abstract: Soil salinity is considered one of the most severe abiotic stresses in plants; plant acclimation to
salinity could be a tool to improve salt tolerance even in a sensitive genotype. In this work we investigated
the physiological mechanisms underneath the response to gradual and prolonged exposure to sodium
chloride in cultivars of Brassica napus L. Fifteen days old seedlings of the cultivars Dynastie (salt tolerant)
and SY Saveo (salt sensitive) were progressively exposed to increasing soil salinity conditions for 60 days.
Salt exposed plants of both cultivars showed reductions of biomass, size and number of leaves. However,
after 60 days the relative reduction in biomass was lower in sensitive cultivar as compared to tolerant
ones. An increase of chlorophylls content was detected in both cultivars; the values of the quantum
efficiency of PSII photochemistry ($PSII) and those of the electron transport rate (ETR) indicated that
the photochemical activity was only partially reduced by NaCl treatments in both cultivars. Ascorbate
peroxidase (APX) activity was higher in treated samples with respect to the controls, indicating its
activation following salt exposure, and confirming its involvement in salt stress response. A gradual
exposure to salt could elicit different salt stress responses, thus preserving plant vitality and conferring a
certain degree of tolerance, even though the genotype was salt sensitive at the seed germination stage.
An improvement of salt tolerance in B. napus could be obtained by acclimation to saline conditions.

Keywords: acclimation; Brassica napus; salt stress; chlorophyll fluorescence; photosynthesis;
anti-oxidant enzymes; polyamines; proline

1. Introduction

Soil salinity affects at least 20% of irrigated land worldwide, with a prevision of an increasing
trend of arable lands loss up to 50% by the middle of the twenty-first century. Therefore, a devastating
scenario is foreseen in the global scale both for the environmental resources and human health due
to reduction of soil fertility and crop yield [1]. Italy is one of the salt-affected countries in Europe,
and in the Mediterranean area this country is considered a hotspot for both land degradation and
desertification, and salinization can be considered an important cause of soil degradation [2].

Salt stress is one of the most adverse abiotic stress impairing productivity of several important
crops. The major consequences of plant exposure to saline conditions are cell dehydration and toxicity
caused by salt, due to the inhibition of water uptake by the root hairs. Generally, soil salinity affects
many aspects of plant development, such as seed germination, vegetative growth (through the reduction
of the leaf area, the content of chlorophylls and the conductance of the stomata), and the reproduction
by inducing the abortion of the ovules and senescence of fertilized embryos [3,4]. Sodium and chlorine
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are considered the ions mainly responsible for the salinization, reaching concentration that can inhibit
or decrease the development of plants [1-4]. Leaves accumulate most of the excess of Na* and C1~
absorbed at the roots level, and this accumulation causes an early senescence, associated with more
or less marked chlorosis and/or necrosis phenomena, depending on the accumulation rate of these
ions and the capacity to compartmentalize them. The effect of salinity on leaves can be either direct,
due to the closure of the stomata and the consequent reduction in the rate of assimilation of CO, [5],
or secondary; due to oxidative stress, which can seriously affect leaf photosynthetic machinery. Besides
this, the intracellular accumulation of Na* changes the ratio of K*/Na* and may lead to an osmotic
imbalance and the production of Reactive Oxygen Species (ROS), which seems to affect the function
of some enzymes, and the amounts of photosynthetic pigments [6]. Oxidative stress, caused by ROS
overproduction, is the main cause of loss in productivity of the cultivated species [7].

The salt tolerance mechanism is a multigenic trait involving different biochemical pathways: i.e., control
of ion uptake by roots and transport into leaves, synthesis of compatible solutes, change in photosynthetic
pathway, induction of antioxidant enzymes as well as the synthesis of hormones. The stress response
depends to a different extent on both genotypes and developmental stages of the plants; furthermore,
the genetic plasticity is fundamental for conferring different degrees of tolerance, by depending on the
effectiveness of stress response mechanisms. In non-tolerant species a gradual adaptation to saline
conditions can ameliorate the plant response to stress, leading to a better performance [8].

The aim of this work was to reveal the role and relative contribution of plant acclimation to the
amelioration of tolerance to salt stress in rapeseed (Brassica napus L.). This crop is mainly utilized
for edible oil production, its use has been also considered for the production of renewable energy,
in fact the large amount of oil present in the seeds makes them suitable as oilseed and fodder crop,
and for the production of biodiesel [9]. Even though many cultivars of this species were described as
‘salt-tolerant’, yield and growth of this crop can decline with increasing soil salinity [10].

To assess the possibility to induce the tolerance to salt in cultivars of rapeseed, the effects of NaCl
on plants were determined by a whole-plant assessment of agronomic parameters, used for salinity
tolerance selection [11], and of physiological mechanisms underneath the response to gradual and
prolonged exposure to sodium chloride.

2. Materials and Methods

2.1. Chemicals and Reagents

All reagents, analytical grade or equivalent, were purchased from Merck or Sigma-Aldrich, unless
otherwise stated. In each set of experiments all working solutions were prepared immediately before
use from stock reagents.

2.2. Plant Growth Conditions and Saline Treatments

The seeds of Italian cultivars of B. napus were kindly supplied by Dr. Montanari of the CREA-CIN
(Centro di Ricerca per le Colture Industriali) Bologna, Italy. The cultivars were selected based on high-yield
in oil production and low glucosinolates and erucic acid content. The seeds were stored at 4 °C until sowing.

Preliminary seed germination test in presence of salt were performed on seven cultivars cultivated
in Italy (data not shown). Basing on the germination rates, we selected the most susceptible cultivar
(SY Saveo 16% seed germinated at 72 h at 320 mM NaCl) and the most tolerant ones (Dynastie 82%
seed germinated at 72 h at 320 mM NaCl) for the following experiments.

The seeds of these cultivars were first washed with running water and then soaked for 1 h in
tap water. The seeds were then placed in Petri dishes (50 seeds each) containing two layers of filter
paper soaked with 1:10 strength Hoagland solution [12]. The Petri dishes were incubated in the dark
for 24 h at 10 °C, then they were placed at 24 °C for 48 h. Then, the germinated seeds were carefully
sown in plastic pots (20 cm diameter), 8 seeds per pots. Each pot contained about 1.6 kg of water
saturated soil material (total volume of 2.5 L) with the following chemical-physical characteristics: pH
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6.2, EC 0.25dS m™!, dry bulk density 135 kg m?, total porosity 91% v/, components (neutral sphagnum
peat, perlite (<5%), mineral compound fertilizer).

The experimental groups consisted of 3 plastic pots (24 cm diameter, 20 cm height) for each treatment,
containing 8 germinated seeds. Seedlings were grown for 15 days before the beginning of salt treatments at
23 °C + 2 °C (constant temperature) and 48% + 2% of relative humidity, moved randomly every 4 days, with
a photoperiod of 16 h, PAR between 20 (min.) and 30 (max.) pmoles photons m2s7! (lamp: 2 x OSRAM,
FLUORA t8 36.00 W and 2 x OSRAM, LUMILUX Cool Daylight t 8 36.00 W). During the first growing
period of 15 days, each pot was irrigated once a week with 50 mL of 1/10 strength Hoagland solution each
pot, ~20% GWC. Fifteen-days old seedlings were randomly assigned to three (different treatment groups
and irrigated every 4 days with: 100 mL Hoagland (control) or 100 mL Hoagland containing 160 mM NaCl
or 320 mM NaCl (saline treatments). Pots without plants irrigated and maintained in the same conditions
were added and considered as blank. The experimental period was 60 days.

2.3. Growth and Morphological Parameters

Morphological parameters were monitored every 15 days starting from the beginning of the
treatments to progressively evaluate the effects of NaCl on plant growth. Parameters taken in account
were as follows: length of the stem, leaf area, number of leaves, and length of the longest root (for
plants sampled at 30th and 60th day). The biomass was determined by evaluating the total weight of
the plants (g fresh weight). The biomass of the control and of the treated plants was related to the
number of plants that composed each group obtaining the average value of biomass per plant.

For subsequent determinations, samples (200 mg fresh weight) were frozen by dipping in liquid
nitrogen and stored at —80 °C until further analyses.

2.4. Water Content of the Plants

The percentage of water content was determined by bringing the plants to dryness in a stove at a
temperature of 70 °C for 48 h [13]. The average % of water was estimated as:

Water content (%) = W x 100 1)

where: f.w. = Plant’s fresh weight; d.w. = Plant’s dry weight.

2.5. Membrane Injury Index (MII)

At the 60th day, the membrane injury index was calculated on fresh samples of shoots and roots by
measuring the electrical conductivity according to the method of Blum and Ebercon [14]. Immediately
after sampling, the samples were analysed by immersing in milli-Q water in a volume equal to 0.1 mL
water mg f.w.~! The conductivity was measured at room temperature with the electrical conductivity (EC)
meter (Hanna instrument 8333) after 30 min incubation at 40 °C and 10 min at 100 °C in a water bath
(Gesellschaft fiir Labortechnik, GFL). The membrane injury index was calculated according to the formula:

C40°C

MII (O/0> - m X

100 2)
where: Cy9 °C = electrical conductivity measured after 30 min at 40 °C; Cjqp °C = electrical conductivity
measured after 10 min at 100 °C.

2.6. Soil Analysis

The chemical-physical parameters of the soils were determined in pots containing plants and in
pots without plants (blank) in order to evaluate the absorption of minerals by the roots.

The gravimetric water content of soil was determined, at the end of the experiments. The percentage
of water content was determined by oven-drying soils samples at a temperature of 70 °C for 48 h.
The average % of water was estimated as:
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Gravimetric Water Content (%) = fwd¥ x 100 3)
where: f.w. = Soil fresh weight; d.w. = Soil dry weight.

The osmolality of the soil was determined according to Merchant et al. [15] with the cryogenic
osmometer OSMOMAT 030 (Gonotec, Berlin, Germany).

Forty milligrams (dry weight) of soil samples, lacking of perlite, were homogenized and were
crushed with pestles adding 1 mL of distilled water at 80 °C and incubated for 30 min at 80 °C in
a water bath. The samples, were centrifuged for 5 min at 15,000 g at room temperature, and the
supernatant was analysed for the osmolality.

The determination of the electrical conductivity (EC) was carried out according to Sairam et al. [16].
Soil samples (200 mg dry weight) were dipped in water milli-Q (0.1 mL H,O mg d.w.™!). They were
subsequently incubated in a water bath at 100 °C for 10 min and then filtered with paper funnels.
Electrical conductivity was measured on the filtrate at room temperature with an EC meter (HANNA
Instrument 8333).

2.7. Imaging of Chlorophyll Fluorescence and Leaf Total Chlorophyll Content

At the end of the experiment (60th day), to assess the efficiency of the photosynthetic apparatus
in plants of B. napus exposed to salt stress, imaging of chlorophyll fluorescence parameters were
performed. In particular, the maximal quantum efficiency of PSII photochemistry (Fy/Fm), the quantum
efficiency of PSII photochemistry (PPSII) and the non-photochemical quenching (NPQ) were measured
on the last fully expanded leaf using a chlorophyll fluorescence imaging (MINI-Imaging-PAM, Walz,
Germany). Leaves were dark adapted for at least 30 min before determining Fy and F, (minimum and
maximum fluorescence, respectively). The Fy/Fy, value was calculated as (Fm — Fy)/Fm. Subsequently,
leaves were adapted to a photosynthetic photon flux density (PPFD) of 55 umoles m~2 s~! for
at least 10 min to reach a steady-state condition. A saturation light pulse was then applied to
determine the maximum fluorescence (F;) and steady-state fluorescence (Fs) during the actinic
illumination. Saturation pulse images and values of the chlorophyll fluorescence parameters were
captured. The ®PSII value was calculated according to Genty et al. [17] using the formula (Fp,, — Fs)/Fpy.
Calculation of NPQ was determined as (Fn — Fy)/Fr [18]. Data of NPQ were divided by four to
display values < 1.00. The apparent photosynthetic electron transport rate (ETR) was calculated as
follows: ETR = ®PSII x PPFD X 0.5 X Abs, where Abs is the apparent absorptivity of the leaf surface and
0.5 is the fraction of light absorbed by PSII antennae [19]. The Abs value was automatically calculated
pixel by pixel from the R (red) and NI (near infrared) images using the formula: Abs =1 — (R/NI).
Furthermore, measurements of total chlorophyll content were performed by the chlorophyll meter
readings (SPAD-502, Minolta Camera Co., Osaka, Japan) on the same leaves previously used for
chlorophyll fluorescence determinations. The measure was taken from one fully developed leaf per
plant. Four SPAD readings were taken from the widest portion of the leaf lamina, while avoiding major
veins. The four SPAD readings were averaged to represent the SPAD value of each leaf. SPAD values
were converted to chlorophyll content (ug cm~2) using the following equation [20]:

Chlorophyll content = (99 x SPAD)/(144 — SPAD) (4)

2.8. Phenolic Compounds

The phenolic compounds were extracted from frozen samples according to Orzali et al. [21] with
some modification. Briefly, samples were ground to fine powder in ceramic mortars with pestles
at 4 °C, suspended in 3 mL of 0.1 M HCL (Scharlau), and incubated for 3 h at 4 °C. Extracts were
centrifuged for 15 min at 8000x g. The supernatants were collected, and the pellets rinsed with
an additional 2 mL of 0.1 M HCl to complete the extraction, and centrifuged again for 15 min at
8000x g. The supernatants were pooled and total phenolic amount was determined as described by
Orzali et al. [21]. The concentration of the phenolic compounds was determined by a calibration curve
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of chlorogenic acid (CA) (Alfa Aesar) as standard (y = 0.0015x; R? = 0.9997). Results are expressed as
micrograms of CA equivalents per g of plant fresh weight.

2.9. Determination of Enzymatic Activities

Enzymatic activities were determined in extracts of frozen samples (200 mg f.w.) homogenized
with ceramics mortars and pestles. In each assay, the protein content of the extracts was estimated by
the dye-binding method of Bradford [22] using bovine serum albumin (BSA) as a standard, calibration
curve (y = 0.0315x; R? = 0.9913).

Polyphenol oxidase (PPO) (EC 1.14.18.1) activity was determined according to the method of
Orzali et al. [21]. The kinetics of the enzymes were followed by spectrophotometer (VARIAN Cary 50
Bio) at the wavelength of 420 nm for 300 s. The activity was detected as enzymatic activity units (1 unit
was defined as 1 uM of product produced minute™* mL~! reaction solution). The enzymatic activity of
PPO was expressed as E.U. * mg protein™!.

Superoxide dismutase (SOD) (EC 1.15.1.1) and ascorbate peroxidase (APX) (EC 1.11.1.11) activities
were determined by NPAGE (native polyacrylamide gel electrophoresis). Two hundred milligrams
(fresh weight) of frozen leaves were homogenized in liquid nitrogen and polyvinylpolypyrrolidone
(PVPP). Homogenates were re-suspended in 1 mL of 0.2 M sodium phosphate buffer (pH 7.0) containing
protease inhibitor cocktail for plant cell (Sigma). The extracts were centrifuged at 15,000x g at 4 °C
for 30 min, the supernatants were recovered. Samples containing 40 pg proteins was added and
separated on native polyacrilamide gel electrophoresis, and SOD activity was visualized of gel staining
through the conversion of nitroblue tetrazolium to formazane, the gel was exposed to light to allow the
development of the colour [23].

APX activity was detected according to the procedure by Mittler and Zilinskas [24]. PAGE was
carried out under native conditions.

2.10. Polyamines

Polyamines (PA) were extracted from frozen leaves (200 mg f.w.) homogenized in liquid nitrogen
using ceramic mortars and pestle. The homogenates were suspended in 1 mL of Dulbecco’s Phosphate
Buffered Saline (D-PBS, Biowest) and then centrifuged for 10 min at 17,000x g. After a second
centrifugation the supernatants were collected, quantified and brought to 1200 uL volume with saline
phosphate buffer (PBS). To precipitate the proteins, perchloric acid (PCA) (final concentration 5%) was
added to the sample. The samples were kept on ice bath for 30 min. and then centrifuged at 17,000 g
for 15 min.; 50 pL of 1 mM Diaminooctane, (DAO) was added as internal standard to quantify any
losses during sample preparation. Free polyamines content of the supernatant was determined by
HPLC according to the method of Beninati et al. [25]. The correspondence between the areas of the
PA peaks and their concentration was obtained by comparison with the areas of the standards of the
Spermine (SPM), Spermidine (SPD) and Putrescine (PUT). The concentration of PA was expressed in:

nmoles * mg fow.! (5)

2.11. Proline

Proline and total amino acids were extracted from homogenized samples (50 mg f.w.) using a
cold extraction procedure according to Carillo and Gibon [26]. The homogenate was collected and
resuspended in 10 mg/0.2 mL (w/v) of ethanol: Milli-Q water (40:60 v/v). The resulting mixture was left
overnight at 4 °C, and then centrifuged for 5 min at 14,000x g. To 500 nL of ethanolic extract was added
1 mL of reaction mixture composed by 1% (w/v) Ninhydrin (2,2-dihydroxyindane-1,3-dione) dissolved in
a mixture of 60% (v/v) acetic acid (Fluka) and 20% (v/v) ethanol (Fluka). The sample mixture was heated
at 95 °C in a block heater for 20 min and then centrifuged for 1 min to 6000x g. Proline concentration
was evaluated by detecting the absorbance at 520 nm wavelength at the spectrophotometer (VARIAN
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Cary 50 Bio). Proline concentration was determined from a standard curve made with standard
solutions of L-Proline (y = 0.0135 x; R? = 0.9946). The proline content is expressed in nmoles * mg f.w.~!

2.12. Statistical Analysis

The experiment was set up in a completely randomized design with at least three replicates for
each treatment and physiological determinations. Data are expressed as mean + standard error (SE).
The relationship between the measured morphological parameters and the saline treatment was assessed
at 60th day, through the Kruskal Wallis test and the Mann-Whitney pairwise comparison test. Results of
physiological analyses were evaluated by one-way analysis of variance (ANOVA). Tukey—Kramer
method was used to evaluate the significance of the differences between the means of the parameters
taken into consideration. Data regarding chlorophyll fluorescence parameters and leaf total chlorophyll
were evaluated by two-way ANOVA, with cultivar and NaCl treatment as the main effects, using the
Past3 software. All analyses were considered significant at p < 0.05. In the graphs, different letters are
considered significantly different from each other according to the probabilistic value p < 0.05.

3. Results

In this work, we have focused the attention on the response of B. napus cultivars with different salt
sensitivity exposed to a gradual increasing of salinity levels of soil medium, in order to verify if they
can develop the ability to acclimatize to saline conditions. During the experiments, the irrigation with
saline solution led to a gradually increasing salinity of the soil media with a significant enhancement
of the electric conductivity (EC) at the end of the experiments (Figure 1). Moreover, in saline media,
the water content was significantly higher respect to their control (p < 0.05) (Figure 2), suggesting that
salinity hindered water absorption by the plants.

2500

2000 — CTR

= 160 mM NaCl

a
a
1500 4
b == 320 mM NaCl
1000- b b
o |‘| 1 |-_| 1 1

Dynastie SY Saveo Blank

EC (us/cm)

Figure 1. Electrical conductivity (EC) of the soils at the end of the experiments. Data are expressed as
means + standard error (SE, n = 3). Post hoc comparisons conducted with the Tukey—Kramer method.
Means with different letters are statistically different (p < 0.05) within the same group.

250 a a g, =
b ] 2 2

g 200 c B 5 = CIR
§ 150 /= 160 mM NaCl
5 320 mM NaCl
o 1004
=
O 50—

0 T T T

Dynastie SY Saveo Blank

Figure 2. Gravimetric water content (GWC) of the soils at the end of experiments. Data are expressed
as means + SE (n = 3). Post hoc comparisons conducted with the Tukey—Kramer method. Means with
different letters are statistically different (p < 0.05) within the same group.
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3.1. Effects of Soil Salinization On Plants

Under the conditions reported above, the growth and consequently the production of biomass
were reduced significantly with the increasing of soil salinity (Table 1; Figure 3) (In Supplementary
Materials, photographs of the plants and statistical analysis of the height values are shown respectively
in Figures S1 and S2, and Table S1). The relative reduction in biomass was lower after 60 days in
sensitive cultivar as compared to tolerant. At the end of the experiments, significant differences in
dry/fresh weight ratio of the treated plants compared to the controls were observed in both cultivars
(Table 2). This was related to a decrease in water content of the plants exposed to NaCl (Table 3), which
was caused by the reduced osmotic potential of the soil. The quantity of soluble proteins detected was
generally higher in the treated plants than the controls, with the exception of Dynastie at 160 mM NaCl
after 60 days (Table 2).

Table 1. Biomass production at 30 and 60 days of experiment. Data are expressed as means + SE (n = 3).
Post hoc comparisons conducted with the Tukey—Kramer method. Means with different letters are
statistically different (p < 0.05) within the same period and cultivar. Photographs of the plants at the
end of the experiments are shown in Supplementary Materials, Figures S1 and S2.

Plant Biomass

Dynastie SY Saveo
NaCl 30d 60 d 30d 60 d
CTR 1.02 +0.03 a 431 +0.03a 1.00 £ 0.05 a 327 +0.22a
160 mM 094 +0.04a 1.94 +0.08b 0.76 = 0.03 b 1.86 £ 0.07b
320 mM 0.74+0.04 b 1.05+0.02 ¢ 0.66 +0.02 ¢ 0.96 £ 0.05 ¢
; 8YS
Dynastie R aveo o
15+ 1
I a % 160 mMNaCl Ta - 160 mM NaCl
,4;»/;; p - 320mMNaC /I/ , o NG
E™ //‘/' ’ 107 e ¢
G =
3 =
2 5 2.
0 T T T 1 0
0 15 30 45 60 0 15 30 45 60
Days Days

Figure 3. Effects of salt on the height of the cultivars. Data are expressed as means + SE (n > 8). Post
hoc comparisons conducted with the Mann-Whitney pairwise comparison test. Means with different
letters are statistically different (p < 0.05) within the same cultivar. All values with post hoc comparisons
are shown in the Supplementary Materials, Table S1.

Table 2. Dry weight/fresh ratio and protein content. Data are expressed as means + SE (n = 3). Post hoc
comparisons conducted with the Tukey—Kramer method. Means with different letters are statistically
different (p < 0.05) within the same cultivar.

Dry Weight/Fresh Weight Soluble Proteins (ug Protein/mg f.w.)
Dynastie SY Saveo Dynastie SY Saveo
NaCl 60 d 60d 30d 60 d 30d 60 d
CTR 0.018 £ 0.0005 ¢ 0.069 + 0.001 b 462+006b 730+0.12a 321+014c 432+0.14b
160 mM 0.053 +0.003 b 0.077 £ 0.008 ab 462+006b 550+0.09b 440+0.07a 4.69+0.07b
320 mM 0.083 + 0.0005 a 0.086 + 0.005 a 766+0.08a 782+0.16a 375+007b 898+0.15a
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Table 3. Water content (%) of the plants after 60 days of treatment. Data are expressed as means + SE
(n = 3). Post hoc comparisons conducted with the Tukey-Kramer method. Means with different letters

are statistically different (p < 0.05) within the same cultivar.

Plants Water Content (%)

NaCl Dynastie SY Saveo

CTR 9237 +0.12a 93.10+0.12a
160 mM 91.67 +0.50 a 91.39 +0.17b
320 mM 89.38 + 0.07 b 90.82+0.10 ¢

Leaf premature sensing of salt were observed in manner depending on NaCl concentration. Due to
the small size, leaf area was measured after 15 days of treatments. The leaves were gradually affected
by salt exposure (Figure 4); after 45 and 60 days both number of leaves per plants and leaf area were
significantly reduced in the treated plants respect to the control (Figure 4). The length of the roots was

not significantly affected by salt (Figure 5).

D i
ynastie e

—=— 160 mM NaCl

=
-~

—— 320 mM NaCl

-
N

-
o
{
\
o

N° of leaves

o N & o o
\
o

o =
-
(5]
w
o
-~
(4]
D
=]

Days
(a)
SY Saveo
- CTR
144 -= 160 mM NaCl
124 —&— 320 mM NaCl
2 104 =0

N° of leave:

©

Leaf area (cm?)

Dynastie
—— CTR

—#— 160 mM NaCl
—4— 320 mM NaCl

Leaf area (cm?)

(b)

-+ CTR
—#- 160 mM NaCl
=& 320 mM NaCl

(d)

Figure 4. Number of leaves and leaf area in Dynastie (a,b) and SY Saveo (c,d). Post hoc comparisons
conducted with the Mann-Whitney pairwise comparison test. Data are expressed as means + SE (n > 8).
Means with different letters are statistically different (p < 0.05) within the same cultivar. All leaf area
values with post hoc comparisons are shown in the Supplementary Materials, Table S2.
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Figure 5. Effect of salt on the root growth: Dynastie (a) and SY Saveo (b). Data are expressed as means
+ SE (n > 8). Post hoc comparisons conducted with the Tukey—Kramer method. Means with different
letters are statistically different (p < 0.05) within the same period and cultivar.

Membrane injury index (MII) increased significantly (p < 0.05) only in roots, while MII of leaves
was similar in control and treated plants, with a little increase at higher salt concentration in Dynastie
(Figure 6).

— CTR — CTR
1005 == 160 mM NaCl 100 == 160 mM NaCl
a
80- w320 mM NaCl 80 s 320 MM NaCl
5 i@
g 60— ;\E-? 60
E 40- S 40- 4 b b
b a a
0 ﬁ |-I_| I 0 T T
leaves roots leaves roots
(a) (b)

Figure 6. Membrane injury index of leaves and roots of Dynastie (a) and SY Saveo (b), determined at
the end of the experiment. Data are expressed as means + SE (n = 3). Post hoc comparisons conducted
with the Tukey—Kramer method. Means with different letters are statistically different (p < 0.05) within
the same organ of the cultivar.

To assess the capacity of B. napus to withstand NaCl treatments and to study the spatial
heterogeneity of photosynthesis, measurements of chlorophyll fluorescence imaging and leaf
chlorophyll content were performed (Table 4). A representative image of chlorophyll fluorescence
parameters (F,/Fn,, PPSI and NPQ) in a single leaf of the two cultivars of B. napus treated and untreated
is reported in Figure 7. At the end of the experimental period, our results showed that with respect
to control, the maximal quantum efficiency of PSII (Fy/Fn,) was unaffected by the treatment at both
NaCl concentrations in the two cultivars (Table 4). Moreover, the data revealed that the response of the
quantum efficiency of PSII photochemistry (PPSII) in the two treated cultivars, measured at the light
intensity close to that experienced by plants during the growth conditions, was quite similar (Table 4).
In this study, plant exposure to both NaCl concentrations caused a decrease of the ®PSII, compared to
the control, nevertheless the reduction of this parameter was just more evident in cv Dynastie. A quite
similar trend was also observed in the electron transport rate (ETR) values (Table 4). The response
of the non-photochemical quenching (NPQ) to NaCl exposure evidenced that the NPQ values were
practically unchanged, compared to control, in plant exposed to higher NaCl concentration, and
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showed a reduction at lower salt concentration in Dynastie, whereas exhibited an increase in SY Saveo
(Table 4). Finally, in both cultivars the leaf total chlorophyll content and the apparent absorptivity of
the leaf surface (Abs) values were generally higher in salt treated plants respect to control (Table 4).

SY Saveo Dynastie
160 mM NaCl 320 mM NaCl 160mM NaCl 320 mM NaCl

FiFa .. ...
@pSll ..

FE T TN T e o F T Wi T TN E T

Figure 7. Chlorophyll fluorescence images of photochemistry (Fy/F) in a dark-adapted leaf and
PSII photochemistry ($PSII) and non-photochemical quenching (NPQ) at steady-state with actinic
illumination of 55 pmol photons m~2 s~ measured at the end of the experiment (60th day) in two
cultivars of Brassica napus (Saveo and Dynastie) exposed to different NaCl treatments (CTR, 160 mM
NaCl, 320 mM NaCl). The false color code depicted at the bottom of the images ranges from 0.00 (black)

to 1.00 (pink).
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Table 4. Effects of NaCl on total chlorophyll content and chlorophyll fluorescence parameters, maximal quantum efficiency (Fv/Fm) measured in dark adapted leaves

and quantum efficiency of PSII photochemistry (® PSII), non-photochemical quenching (NPQ), electron transport rate (ETR) and PAR-absorptivity (Abs) measured at

steady state with actinic light illumination of 55 pmol photons m

-24-1

at the end of the experiment (60th day) in two cultivars of B. napus (SY Saveo and Dynastie)

exposed to different NaCl treatments (CTR, 160 mM NaCl, 320 mM NaCl). Data are expressed as means + SE. Means with different letters are statistically different
(LSD test, p < 0.05). ns = not significant. * p < 0.05. ** p < 0.01. ** p < 0.001.

ETR Tot Chl
Cvs. NaCl Fv/Fm PPSII NPQ (umol Electrons Abs Content
(r.u.) (r.u.) (r.u.) 2.1 (rel. un.) N
m~—2s-1) (ug cm~2)
CTR 0.810 £ 0.001 a 0.371 £ 0.013 ab 0.257 + 0.005 b 8.10 = 0.28 ab 0.804 +0.003 d 27.64 +0.63 a
SY Saveo 160 mM 0.814 + 0.001 a 0.349 + 0.009 bc 0.278 + 0.010 b 798 +0.21 ab 0.846 + 0.002 ¢ 3722 +0.06 b
320 mM 0.812 £ 0.001 a 0.334 + 0.002 cd 0.333 £ 0.010 a 7.74 £ 0.05 bc 0.859 = 0.002 ab 4126 £0.75¢
CTR 0.805 + 0.001 b 0.385 + 0.002 a 0.241 £ 0.010 b 8.35+0.04a 0.806 + 0.004 d 28.15+0.90 a
Dynastie 160 mM 0.804 + 0.003 b 0.316 + 0.002 d 0.198 = 0.019 ¢ 7.33 +0.06 ¢ 0.848 + 0.005 bc 3793 +1.66b
320 mM 0.805 + 0.001 b 0.320 = 0.005 d 0.277 £0.017 b 743 +£0.12 ¢ 0.860 = 0.001 a 41.38 £0.30 ¢
Cv. Fk ns FxE ns ns ns
p_Va]ue (ANOVA) Treat. ns EX TS EEEY EXS EXEYY EXTY
Cv.x Treat. ns * ns * ns ns
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3.2. Plant Response to Salt Stress

3.2.1. Antioxidant Defence

In plants, the antioxidant activity depends on either an effective non-enzymatic antioxidant
defence system or on the enzymatic antioxidant response or on both of them. In agreement with the
literature, we observed a general increase in the amounts of phenolics, with significant changes in the
production in treated plants of Dynastie at the end of the experiments (Figure 8).

% coge = CTR 2 100- = CTR
E’ . == 160 mM NaCl g == 160 mM NaCl
20 a
g 80 a = 320 MM NaCl g 80 - = 320 MM NaCl
] o a i
2 eod{a 2 a 2 T e 4
© © a T
Q o =L
‘c 40 c 40—
(1] [7]
g g
’é 20+ 5 20
5 5
2 0 T T 2 0 T T
30 pays 60 30 Days 60

(a) (b)

Figure 8. Amounts of phenolic compounds after 30 and 60 days of treatment: Dynastie (a) and SY
Saveo (b). Data are expressed as means + SE (n = 3). Post hoc comparisons conducted with the
Tukey-Kramer method. Means with different letters are statistically different (p < 0.05) within the same
period and cultivar.

Higher APX activity was detected in the treated samples respect to the controls (Figure 9),
indicating the activation of this enzyme following salt exposure.

SY Saveo Dynastie

NaCl mM NaCl mM

CTR 160 320 CIR 160 320

Figure 9. Activity of ascorbate peroxidase (APX) enzymes in plant exposed to different NaCl
concentration after 60 days of treatment.
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A critical role in the survival of plants under stressful environment has been ascribed to the activity
of SOD, which upregulation can counteract the oxidative stress. In our experiment, after 60 days of
treatment, SOD of both cultivars resulted to be less active in the plants treated with 320 mM NaCl
compared to control and to 160 mM NaCl; while at 30 days the activity in SY Saveo was lower than that
observed in Dynastie for both treated and control plants (Figure 10). These data suggest a different
behaviour of SOD in the two genotypes.

30™ day 60™ day
NaCl mM NaCl mM
B-SOD CTR 160 320 CTR 160 320

Mn-SOD— >

Fe-SOD —

Cu/Zn-SOD—

30t day 60 day
NaCl mM NaCl mM
B-SOD CTR 160 320 CTR 160 320

Mn-SOD— >

Fe-SOD —>

Cuw/Zn-SOD—

b)

Figure 10. Activity of SOD enzymes in plant exposed to different NaCl concentration: (a) Dynastie,
(b) SY Saveo.
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In both cultivars, PPO activity was significantly higher in treated plants respect to the controls
(Figure 11). A different timing in PPO response was detected, i.e., in Dynastie significantly enhanced
activity was measured after longer exposure, while an opposite trend was observed in SY Saveo
(Figure 11).

—c CTR — CTR
e 0.16- a == 160 mM NaCl = 0.16- == 160 mM NaCl
}g === 320 mM NaCl ';g = 320 mM NaCl
5 0.12- b 5 0.12- a
[=2] o
£ £
= - C - -
o 0.08 5 0.08 "
e a i a a
S 0.04- 5 004 D
wi a wi
b @ b ﬁ ﬂ
0.00-=1 [T] - . 0.00 r ,
30 pays 60 30 pays 60
(a) (b)

Figure 11. PPO activity after 30 and 60 days of treatment: Dynastie (a) and SY Saveo (b). Data are
expressed as means + SE (n = 3). Post hoc comparisons conducted with the Tukey—Kramer method.
Means with different letters are statistically different (p < 0.05) within the same period and cultivar.

3.2.2. Osmotic Balancing

The accumulation of osmolytes, such as proline, glycine-betaine and polyamines, can help the
plants to overcome osmotic unbalance. In this study we detected the concentrations of proline and PAs.
The proline concentration increased significantly in both treatments and detection times (Figure 12).
At the 60th day, Dynastie had the highest amount in the samples treated with 160 mM NaClL

25— — CTR 25— — CTR
z == 160 mMNaCl 3 == 160 mM NaCl
< 20- a = 204
E=) = == 320 mM NaCl E, = 320 mM NaCl
£
_g 154 b _‘é’ 15+
E o z
a 10 o 10
on w b
° o 5
O 5+ a © 54 b
£ b . £ Iji
N c C c
0 - = 0 T T
30 pays 60 30 pays 60
(a) (b)

Figure 12. Proline concentration after 30 and 60 days of treatment: Dynastie (a) and SY Saveo (b).
Data are expressed as means + SE (n = 3). Post hoc comparisons conducted with the Tukey-Kramer
method. Means with different letters are statistically different (p < 0.05) within the same period.

The presence of SPM, SPD and PUT was detected by HPLC (Tables 5 and 6). In SY Saveo,
the amounts of PA changed within time, being higher at the end of exposure in the treated plants
respect to the control (Table 5), especially the level of SPD. In Dynastie, significant changes respect to
the control were detected in SPD and SPM content (Table 6).
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Table 5. Polyamines in SY Saveo. Data are expressed as means + SE. Post hoc comparisons conducted
with the Tukey—Kramer method. Means with different letters are statistically different (p < 0.05) within

the same period and PA.
Polyamines (nmol/mg f.w.)
30 days 60 days
NaCl SPM SPD PUT SPM SPD PUT
CTR 18.37+£1.92b  100.71+4.34a 1974131 2729+7.60a 62.01 +4.61b 14.08 £2.30b
160 mM 2920+153a 67.04+1.83b N.D.* 24.83+193a 65.25+3.69b 39.66 +3.92a
320 mM 2276 £2.65b 6833 +231b N.D.* 30.76 +3.54a  166.78 +12.18a  35.78+3.11a

* N.D. = Not detected.

Table 6. Polyamines in Dynastie. Data are expressed as means + SE. Post hoc comparisons conducted
with the Tukey—Kramer method. Means with different letters are statistically different (p < 0.05) within
the same period and PA.

Polyamines (nmol/mg f.w.)

30 days 60 days
NaCl SPM SPD PUT SPM SPD PUT
CTR 32.70 £1.98 b 97.83 £4.78 b 18.17+1.54 a 13.89 £0.31b 46.65 +£0.34 ¢ 1258 +2.27 a

160 mM 4470 £ 2.67 a 92.32+4.76b 12.63 +1.08 b 4431+729a 99.83 +4.90 b 23.87 £ 4.65 a
320 mM 3757 +271ab 150.81+£997a 2276+265a 4055 +781a 151.08 + 11.10 a 19.73 £5.62a

4. Discussion

The deep changes in climate and soil conditions have led to a global warming with probable
devastating effects on crops, such as phenology and/or yield. In the coming decades, the improvement
of the crops ability to cope with both biotic and abiotic stresses, caused by the above reported changes,
will likely play a fundamental role for adapting agriculture to the new environment.

Changes of soil conditions include the increase of soil salinity, which effects on plants are the results
of complex interactions of different physiological processes depending on plant phenological stage.

For what salt stress is concern, the existence of salt-tolerant plants (halophytes) and the presence
of different degree of tolerance within genotypes in the sensitive ones (glycophytes) indicate the
presence of a genetic basis to salt tolerance [27]. Under this perspective, it is probable that a progressive
acclimation to saline soil may be obtained, even in sensitive genotypes, by gradually exposing the
plants to salt.

We have selected two cultivars that at seed germination stage were salt sensitive (Sy Saveo)
and salt tolerant (Dynastie). To determine the possibility to obtain acclimation to saline conditions,
we gradually exposed plants to increasing salt concentration and we detected the response in the
sensitive cultivar and compared the data with those of tolerant ones, grown in the same conditions.
At the end of the experiments, significant differences in dry/fresh weight ratio of the treated plants
compared to the controls were observed in both cultivars. This was related to a lower water content in
the plants exposed to NaCl, which was caused by the reduced osmotic potential of the soil, confirming
the literature data [28]. Moreover, the detected differences in EC and osmolality (data not shown)
between the soils where the plants were grown and the blank suggest that Na*, present in the soil,
was taken up and probably compartmentalized at root level to prevent toxic ionic effects, as proposed
by Munns and Tester [29]. For what biomass production is concerned, we may say that in Sy Saveo
some acclimation could be seen, since the relative reduction in its biomass was lower after 60 days as
compared to tolerant cultivar. The quantity of soluble proteins detected was generally higher in the
salt treated plants than controls. Several studies reported positive variations in the content of soluble
proteins synthesized in response to the increase of NaCl in soil, suggesting a relation with salt stress
tolerance [30].
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Salinity effects were evident in the leaves that were the most affected organ. Generally, salt stress
can cause leaf premature sensing together with reductions in photosynthesis, respiration and protein
synthesis in sensitive species [3,29,31-33]. While, in comparison with the control, the length of the
roots were not significantly affected by salt, even though this organ showed a significant increase of
membrane injury index in the treated plants.

In this study, analyses of chlorophyll fluorescence parameters and images were used to investigate
the effects of NaCl treatments on plants after the gradual exposure to saline conditions. Fluorescence
image analysis has been already used to investigate the effects of salt stress on plants, providing
information on the performance of the photosynthetic apparatus [34]. As previously described, our data
showed that, with respect to control, F,/Fr, was unaffected by the treatment at both NaCl concentrations
in the two cultivars, in agreement to the results reported by other authors [35,36]. Moreover, according
to Maxwell and Johnson [19], the F,/Fy, ratio in the range of 0.79 to 0.84 is the approximate optimal
value for many plant species, confirming that our cultivars were not affected by NaCl treatments.
Lower values of this parameter, in fact, indicate that a proportion of the PSII reaction centres is
damaged or inactivated, a phenomenon commonly observed in plants under stress [37]. Finally, some
authors [38] suggested that F,/Fy, can be also considered an early indicator of salt stress. In order to
study the possible changes in PSII photochemistry, the chlorophyll fluorescence characteristics under
the steady-state of photosynthesis were investigated. Results showed that NaCl treatments caused a
reduction of the ®PSII values, with respect to control, in the two cultivars in both salt concentrations,
nevertheless highlighting a just more pronounced decrease in cv Dynastie. As previously reported, a
quite similar trend was also detectable for the electron transport rate (ETR) data. However, the slight
reduction of ®PSII and ETR values, with respect to control, measured at higher NaCl concentrations in
plants of cv SY Saveo and cv Dynastie (less than 10 and 17% respectively), put in evidence the ability
of the two cultivars to maintain a good photosynthetic activity even under NaCl treatments. In fact,
@PSII and ETR are two widely used chlorophyll fluorescence parameters, which are employed to
measure photochemistry and the overall photosynthetic capacity of plants [17,19]. Our data confirm,
thus, that a relationship exists between the maintenance of photosynthesis (i.e., ®PSII and ETR) as
closer as possible to control rates and the effectiveness of protection or tolerance mechanisms towards
different stress factors, as already reported by several authors [39—41]. As concerns the NPQ values,
they showed, if compared to the control, a reduction in plants of cv Dynastie exposed to 160 mM NaCl,
whereas highlighted an increase in plants of SY Saveo exposed to 320 mM NaCl. High values of NPQ
in plants exposed to NaCl indicate the presence of a non-radiative energy dissipation mechanism [42],
in which a higher proportion of absorbed photons is lost as thermal energy, instead of being used
to drive photosynthesis [43]. Such thermal deactivation of the excess energy represents a protective
mechanism, which maintains a high oxidative state of the primary electron acceptors of PSII and
reduces the probability of photodamage [44]. On the other hand, Stepien and Johnson [45], in a study on
Arabidopsis and Thellungiella under salt stress, concluded that increasing salinity resulted in a substantial
increase in NPQ in salt-sensitive plant (Arabidopsis), while in salt-tolerant plant (Thellungiella) this
parameter remained close to control levels at all salt concentrations. As shown by images of chlorophyll
fluorescence, it is noteworthy that parameters measured in dark adapted leaves (F,/Fn) for both
cultivars revealed a homogeneous pattern of distribution of chlorophyll fluorescence, whereas showed
an appreciable heterogeneous pattern of light utilization and photosynthetic activity in light adapted
leaves (®PSII, and NPQ), especially in cultivar Dynastie. Regarding the response of the leaf chlorophyll
content in controls in comparison to salt treated plants, this parameter showed higher values in the
latter in both cultivars. Leaf chlorophyll content is considered one of the most important factors in
determining photosynthetic potential and primary production [46]. In the literature, opposite plant
behaviours have been reported [31,32]: i.e., some authors suggest that salinity reduces the chlorophyll
content in salt susceptible plants and increases it in tolerant ones [47,48]. In our experiments, the analysis
of apparent absorptivity of the leaf surface (Abs) showed a trend similar to chlorophyll content, in fact
a strong correlation between the leaf absorbance and the total chlorophyll content has been described
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in the literature [49]. Therefore, basing on our results, we may hypothesize that in Sy Saveo a gradual
exposure to salt enhanced the level of tolerance to saline growth conditions.

To counteract oxidative damage caused by the unbalance between ROS production and quenching,
plant cell elicits antioxidant activity, which can depend on an effective non-enzymatic antioxidant
defence system as well as on simultaneous antioxidant enzymatic response. In Brassica species the
phenolic compounds have shown a higher antioxidant action compared to vitamins and carotenoids;
as reported by Cartea et al. [50] the winter B. napus cultivars are rich in phenolic compounds.
The biosynthesis of the phenolic compounds depends on both genetic and environmental factors.
In Brassica many studies have shown that the intra-interspecific variation of these molecules is genotype
dependent. In agreement with the literature, we observed a general increase in the amounts of
phenolics, with significant changes in the production in treated plants of Dynastie at the end of
the experiments.

SOD and APX constitute first line of enzymatic defence against ROS, thus protecting cells against
superoxide radicals. A dual role has been ascribed to H,O, which depends on the concentration.
In fact, a lower amount of H,O, has a beneficial role in both signalling pathways and cellular responses
to stress, including the synthesis of stress related proteins, upregulation of antioxidant molecules
and enzymes and in the accumulation of compatible solutes [51]. Vice versa, the effects of higher
concentration of HyO, can be deleterious, because it oxidizes cellular components like lipids, proteins
and nucleic acids, cause inhibition of photosynthetic apparatus and can initiate chain reactions
triggering cellular apoptosis. Therefore, the overexpression of SOD and APX and other peroxidases,
and their coordinated action allows the maintenance of the balance between production and removal of
ROS [29,52]. The observed higher APX activity of the treated samples respect to the controls confirmed
the involvement of this enzyme in the response to salt stress, thus conferring tolerance to salinity [52].
In fact, several studies demonstrated that plant species with APX deficiency are more susceptible
to oxidative damage with respect to those that over-express this enzyme, such as Nicotiana tabacum,
where a higher expression of APX confers an increase in salinity tolerance [7].

The upregulation of SODs can counteract the oxidative stress, and plays a critical role in the
plant survival under stressful environment [7]. Significant increase in the activities of Cu/Zn-SOD
and Mn-SOD isozymes under salt stress was observed by Eyidogan and Oz [53]. In our experiment,
we observed a lower SOD activity after a prolonged exposure to NaCl; this may be compensated by
the activation of other antioxidant enzymes or by the production of antioxidant molecules, suggesting
that in rapeseed SOD has a role in the first phases of the exposure to salt stress rather than during the
acclimation phase. For what the latter is concern, a possible role might be ascribed to PPO activity,
but in a manner that could be genotype dependent; in fact, in Dynastie a significant enhancement of
the activity was measured after longer exposure, while an opposite trend was observed in SY Saveo.

Besides antioxidant response, plants possess mechanisms by which they re-establish osmotic and
ionic homeostasis after salt stress imposition, and then a maintain steady state that is fundamental for
their growth in the saline environment. To counteract the osmotic stress, plants accumulate osmolytes,
such as proline, glycine-betaine and polyamines, allowing an intracellular osmotic balance [4], especially
in the halophytes. Many studies on genes controlling the synthesis or metabolism of these compounds
have indicated their essential role in tolerance to abiotic stress. However, a compatible solute can lead
to potential growth reduction due to the high energy cost of their synthesis [29]. The protective role of
osmolytes is species specific and depends on factors, such as growth conditions and phenological status
of the plant [4]. An important role in stress response has been attributed to proline, being involved in
redox balance, osmoprotection, and stress signalling. In this study, the proline concentration increased
significantly in both treatments and detection times. Even though controversy exists about the role of
this amino acid in counteracting stress in different species, in rapeseed, proline may be involved in the
response and tolerance to salt stress [10].

The increase of proline levels in response to salt stress has been related to PA catabolism [54];
this can be due to the sharing of ornithine as common precursor. Polyamines have been reported to
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have regulatory functions in plant abiotic stress tolerance [4]. Changes in PA content and catabolism
can occur in the interaction between plants and stressful environments. In plants, PUT is required
for stress tolerance; SPD is essential for the maintenance of plant growth, while SPM has a crucial
role in signal transduction [55]. Moreover, there is an increasing evidence that the stress-induced
accumulation of PAs in several plant species can be related to the response to salinity [56]. However,
the amount of PAs in plants can change depending on different factors, such as concentration of NaCl,
time of exposure, or plant tolerance to salinity [56,57]. In SY Saveo, the amounts of PA changed within
time, being higher at the end of exposure in the treated plants respect to the control, especially the
level of SPD. In Dynastie, significant changes respect to the control were detected in SPD and SPM
content. In rice, a higher level of cellular SPD was reported in salt-resistant cultivars, but not in salt
sensitive ones [58]. Osmotic stress induced an increase in the level of PUT with a decrease in the level
of SPM in B. napus plants [54]. Moreover, the increasing of spermidine + spermine/putrescine ratio has
been reported in different plant species, such as spinach, lettuce, melon, pepper, broccoli, beetroot and
tomato, and related to the enhancement of salinity tolerance [57].

5. Conclusions

Our study has shown that in B. napus a gradual exposure to salt can elicit several mechanisms of
response to stress that preserve plant vitality and then maintain it, even though the genotype can be
salt sensitive at the seed germination stage. Acclimation to saline conditions may represent a metabolic
imprint in the struggle against soil salinization, where the adoption of different defense mechanisms
can improve plant performance, leading to a more efficient stress response even in the more sensitive
genotypes. Further exploitation of acclimation to salt conditions can open new alternative for both
basic and applied research.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/8/1667/s1,
Figures S1 and S2: plants of Dynastie and SY Saveo after 60 days of treatments; Table S1: statistical analysis of
plant height data, Table S2: statistical analysis of leaf area data.
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APX ascorbate peroxidase
PA polyamines

SOD superoxide dismutase
ROS reactive oxygen species
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