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Abstract: Drought is the main abiotic stress worldwide affecting harvest quality and quantity of
numerous crops. To enable better water management, low field NMR (nuclear magnetic resonance)
relaxometry was assessed as a developmental marker and a new method for early detection of water
deficiency. The effect of a foliar biostimulant against water stress was also investigated. Two leaves
of different ranks (four and eight) were studied. The leaves of different ranks were characterized
by different NMR T2 spectra which validated the ability of NMR to describe the developmental
stage of tobacco. Results also showed that T2 NMR relaxation spectra allow the detection of mild
water stress (80% of the field capacity) through the precise characterization of the leaf water status
while other water stress markers (relative water content, photosynthetic related parameters . . . )
were not yet impacted. The agricultural impact of the mild water stress was determined through the
nitrogen rate in shoots and amino acids assay six weeks after the beginning of the stress and results
shows that foliar application of biostimulant limits the negative consequences of drought. Our results
demonstrate the sensitivity of NMR to detect slight changes triggered in the leaf by water stress at
the tissue level.

Keywords: leaf structure; drought; T2; transverse relaxation; biostimulant; leaf development

1. Introduction

Drought is the main abiotic stress that limits the quantity and quality of the harvest of numerous
crops worldwide. Climate models indicate that, because of global warming, drought episodes will
become more frequent in the coming decades and maintaining stable crop yields under both normal and
drought stress conditions will be indispensable for the food security of the growing world population.

Water stress has adverse impacts on many aspects of plant physiology, one of the first being
photosynthesis [1]. Drought stress can also have a negative impact on plants at other levels, including
limiting growth [2], and creating oxidative stress [3]. Water stress thus negatively affects the quantity
and quality of the yield of most crops. Plant responses to water deficiency depend on the species [4],
the age of the plant [5], the genotype [6], and the intensity of the stress [7]. Severe drought has been
extensively studied [8–10], whereas mild drought stress has not, even though mild stress occurs more
frequently in cultivated areas [6].
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Due to climate change and policies aimed at reducing the quantities of fertilizer used,
new methods for the protection of plants from drought have been investigated. Improved control of
plant water status and irrigation is one option, and non-destructive ways to detect and prevent water
stress are thus receiving considerable attention [11,12]. Another option is the use of biostimulants.
Plant biostimulants contain substance(s) and/or micro-organisms whose function when applied to
plants or the rhizosphere is to stimulate natural processes to enhance/benefit nutrient uptake, nutrient
efficiency, tolerance to abiotic stress, and crop quality [13]. The use of foliar biostimulants in agriculture
is relatively recent but few studies published to date have shown biostimulants to have a positive effect
on yield in several crops, oilseed rape [14], cotton [15], bean [16], and carrot [17]. Using biostimulants
makes it possible to reduce the amount of fertilizer thereby reducing the negative impact of the
crop on the environment. The use of biostimulants to prevent abiotic stress is less documented,
but several studies have highlighted changes in the expression of genes involved in the abiotic stress
resistance [18–20].

The severity of the effect of drought on plants is often assessed through relative water content,
leaf hydric potential or photosynthetic capacity [21]. However, these parameters do not account for
differences in tissue inside the lamina. Using the insects’ feeding particularity, Nardini et al. [22]
demonstrated that the two main parenchyma of the leaf (palisade and spongy) played different roles
in leaf hydraulic resistance. Changes in cell size in response to drought have already been reported
in various species [23–25]. These effects of drought stress can be effectively monitored using NMR
(nuclear magnetic resonance) relaxometry. NMR relaxation is a powerful technique to study changes in
the status and distribution of water in plant tissues and has also been used to investigate water status in
seeds [26], fruit [27], stem [28] leaves [29–31] or to monitor water relations in trees [32]. In plant tissues,
the NMR transverse relaxation (T2 relaxation) is always described by multi-exponential decay. Each
NMR relaxation peak describes a specific water pool in the tissue. In apple fruit, Snaar and Van As [33]
suggested that each peak of the multi-exponential NMR relaxation signal describes the water in the
specific cell compartment (vacuole, cytosol and apoplast). Indeed, transverse relaxation time T2 is
sensitive to the chemical composition of water solution in each compartment, to the size of the water
compartment, and to the diffusional process between different water pools. Water proton relaxation
times are related to the rotational and translational mobility of water molecules [34]. They are also
modified by the mobility and structure of the surrounding macromolecules (i.e., starch, proteins, and
polysaccharides) through proton exchange. Moreover, relaxation times are affected by the exchange
of molecules between different compartments that is determined by water diffusion and, therefore,
by the compartment size and membrane permeability. The transverse relaxation of each water pool
can be distinguished thanks to the slow diffusion process between cell compartments compared to
the NMR relaxation process. In oilseed rape leaves, a new attribution was recently demonstrated [30].
The palisade and spongy cells of young oilseed rape leaves are similar in size but develop differently,
resulting in cells of very different size between the tissues in old leaves. NMR relaxation was shown to
be able to finely describe the changes in cell size that occur during leaf development and can be used
to monitor the water in vacuoles of palisade or spongy cells in old leaves separately [30]. Applied on
a wide leaf panel collected from plant grown in both controlled and field conditions, the low field
NMR relaxometry was shown to provide precise and robust markers of development of oilseed rape
leaves [30]. NMR relaxation is thus a powerful tool to monitor changes in water relations inside the
leaf caused by development or different stress as Nitrogen deficiency [35] or thermal stress [36]. Only a
few studies have focused on the impact of water stress on the NMR relaxation signal of the leaf [37,38].
Nagarajan et al. demonstrated that the mean NMR relaxation time of the leaf was longer in drought
tolerant wheat varieties [31]. Furthermore, a unilateral instrument operating at a low magnetic field
enables non-destructive NMR measurements. Using that tool, Capitani et al. measured a decrease in
the mean T2 of the leaf with the decrease in leaf relative water content of different species directly in
the field [37].
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The aim of this study was to answer to three questions: first, is it possible to monitor leaf
development in tobacco leaves through low field NMR? Secondly, is NMR sensitive enough to detect
the impact of mild drought stress on tobacco leaves? Finally, can foliar biostimulants correct the effects
of mild drought stress? We investigated the impact of water stress on two different ranks of leaves
in order to check if the sensitivity of NMR is affected by the stage of development of the leaf. Two
early stages of plant development were studied, very young plants 42 days after sowing (DAS) and
15-day old plants in order to evaluate if NMR relaxation can be used for the early detection of water
stress. The stress used in the study was very mild, i.e., 80% of field capacity but was maintained
over a period of several weeks Physiological measurements (water content, photosynthetic related
parameters, leaf area, etc.) were used to assess the impact of water stress. Finally, the plants were
harvested and the impact of water stress was measured through nitrogen concentration and amino
acid composition.

2. Materials and Methods

2.1. Experimental Design

The experimental design is depicted in Figure 1. Water stress corresponding to humidity in the pot
of 80% of the field water capacity was applied 27 DAS and maintained for a period of 42 days. TIMAC
SL28 is a foliar biostimulant produced by TIMAC AGRO (Saint-Malo, France). It is manufactured
from a by-product of soy milk production sold by TRIBALLAT NOYAL (Noyal-sur-Vilaine, France).
It is obtained through the aqueous extraction of organic soybean seeds (Glycine max.). TIMAC SL28,
a soluble plant extract (2% dry matter), contains natural chemical compounds including soluble sugars;
oligogalactosides, soluble proteins and phytohormones. TIMAC SL28 was first applied at 34 DAS,
and the second time at 49 DAS. The application was realized by spraying the leaves with a 3% solution
of TIMAC SL28 until it flowed. Two stages of development were defined for the measurements, 42 DAS
(two weeks after the beginning of the stress) and 57 DAS (Figure 1).
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Figure 1. Schematic representation of the experimental. One rectangle represents one week.

2.2. Plant Material

Twelve genotype Xanthi tobacco plants were sown in TS3 recipe 607 (Klasmann) for each treatment
and grown in a growth chamber for eight weeks in the following conditions: 14 h daylight (200 µmol
photons m−2·s−1) and 10 h dark (relative humidity 80%; temperature 21 ± 1 ◦C).
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2.3. Treatment

Hereafter, the plants are referred to as C for control plants, S for stressed plants, S-Ti for stressed
plants treated with TIMAC SL28. Control and stressed plants were sprayed with water when the third
group of plants was treated with TIMAC SL28.

2.4. SPAD and PSII Activity

Photosystem II (PSII) activity (Fv/Fm) was measured (the morning before sunrise) on all plants
using a portable chlorophyll fluorometer (Hansatech Handy PEA, Hansatech Instruments Ltd.,
Norfolk, UK). The measurements were made near the central vein, after 10 min adaption to the
dark. SPAD (Soil Plant Analysis Development) values were determined using a non-destructive
Minolta SPAD-502 chlorophyll meter (Tokyo, Japan). SPAD of each leaf is the average value of 6 to
8 independent measurements.

2.5. Sampling

The first leaf to appear after cotyledons was named Leaf rank 1, the second leaf was named Leaf
rank 2 and so on. For NMR and physiological measurements, two leaf ranks were sampled from four
plants in each treatment at two stages (42 and 57 days after sowing): leaf rank 4 (LR 4) and leaf rank 8
(LR 8). In order to prevent any modification in the plan development induced by the sampling and
manipulation, new plants were sampled at each stage. Eight to 10 leaf discs (8 mm in diameter) were
cut from the lamina tissue of the leaves selected for the NMR measurements to ensure similar weights
of tissue were sampled. To obtain homogeneous tissues, discs were taken from each side of the central
vein as close as possible to the rib, avoiding lateral veins. The discs were then placed in NMR tubes
that were closed with a 2-cm long Teflon cap to avoid water loss during measurement. Leaf samples
were weighed in the NMR tubes before and after each NMR experiment and no significant variations
were observed, thereby confirming the absence of water loss during NMR measurements.

2.6. NMR Relaxometry

NMR Relaxometry measurements were performed on a 20 MHz spectrometer (Minispec PC
120, Bruker, Karlsruhe, Germany) equipped with a thermostated probe. The temperature was set
at 20 ◦C. T2 was measured using a Car–Purcell–Meiboom–Gill (CPMG) sequence with the 90◦–180◦

pulse spacing τ 0.1 ms. The signal of a single point at the echo maximum was acquired and data
were averaged over 32 acquisitions. The number of successive echoes recorded was adjusted for each
sample in order to reach the baseline of the relaxation curve. The recycle delay for each sample was
adjusted to 5 X T1 after measurement of the T1 with a fast saturation recovery sequence. The total data
acquisition time for T2 (including spectrometer adjustments and T1 measurement) was about 10 min
per sample.

Fitting was performed according to two methods using Scilab software (version 5.5.1, Scilab
Entreprises SAS, Orsay, France): first T2 relaxation curves were fitted using the maximum entropy
method (MEM) [39], which provides the continuous distribution of relaxation components without any
assumption concerning their number. In this representation, the peaks of the distribution are centered
at the corresponding most probable T2 values, while peak areas correspond to the intensity of the
T2 components. T2 relaxation curves were also analyzed using the Levenberg–Marquardt algorithm,
which allows a discrete solution for the fitting curve according to the equation: I(t) = I1

I(t) = I1 exp(−t/T2−1) + I2 exp(−t/I2−2) + I3 exp(−t/I2−3) + cte (1)

where Ii is the intensity of the ith exponential at the equilibrium state and T2−i the characteristic
transverse relaxation time for the ith exponential. The initial fitting parameters used for the
Levenberg–Marquardt method were chosen according to the results of the MEM. The NMR results of
all the leaf samples agreed regardless of the fitting algorithm used.
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Specific leaf water weight per component (LWWi) was computed according to the equation:

LWWi =
Iri×mw

A
(2)

where mw corresponds to the water mass (in g) of the NMR sample comprising six leaf discs, A to the
area of the discs (in m2) and IR-i to the relative intensity of the ith NMR signal component (in %).

2.7. Water Relations

Leaf samples were weighed in the NMR tubes (fresh weight in g·m−2 (FW)). At the end of the
NMR experiments, the discs were rehydrated for 2 h in the dark. Excess water on the surface of the
leaf was carefully removed with absorbent paper. The leaf discs were weighed again (turgid weight in
g·m−2 (TW)). Next, all the leaf discs were oven dried at 70 ◦C for 36 h to determine dry weight (DW)
in g·m−2.

Relative water content was calculated as: RWC = (FW − DW)/(TW − DW).

2.8. Nitrogen and Free Amino Acids Assay

At harvest, one leaf per plant was frozen at −80 ◦C, ground and lyophilized. Nitrogen assays
were then conducted with a Flash 2000 Organic Elemental Analyzer (Thermo Scientific, Waltham, MA,
USA). Amino acids were extracted in a Methanol/Chloroform solution from lyophilized dry matter
of three individual repeats. Samples were derivatized using Waters AccQ-Tag Ultra Derivatization
Kit (Waters, Elstree, UK). Individual amino acid content was determined by Ultra Performance
Liquid Chromatography H-Class/Photodiode Array analyzer according to the instructions of the
manufacturer (Waters, Elstree, UK).

2.9. Data Analysis

Statistical analyses were performed using the R software (R version 3.3.2). For each combination of
stage and leaf rank, the effect of the treatment on each studied trait was assessed using a Mann–Whitney
Wilcoxon test (p-value < 0.05). In the same way, Mann–Whitney Wilcoxon tests were performed for
each stage x treatment and leaf rank x treatment combination to assess the effect of leaf rank and
stage, respectively.

3. Results

3.1. Leaf Development and Impact of Mild Drought Stress

At the first stage studied, 42 days after sowing (DAS), the plants were very young (10 leaves)
and no differences in photosynthetic parameters were observed between the leaves of the same plant
or among control (C), water stressed (S) and plants sprayed with biostimulant (S-Ti) (SPAD values:
36 ± 1 A.U.; Fv/Fm: 0.86 ± 0.01 A.U.). At the second stage studied (57 DAS), the number of leaves had
increased (20 leaves on average) on all plants, and significant variations in photosynthetic parameters
(SPAD measurement and PSII activity) were observed among the leaves (Figure 2).

In control plants, the chlorophyll content estimation (SPAD) started to decrease in leaves below
rank 8 and a continuous decrease was observed in older leaves. In control plants, a slight decrease in
PSII activity was detected in leaves above rank 10. In water stressed plants, the chlorophyll content
estimation of all leaves was significantly lower than that of leaves of control plants from leaf rank 20
up to leaf rank 8. Moreover, the rank at which SPAD values started to decrease was lower in water
stressed plants (around leaf rank 10). In the older leaves (leaf ranks below 5) no significant differences
were observed in SPAD values between control and water stressed plants. In water stressed plants,
the pattern of decrease in PS II activity was the same as in young leaves of control plants (leaf rank
above 6) but decreased in older leaves. The SPAD values of leaves treated with TIMAC SL28 was
equivalent to that measured in leaves of the control plants, indicating that TIMAC SL28 significantly
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reduced the effect of water stress. Nevertheless, no significant effects of TIMAC SL28 treatment on
PSII activity were observed.Appl. Sci. 2018, 8, x FOR PEER REVIEW  6 of 18 
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Water content (WC) and relative water content (RWC) measured in the leaves are listed in Table 1.
In LR 4 of control plants, WC and RWC was 96.5 ± 0.4% and 96.6 ± 1.8% at 42 DAS, respectively,
and did not change between stages. The mild water stress applied to plants had no significant impact
on these parameters in leaf rank 4 and TIMAC SL28 had no significant effect. The WC of leaf rank 8 in
the control plants did not change between the stages, whereas the RWC of these leaves increased from
84.4 ± 5.1% to 93.2 ± 1.2%. Water stress did not affect the WC of leaf rank 8. Nevertheless, the RWC of
water stressed plant leaves did not increase between stages as observed in the leaves of control plants.
Treatment with TIMAC SL28 had no impact on the WC values of leaf rank 8 or on their development
pattern between stages. However, compared to water stressed plants, the addition of TIMAC SL28
increased their RWC at both stages.

Table 1. Water Content (WC) and Relative Water Content (RWC) of LR 4 and LR 8 at two stages (42 and
57 days after sowing (DAS)) and for different treatments. Different letters means statistical differences
(p < 0.05) between treatments or leaf ranks and different numbers means statistical differences (p < 0.05)
between stages for the same leaf.

Leaf Rank Treatment WC (%)
42 DAS

WC (%)
57 DAS

RWC (%)
42 DAS

RWC (%)
57 DAS

4
Control 96.5 ± 0.4 a,1 96.7 ± 0.8 a,b,1 96.2 ± 1.8 a,1 95.2 ± 2.8 a,1

Stress 96.0 ± 0.3 a,1 96.6 ± 0.1 a,1 92.3 ± 4.3 a c,1 95.4 ± 2.4 a,1

Stress-Ti 96.0 ± 0.4 a,1 96.1 ± 0.2 b,1 94.5 ± 3.4 a c,1 96.0 ± 2.1 a,1

8
Control 93.4 ± 0.6 b,1 95.4 ± 1.1 a,b,c,2 84.4 ± 5.1 b,1 93.2 ± 1.2 a,b,2

Stress 93.6 ± 1.0 b,1 93.9 ± 0.9 c,1 87.4 ± 6.5 b,c,1 88.8 ± 3.5 b,1

Stress-Ti 93.3 ± 0.6 b,1 94.4 ± 0.4 c,2 91.6 ± 3.8 a,b,c,1 91.1 ± 4.5 a,b,1

The WC and RWC presented different patterns between leaf ranks. Both the WC and RWC were
higher in leaves of leaf rank 4 compared to leaf rank 8 and remained constant over the two weeks in
control plants. Moreover, the RWC in leaf rank 8 increased between the two stages, as the leaf gained
water during growth. Adding biostimulant allowed the plant to maintain its capacity to increase the
RWC of the leaf during expansion.
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The fresh weight (FW) and dry matter weight (DW) of leaf rank 4 in the control plants did not
change between stages; FW was 72.8 ± 5.6 g·m−2 and DW 2.55 ± 0.15 g·m2. Water stress did not
alter these parameters (Table 2). The addition of TIMAC SL28 had an effect on DW: at the second
stage (57 DAS), DW was higher (3.12 g·m−2) than in the leaves of control plants. The FW of LR 8 from
control plants increased from 36.6 ± 0.6 to 49.6 ± 6.4 g·m−2 between the two stages (Table 2). But
the DW remained constant at around 2.5 g·m−2. The increase in the FW of LR 8 between stages was
limited by the water stress (from 40.4 ± 3.6 to 45.7 ± 4.3 g·m−2) whereas DW was not modified by
water stress. TIMAC SL28 showed a similar pattern of change to that observed in control plants with
an increase in FW. The DW of mature leaves of TIMAC SL28 treated plants increased between stages.

Table 2. Fresh Weight per leaf area (FW) and Dry Weight per leaf area (DW) of the LR4 and LR8 at two
stages and for different treatments. Different letters means statistical differences (p < 0.05) between
treatments or leaf ranks and different numbers means statistical differences (p < 0.05) between stages
for the same leaf.

Leaf
Rank Treatment FW per Leaf Area

42 DAS
FW per Leaf Area

57 DAS
DW per Leaf Area

42 DAS
DW per Leaf Area

57 DAS

4
Control 72.8 ± 5.6 a,1 76.3 ± 2.1 a,1 2.55 ± 0.15 a,1 2.55 ± 0.45 a,1

Stress 72.6 ± 2.5 a,1 77.1 ± 0.2 a,2 2.41 ± 0.15 a,1 2.61 ± 0.09 a,2

Stress-Ti 76.2 ± 5.3 a,1 80.7 ± 7.4 a,1 2.88 ± 0.43 a,1 3.12 ± 0.20 b,2

8
Control 36.6 ± 0.6 b,1 49.6 ± 6.4 b,2 2.65 ± 0.12 a,1 2.53 ± 0.22 a,1

Stress 40.4 ± 3.6 b,1 45.7 ± 4.3 b,1 2.60 ± 0.20 a,1 2.77 ± 0.16 a,1

Stress-Ti 40.5 ± 3.6 b,1 52.0 ± 4.7 b,2 2.42 ± 0.14 a,1 2.92 ± 0.06 b,2

The FW of leaf rank 4 was higher than that of leaf rank 8 at the two stages studied. Like RWC,
the FW of leaf rank 4 remained constant over time but increased in younger leaves (LR 8).

3.2. NMR Monitoring of Mild Drought Stress

The distribution of water proton T2 in the leaf shown in Figure 3a was a general feature of NMR
spectra obtained for the leaves of the two leaf ranks under the different treatments at the two stages.
This spectrum describes the distribution of the NMR transverse relaxation times of water molecules in
leaf tissue and the surface area of each peak is directly related to the specific water fraction and can be
expressed in g of water per leaf area in m2. All T2 distributions presented three distinct peaks; the first
one centered around 18 ms, the second one centered between 100 to 150 ms, and the last one centered
between 250 ms for LR 8 and 500 ms for LR 4. The two leaves rank studied presented different T2 and
LWW for all conditions. At both stages and for all peaks, the T2 is always longer for older leaves (LR4)
than the mature one (LR8) (Figure 4).

The developmental stage of leaves mainly affected the last peak of the spectrum. The T2 value of
the third peak increased with the age of the leaf. Figure 3b) shows the correlation between relative
intensities of the second (RI-2) and third peaks (RI-3) (expressed as a percentage of the total signal).
This high correlation represented by these two peaks reflects the strong interaction involving a
diffusional process between the two water compartments. The correlation between RI-2 and RI-3
was observed in both leaf ranks studied, showing that the interaction between water pools was not
affected by the age of the leaf. Nevertheless, a clear difference in water distribution was observed
between the two leaf ranks during plant development. Indeed, the relative intensity of the third peak
IR-3 decreased between stages for LR 8, and increased in older leaves (LR 4) confirming that two
different developmental processes were occurring in the two leaves studied. The values of the T2 and
intensity (expressed in water g·m−2) of each peak as a function of the different treatment are presented
in Figures 4 and 5.
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The T2 value of the first peak (T2-1) remained around 18 ms in the older leaves (LR 4) under all
treatments at both stages. Likewise, the T2-1 of leaf rank 8 remained around 15 ms at the two stages.
Water stress had no effect on T2-1 independently of the developmental stage of the plants. The addition
of TIMAC SL28 increased T2-1 at 57 DAS in old leaves (LR 4).

The T2-2 of the second peak measured in old leaves (LR 4) of the control plants remained around
160 ms at both stages (Figure 4c,d). At 42 DAS, T2-2 decreased significantly (around 140 ms) in the
leaves of water stressed plants, but at 57 DAS, the T2-2 of these leaves did not differ significantly from
that in the leaves of control plants. At the first stage, leaves from plants treated with TIMAC SL28
showed strong variability in T2-2 and no significant differences in the leaves from control and water
stressed plant were detected. At the second stage (57 DAS), T2-2 in leaves treated with TIMAC SL28
was equivalent to the T2-2 of leaves of control or water stressed plants. In leaf rank 8, the T2-2 measured
in control plant leaves was lower than in LR4 at both stages (around 110 ms at 42 DAS and around
120 ms at 57 DAS) (Figure 4c,d). In this leaf rank, T2-2 was lower in the leaves of water stressed plants
regardless of the stage (around 90 ms, and around 100 ms respectivly). At the first stage (42 DAS),
the impact of water stress on T2-2 was limited by the addition of TIMAC SL28. At the second stage
(57 DAS), the T2-2 measured in S-Ti leaves was equivalent to that measured in the leaves of water
stressed plants, showing no effect of the biostimulant.

As for all the other peaks, T2-3 of old leaves were longer than those of mature leaves, the T2-3

in the older leaves (LR 4) of control plants is 500 ms at 42 DAS and increased to 550 ms at 57 DAS.
At 42 DAS, water stress led to a significant decrease in T2-3. At 57 DAS, the T2-3 in the leaves of water
stressed plants had increased to reach the value of the T2-3 measured in the leaves of control plants,
so the effect of water stress on the T2-3 was no longer significant after 15 days. In leaf rank 8 of control
plants, T2-3 increased from around 230 to 340 ms between the two stages (Figure 4e,f). The water
stress induced a signicant decrease in T2-3 at the two stages (T2-3 around 210 and 260 ms respectively).
The addition of TIMAC SL28 did not lead to any difference in the T2-3 in the LR 8 leaves of control and
water stressed plants. Regardless of the development stage, the T2-3 in leaves from S-Ti plants did not
differ significantly either from control or water stressed plants.

The LWW1 of LR 4 was around 75 g·m−2 in control plants and remained constant at both stages
(Figure 5a,b). Moreover, no significant effect of water stress was observed on the amount of this water
fraction. The addition of TIMAC SL28 significantly increased the amount of water associated with
this peak in the leaves of both leaf ranks but only at 57 DAS. On the other hand, in LR8 of control
plants, it increased with the development stage. This variation was not observed in stressed plants.
The LWW1 of leaf rank 8 of control plants was 38 g·m−2 at 42 DAS and reached 50 g·m−2 15 days after.
At the first stage, the LWW1 in leaf rank 8 of water stressed plants was higher than that in the leaves
of control plants but did not increase between stages. At the second stage, the LWW1 of leaves from
control and from water stressed plants was the same.

The LWW2 of older leaf (LR 4) (Figure 5d) was around 300 g·m−2 in the leaves of control plants
at the first stage. In these leaves, opposite from LR 8, the LWW2 decreased between the two stages.
At the second stage, the LWW2 was around 270 g·m−2 and, at both stages, neither water stress nor the
addition of TIMAC SL28 had an effect on LWW2 (for LR 4). The LWW2 of leaf rank 8 of control plants
was 70 g·m−2 at 42 DAS and, unlike in older leaves, increased to 120 g·m−2 at 57 DAS. Water stress
and addition of TIMAC SL28 had no significant effect on LWW2 for that rank.
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LWW3 measured in leaves of leaf rank 4 (Figure 5f) was around 360 g·m−1 and did not change
between the two stages in control plants. At 42 DAS, water stress or the addition of the TIMAC SL28
had no effect on the amount of water in old leaves expressed in LWW3. At the second stage (57 DAS),
the LWW3 increased significantly up to 430 g·m2 in leaves of the water stressed plants, this increase
was not observed in plants treated with the TIMAC SL28.

The LWW3 of LR 8 of control plants was, like the other LWW, lower in LR8 than in LR 4 for all
conditions and for the two stages. In LR8, LWW3 increased from 250 to 290 g·m−2 between the two
stages. Different behaviour was observed in water stressed plants, LWW3 in the leaves of stressed
plant was higher than that in the leaves of control plant leaves and did not increase between the two
stages. The addition of TIMAC SL28 had no significant impact on that parameter.
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3.3. Impact at Harvest

Nitrogen is the main—and most expensive—nutrient in agriculture [40] and nitrogen deprivation
is a known effect of drought [41]. Nitrogen assays were therefore performed to confirm the long-term
effect of biostimulant at harvest (72 DAS). Figure 6 shows the nitrogen concentration in the shoots of
plants under all treatments at 72 DAS.
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Figure 6. (a) nitrogen rate per plant in shoots at harvest time for all treatments; (b,c) free amino acids
content. Bars represents standard deviation and different letters means statistical differences (p < 0.05)
between treatments.

The concentration of nitrogen was around 35 mg·DWg−1 in the shoots of control plants. Water
stress triggered a decrease in this concentration (27 mg·DWg−1). The addition of TIMAC SL28 cancelled
the effect of the water stress on the nitrogen concentration in the shoot at harvest. Note that TIMAC
SL28 only contains 0.04% of N and this N add during biostimulant application can not explain alone
the differences observed at harvest.

The free amino acids composition of the plants shoots at harvest was very similar between
the treatments (Figure 6). The mild water stress impacted negatively only glutamine and serine
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concentrations and provoked an increase in proline and phenylalanine concentrations. The negative
effect of mild drought stress on glutamine and serine concentrations was cancelled by biostimulant
treatment, whereas phenylalanine concentration remained as high as in stress plants. Mean proline
concentration was high in S-Ti plants, but also presented a high variability and therefore no statistical
differences were observed between treatments for that parameter.

4. Discussion

In the present study, we investigated by NMR relaxation measurements both the leaf development
and effects of mild drought stress on young tobacco plants. The impact of the application of a
biostimulant on the adaptation of the plants to mild water stress was also studied. The effects of mild
water stress on plants was characterized through physiological parameters of leaves at two stages of
the plant development (42 and 57 DAS, respectively), as this organ is known to be sensitive to water
stress [42] and biochemical assay at harvest (72 DAS).

Each stage was characterized by plants with a different number of leaves: the first stage (42 DAS)
corresponded to very young plants (10 leaves) and the second stage (57 DAS) to older plants with
more than 20 leaves proving the strong development of the plants between the two stages. Leaf ranks
4 and 8 were selected, as this made it possible to distinguish two different developmental processes
between the two stages. Leaf rank 4 corresponded to small not completely expanded leaves during
the 15-day study. The low SPAD values and PSII activity suggested the beginning of senescence of
these leaves and the inversion of the sink source relationship. In addition, the high water content
indicated that these leaves had begun senescence when sampled at 57 DAS [43]. On the other hand,
rank 8 leaves expanded considerably between the two stages and had high photosynthetic related
parameters values at 57 DAS (Figure 2), indicating that the leaves were mature. After 57 DAS, these
leaves had reached their maximum size, as shown by subsequent observations, proving that the leaves
were at the end of the expansion process. The differential development process observed between the
leaves at the two stages studied was monitored through NMR and is discussed below.

4.1. Leaves at Two Developmental Stages Monitored through NMR

In plants, peaks of the T2 spectra can be associated with the water molecules in different subcellular
compartments [44,45]. The NMR spectra of oilseed rape leaves have been extensively studied and an
attribution of the different water peaks has been proposed [30]. In young oilseed rape leaves, the water
NMR signal consists of three peaks: the first one characterized by a T2 around 2 ms was associated
with the water interacting with polysaccharides (cell wall, starch), the second one characterized by a
T2 around 15 ms was associated with the water in plastids and other small vacuoles, and the last one,
the highest in terms of intensity and with the longest T2 around 150 ms, was associated with the water
inside the cell vacuoles [35]. It has been shown in Brassica napus that vacuoles of palisade cells evolve
differently than the spongy ones with leaf age. Consequently, this physiological evolution leads to
an increase in the T2 value of the water in the vacuoles of palisade cells, whereas the T2 associated
with the water in the spongy cells vacuoles remains stable. The consequence is the appearance of a
new peak (T2 of more than 300 ms) that describes only the water in the vacuoles of the palisade cells,
whereas the water in the vacuoles of spongy cells is described by a separate peak (T2 of about 150 ms).

The NMR signal of tobacco leaves was similar to the NMR signal of the oilseed rape leaves.
The main difference was that no peak around 2 ms was detected in tobacco leaves, whereas the other
peaks present in the oilseed rape leaf signal were also present in the NMR signal of tobacco leaf.
The absence of T2 around 2 ms can be explained by lower starch content in young tobacco leaves,
which were younger than the oilseed leaves studied. Indeed, Song et al. [46] reported considerable
variation in the amount of starch in leaves from young and mature tobacco plants. Using scanning
electron microscopy, they observed that the volume of starch relative to the cell volume was less than
2% in leaves from the early mature plants (12th leaf rank at 70 DAS) and represented 15% in mature
plants (at 100 DAS). Therefore, according to the attribution of the T2 peaks to water cellular fractions
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proposed for oilseed rape leaf and due to the agreement in the relaxation time of the different water
fractions, the following attribution can be assumed for tobacco: the first peak with a T2-1 of 15 ms
could be associated with plastids and small vacuoles, the second one with a T2-2 of 120 ms could
be associated with the water inside the vacuole of spongy cells, and the last peak characterized by
T2 longer than 300 ms, with the water inside the vacuoles of palisade cells. Unlike in oilseed rape
leaves, the vacuolar volume of the two main parenchyma of the young tobacco leaves is already very
different [47], resulting in two separate peaks.

Based on this similar attribution between oilseed rape and tobacco plants, two different
developmental processes can be distinguished in the tobacco leaves from the two leaf ranks.

In mature leaves (LR 8), we observed an increase in the T2 corresponding to the palisade cells
(T2-3) between the two stages. Moreover, LWW1, LWW2 and LWW3 increased between stages. This is
explained by the enlargement of cells concomitantly with the increase in fresh weight during leaf
expansion. Moreover, in these leaves (LR 8), the proportion of total leaf water associated with the
palisade cells was higher than the proportion associated with the spongy cells. This change in the
water balance detected by NMR showed that the change in leaf fresh weight was mainly associated
with the palisade cells.

In older leaves (LR 4), the T2 and LWW of the water from the vacuole of palisade cells were higher
than in mature leaves (LR 8). The difference in T2-2 and T2-3 between the leaf ranks can therefore
mainly be explained by the increase in the water content of the leaf. Thus, the variation of the T2

in LR 8 and LR 4 at 57 DAS is logical. However, the older leaves studied (LR4) of stressed plants
had begun senescence at 57 DAS as shown by the increase in T2-3 and LWW3 whereas T2-2 remained
stable, which is typical of the progression of senescence previously reported in oilseed rape leaves [35].
For these leaves, most of the vacuolar water was associated with the spongy cells vacuoles at 42 DAS,
but this fraction decreased after 57 DAS to the benefit of the water fraction associated with the vacuoles
of the palisade cells. Despite the fact the fresh weight remained constant, NMR results show that
the water distribution changed significantly between stages, highlighting the sensitivity of the NMR
spectra to investigate modifications in tissue structure. These changes in T2, and LWW in LR 4 water
stressed leaves were not observed in control leaves; however, the high value of T2 and LWW, compared
to LR8, and the low photosynthetic parameters 57 DAS indicated that these leaves were closed to
begin senescence.

The similarity in NMR signal and its evolution with leaf ageing in Brassica napus and Nicotiana
tabacum confirmed that this method could be used to monitor leaf development in different species.

4.2. Impact of Mild Drought Stress

The impact of water stress depends to a great extent on the development stage of the plant and
on the intensity of the stress [5]. The stress applied in this study was low (humidity in the pot was
80% field water capacity) but remained constant over a period of several weeks. As a result of the low
intensity of the water stress, most of the parameters measured on leaves were not affected (WC, RWC,
FW, etc.). At the first stage (42 DAS), plants were stressed for only two weeks and the water stress was
mild, and thus no differences in photosynthetic related parameters were detected. However, the stress
did have a negative impact on these parameters at 57 DAS (Figure 2) as expected [48,49].

At harvest, the nitrogen concentration in the shoots was lower in water stressed plants
(Figure 5). Drought affects all water movements and nutrient uptake in the roots and often causes N
deprivation [41]. The water stress impact on free amino acids concentration at harvest was very small.
At harvest, five weeks after the beginning of the water stress, the primary metabolism was not strongly
affected, at the exception of proline, an amino acid known to accumulate in case of water stress [50–52].
Decrease in serine and glutamine concentration can be linked to the decrease in Nitrogen.

In the leaves of both leaf ranks studied, the T2 value of the first water peak attributed to water in
the plastids and small vacuoles remained stable, indicating that this compartment was not affected by
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the water stress. The increase in LWW1 between stages only observed in LR 8 was certainly due to the
parallel increase in fresh weight.

Several mechanisms triggered by water stress could explain variations in the NMR parameters
of peaks corresponding to the vacuoles. Indeed, T2 changes can be explained first by a reduction in
the vacuolar water content that will lead to a decrease in T2, second, an increase in the concentration
of soluble compounds in the vacuole that will lead to a decrease in T2, and finally the permeability
of the membrane can also change the T2. One way to distinguish between all these mechanisms
is to also consider the change in LWW. Therefore, this parameter is only sensitive to water content.
Thus, a simultaneous increase (or decrease) in T2 and LWW for a specific water compartment is strong
evidence for a change in water content in the cell compartment without taking other mechanisms
such as solute concentration or membrane permeability, into account. All of these mechanisms can
be affected by water stress, a reduction in the water in the leaf and hence in the vacuoles is a known
effect of water stress [25] as is an increase in the concentration of soluble compounds [53]. Moreover,
the permeability of the tonoplast increases [54,55] or decreases [56,57] depending on the stress and
the species.

The T2 and LWW of the palisade and spongy cells were significantly affected by the water stress.
In LR 8, at 42 DAS, the T2-2 and T2-3 decreased, LWW2 remained constant and LWW3 increased
after water stress. The decrease in T2-3 can be explained by osmotic adjustment as the increase in
LWW3 indicated more water in this compartment. Indeed, it is known that water stress induces the
accumulation of soluble osmo-protectants in leaf vacuoles, so we can assume that this accumulation
process is one of the mechanisms involved in the decrease in T2-3 in LR 8 at 42 DAS. At the second
stage (57 DAS), water stress induced a decrease in both T2 and LWW for the two vacuolar peaks.
At this stage, the T2 was mainly explained by the water content of the vacuole, and no effect of water
stress on the osmotic potential was detected. Assuming that the increase in vacuolar LWW and T2

between the two stages in mature leaves (LR8) of control plants expressed the development of the leaf,
then the NMR results show that the water stress in mature leaves limits leaf development.

In old leaves (LR 4), at 42 DAS, the effect of water stress was a reduction in the T2 of the two
vacuolar compartments, and despite lower T2 means no significant decrease in T2 was observed at
57 DAS in response to water stress. This pattern of change in the vacuolar NMR parameters is the
opposite of that observed in mature leaves. In these leaves (LR 4), no significant changes in the water
content of the vacuole attributed to the palisade cell (LWW3) were observed in response to water
stress, but the increase in LWW3 between the two stages was higher in stressed leaves than in controls.
This accumulation of water thus played a role in the increase in the T2-3, which limited the reduction
in T2 assumed to be caused by osmotic adjustment. Accumulation of water in palisade cells has been
described during senescence, resulting in an increase in the water associated with that tissue [33].
In the present study, the bigger increase in the LWW3 in old leaves of stressed plants suggests that the
stress accelerated senescence.

4.3. Effects of Biostimulant

In the present study, the biostimulant acted at different levels, i.e., photosynthesis related
parameters, water distribution in the leaf and nitrogen and amino acids concentration at harvest.
The first clear benefit of the application of a biostimulant was to allow plants to maintain photosynthetic
related parameters equal to control plant. For these parameters, TIMAC SL28 was shown to be more
effective in young and mature leaves than in old leaves. In addition, the DW of leaves sprayed with
biostimulant was higher than that of control leaves at 57 DAS, which can be linked to adaptation to
water stress, by, for example, increasing the cuticle [58] or trichome [59]. At harvest, the main benefit
of applying the biostimulant was the concentration of N, which was equivalent to that in the control
plants. N starvation affects harvest in most crops [40], and is one consequence of water stress [41].
Serine and glutamine concentration was negatively impacted by water stress and the biostimulant
treatment corrected this effect. The results of NMR showed that applying TIMAC SL28 reduced the
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impact of water stress on leaves. Indeed, the difference between control and water stressed plants was
reduced after application of TIMAC SL28. The change in LWW suggests that TIMAC SL28 maintained
the developmental expansion of mature leaves (LR 8) and limited the acceleration of senescence in old
leaves (LR4). The specific effect of TIMAC SL28 on the relaxation parameters attributed to plastids and
small vacuoles (T2-1; LWW1) requires more investigation. The use of foliar biostimulant allowed plants
to maintain a satisfactory level of N and free amino acids and to offset most of the consequences of
water stress.

5. Conclusions

The NMR results agreed with the physiological measurements and confirmed two different
developmental processes in the two leaves studied: expansion in matures leaves (LR 8) and senescence
in old leaves (LR 4). This study proved the ability of low field NMR to monitor these developmental
processes in tobacco leaves. Our team [35] already demonstrated that NMR relaxation spectra are a
powerful developmental indicator to characterize the physiological age of the leaf in Brassica napus.
The similarity of the tobacco leaf NMR signal and its agreement with physiological measurements
confirms the potential of NMR to provide a universal index of development whatever the plant species.

Early detection of plant stress is critical, especially in intensive production systems, in order
to minimize loss of productivity. Leaf water potential or relative water content are usually used to
provide direct information about the plant water status, but require destructive sampling, and are
thus difficult to use as a development indicator in the field or in greenhouses. This is why several
authors have attempted to detect and quantify water stress using thermal emittance and reflectance
measurements [60–62]. For example, Behmann et al. [62] presented a method that enables detection
of drought stress in plants from series of hyperspectral images. The method detected drought stress
even before changes were detected by the naked eye, but, in these studies, water stress was applied
by stopping watering so that the resulting stress was severe; in addition, when water stress was
detected in these studies, most of the physiological parameters had already been affected by the stress.
The NMR measurement in this study was very precise and enabled the detection of slight changes
in water at the level of the tissue, and these kinds of measurements have already been shown to be
possible in the field [63].
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