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Nitrogen use efficiency is relatively low in oilseed rape (Brassica napus) due to weak nitrogen remobilization during leaf
senescence. Monitoring the kinetics of water distribution associated with the reorganization of cell structures, therefore,
would be valuable to improve the characterization of nutrient recycling in leaf tissues and the associated senescence
processes. In this study, nuclear magnetic resonance (NMR) relaxometry was used to describe water distribution and status
at the cellular level in different leaf ranks of well-watered plants. It was shown to be able to detect slight variations in the
evolution of senescence. The NMR results were linked to physiological characterization of the leaves and to light and electron
micrographs. A relationship between cell hydration and leaf senescence was revealed and associated with changes in the NMR
signal. The relative intensities and the transverse relaxation times of the NMR signal components associated with vacuole water
were positively correlated with senescence, describing water uptake and vacuole and cell enlargement. Moreover, the relative
intensity of the NMR signal that we assigned to the chloroplast water decreased during the senescence process, in agreement
with the decrease in relative chloroplast volume estimated from micrographs. The results are discussed on the basis of water flux
occurring at the cellular level during senescence. One of the main applications of this study would be for plant phenotyping,
especially for plants under environmental stress such as nitrogen starvation.

The main physiological outcome of leaf senescence is
the recycling of organic resources and the provision of
nutrients to sink organs such as storage and growing
tissues (Buchanan-Wollaston, 1997; Hikosaka, 2005;
Krupinska and Humbeck, 2008). In crop plants, senes-
cence progresses from the lower older leaves to the
younger top leaves. Macromolecular degradation and the
mechanism of reallocation of breakdown products are
mediated by the up-regulation of senescence-related
genes (Lee et al., 2001) in close relationship with both
developmental and environmental conditions (Gombert
et al., 2006). This leads to remobilization of carbon and
nitrogen (N) compounds mostly from plastidial com-
partments (Martínez et al., 2008; Guiboileau et al., 2012),
involving proteolytic activity in plasts, vacuole, and cy-
tosol (Adam and Clarke, 2002; Otegui et al., 2005), chlo-
rophyll breakdown (Hoertensteiner, 2006), galactolipid
recycling (Kaup et al., 2002) in the plastoglobules

(Brehelin et al., 2007), and loading of Suc and amino acids
into the phloem through appropriate transporters
(Wingler et al., 2004; Masclaux-Daubresse et al., 2008). In
terms of leaf senescence at the cell level, where chloro-
plasts are degraded sequentially, relative organelle vol-
ume does not seem to be greatly modified, the vacuole
remains intact, and in darkness-induced senescence the
number of chloroplasts per cell decreases only slightly
(Keech et al., 2007). However, major changes in metabolic
fluxes and cell water relationships are expected during
the senescence program that may be associated with
macromolecule catabolism, organic solute synthesis,
transport and remobilization, and cell structure reconfi-
guration such as chloroplast evolution to gerontoplast
(Hoertensteiner, 2006; Zhang et al., 2010) through the
autophagy process (Wada et al., 2009), accumulation of
senescence-associated vacuoles (Otegui et al., 2005), and
cell wall degradation (Mohapatra et al., 2010).

The senescent leaves of oilseed rape (Brassica napus),
a major oleiferous crop, generally fall while still main-
taining a high N content (about 2.5%–3% [w/w] of
the dry matter; Malagoli et al., 2005). In addition to the
environmental impact of this leaking of N out of the
plant, the low capacity to remobilize foliar N is associ-
ated with a high requirement for N fertilization to meet
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the potential crop yield (Dreccer et al., 2000). In order to
improve the nitrogen use efficiency (NUE), new geno-
types are being selected for their ability to maintain
high yields under limited N fertilization, mainly via the
improvement of N uptake efficiency and N mobiliza-
tion from the senescing leaves (Hirel et al., 2007). In
Arabidopsis (Arabidopsis thaliana) and oilseed rape, N
can be remobilized from old to expanding leaves at the
vegetative stage during sequential senescence as well as
from leaves to seeds at the reproductive stage during
monocarpic senescence (Malagoli et al., 2005; Diaz et al.,
2008; Lemaitre et al., 2008). Senescence can also be in-
duced by environmental stress such as N starvation
(Etienne et al., 2007) or water deficit (Reviron et al.,
1992) and propagated from old to mature leaves and
delayed in young leaves, suggesting finely tuned high
regulation of metabolism at the whole-plant level with
consequences for NUE (Desclos et al., 2008). One major
challenge to understanding the efficiency of senescence-
induced organic resource reallocation and to high-
lighting major molecular and mechanistic attributes of
nutrient recycling is monitoring the kinetics of the
structural reorganization of cell structures. This reor-
ganization will provide nutrients remobilized through
phloem loading. From a technological and phenotyping
point of view, the measurement of N remobilization ef-
ficiency has already been addressed in crop species and
oilseed rape, as it is a reliable trait to screen for the ge-
netic variability of NUE (Franzaring et al., 2012). How-
ever, techniques such as stable isotope feeding are time
consuming, destructive, and difficult to adapt to large
genotype panels. Therefore, it is important to develop a
technique for following changes in water distribution at
the cell level in order to understand metabolic reconfi-
gurations occurring throughout senescence.
NMR relaxometry has been used in several studies

to investigate plant cell structure and functioning (Hills
and Duce, 1990; Van As, 1992). The 1H-NMR signal
originates almost entirely from water protons because
other 1H nuclei in the plant produce much less intense
signals, as they correspond to molecules that are at a
much lower concentration than water. The technique
allows the measurement of longitudinal (T1) and
transverse (T2) relaxation times and proton spin den-
sity. Water proton relaxation times are related to the
rotational and translational mobility of water molecules
(Van As, 2007). They are also modified by the mobility
and structure of the surrounding macromolecules (i.e.
starch, proteins, and polysaccharides) through proton
exchange (chemical exchange). In plant cells, the water
in different cell compartments has different chemical
and physical properties and, therefore, different bulk T2
values. 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 (Van
der Weerd et al., 2002). The slow diffusion process be-
tween compartments results in multiexponential be-
havior of the relaxation signal. The multiexponential
relaxation reflects water in cell compartments and,

therefore, can be used to study changes in water distri-
bution and properties at a subcellular level and, hence,
can be used for the estimation of structural and volume
transformations in cell compartments. The T2 relaxation
time is more sensitive to small variations in water content
and chemical exchange processes than T1 and, therefore,
is usually preferred. Indeed, differences in T1 for the
different compartments are relatively small, resulting in
an averaging effect that results in poor discrimination
between water compartments (Van As, 2007).

To date, NMR relaxometry has mainly been used for
the characterization of fruit and vegetable tissues and
has been shown to be effective in providing valuable
information about cell organization (Sibgatullin et al.,
2007). However, although a number of studies have
contributed to the interpretation of the NMR results
(Snaar and Van As, 1992; Hills and Nott, 1999; Marigheto
et al., 2009), this is still not always straightforward,
as the NMR signal depends both on the nature of the
plant tissue and on the NMR measurement protocol.
The situation is even more complex in the case of leaves,
because leaves contain different tissue types character-
ized by different cell sizes and structures (Teixeira et al.,
2005), and only a few studies involving NMR relaxom-
etry in leaves have been reported. Changes in T2 in re-
sponse to high temperature were investigated in wheat
(Triticum aestivum; Maheswari et al., 1999) in order to
develop a method for the detection of heat injury.
McCain (1995) measured the T2 relaxation time of
chloroplast and nonchloroplast water in maple (Acer
platanoides) leaves by separating corresponding peaks
in an NMR spectrum without taking into account the
compartmentalization of nonchloroplast water. Oshita
et al. (2006) investigated cell membrane permeability to
water in spinach (Spinacia oleracea) leaves by measuring
the T1 relaxation time of the leaf protoplasts without
consideration of the subcellular structure. Qiao et al.
(2005) attempted to associate NMR signal components
with different chive (Allium schoenoprasum) cells using
combined transverse relaxation and restricted diffusion
measurements. Finally, Capitani et al. (2009) recently
used a portable unilateral NMR instrument to detect the
water status of leaves of herbaceous crops, mesophyl-
lous trees, and natural Mediterranean vegetation under
field conditions. Further investigations are necessary to
improve leaf characterization by NMR, especially in the
attribution of NMR signal components to the tissue and
subcellular compartments. Progress in this field would
make it possible to use the full potential of noninvasive
NMR relaxometry in plant research and phenotyping.

Using NMR relaxometry, we describe here the dif-
ferences in water status that occurred at tissue and cel-
lular levels through different leaf ranks of well-irrigated
oilseed rape plants, from the young leaves at the top of
the canopy to the senescing older leaves at the bottom
of the plant. The aim of the study was to show that
changes that occur in the leaves while senescing can be
related to changes in water distribution and cell struc-
ture. As these changes are directly linked to the modi-
fications in cell compartment organization, especially
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those occurring in the chloroplast, vacuole, and cell wall
due to macromolecule degradation and N and carbon
reallocation processes, this study was designed to
contribute to the understanding of these physiolog-
ical processes.

RESULTS

Changes in Physiological Traits during Leaf Development

The whole group of plants grown under homogenous
conditions in a growth cabinet displayed a similar de-
velopmental pattern in terms of phenological and
physiological status. The different leaf stages (corre-
sponding to leaves of different ages) were collected from
8-week-old plants rank by rank and analyzed for phys-
iological status (Fig. 1). All the individual plants used for
measurement had a set of well-developed leaves, from
the youngest green leaves at the top (leaf rank 8) to the
yellowish and most senescent leaves at the bottom (leaf
ranks 1 and 2). Chlorophyll content, stable from leaf
ranks 8 to 6, decreased markedly from leaf rank 4 to 1
(Fig. 1A). The highest level of starch content was found
at around leaf rank 6, again with a decrease in senescing
leaves from ranks 4 to 1. Used as global indicators of leaf
growth and development, this information ensures the
choice of leaf ranks studied through NMR (i.e. rank 8 for
younger fully expanded leaves, rank 6 for mature leaves,
and ranks 4 to 1 for senescing leaves).

Figure 1B depicts dry and fresh weights of leaves,
and Figure 1C shows the corresponding water content
and water weight data. Dry weight (expressed per m2

of leaf area) decreased from leaf rank 6 to leaf rank 1,
whereas a considerable increase in fresh weight and
water content was observed from leaf ranks 6 to 1. The
senescence process was clearly associated with hydra-
tion (increase in the quantity of water per unit of leaf
area) in leaf tissues, whereas dry matter was depleted.
This phenomenon was also confirmed in the leaf water
status experiment (Fig. 2), in which the increase in water
content from the youngest (leaf rank 8) to the oldest
(leaf rank 1) leaves was less pronounced but statistically
significant. The ANOVA test showed also that differ-
ences in leaf water potential and osmotic potential of
the youngest (leaf rank 8) and oldest (leaf rank 1) tis-
sues, associated with an increase in fresh weight, were
statistically significant. Turgor pressure, relative water
content (RWC), and water deficit did not change sig-
nificantly with senescence.

Chlorophyll a/b Binding Protein
(Cab)/Senescence-Associated Genes (Sag): Molecular
Milestones of Leaf Development

The physiological characteristics (chlorophyll con-
tent, starch deposition, and water status) provided a
general pattern of leaf development along the plant
axis. However, the physiological status of the indi-
vidual plants studied varied to some extent in terms of

leaf development due to growth conditions and het-
erogeneity of the microenvironment (see SD values in
Fig. 1). In addition, these traits did not make it possible to
detect slight physiological variations, as the senescence
process occurred progressively from one leaf rank to
another. In order to evaluate this variability between leaf
ranks more precisely, the expression levels of genes pre-
viously used to describe the leaf development status of
oilseed rape were followed (Gombert et al., 2006). Thus,
the expression pattern of genes known to be up-regulated
(SAG12-1 coding a Cys protease) or down-regulated (Cab
coding a chlorophyll a/b-binding protein) during leaf
senescence was established for five plants throughout
the vegetative axes (Fig. 3A). The concomitant measure-
ment of SAG12 and Cab gene transcript levels provided

Figure 1. Changes in chlorophyll (in arbitrary units [a.u.]) and starch
contents (A), fresh and dry weight per leaf area (B), and water weight
per leaf area and water content in fresh weight (FW) ratio (C) in oilseed
rape leaves during senescence. Values are means6 SD of 16 individual
plants (P-1 to P-16).
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accurate monitoring of the progression of leaf senescence
and allowed a theoretical leaf rank to be seen as a critical
transition step where the source status took precedence
over the sink status (Fig. 3B). For instance, in the example
shown, the expression of Cab and SAG12 was relatively
stable from leaf rank 8 to leaf rank 5, while from leaf rank
4, a strong decrease in Cab expression associated with an
increase in SAG12was observed. The theoretical leaf rank
differed from plant to plant and was identified in leaf
ranks 1 to 4 (Table I). Therefore, it must be emphasized
that, although the plants studied further by NMR dis-
played homogenous macroscopic phenological traits,
individual differences were observed in terms of the
physiological status of leaves of the same ranks. The
SAG12/Cab value can be used to target leaves at the same
development status, although it does not make it possible
to define this status. For example, leaf rank 1 of plant P-1
was comparable to leaf rank 2 of plant P-11 and to leaf
rank 3 of plant P-13. In addition, SAG12/Cab results
suggested that leaf rank 3 corresponded to a younger leaf
in plant P-1 than in plant P-6.

NMR Signal Evolution during Leaf Senescence

The relaxation decay in leaf samples corresponding
to the separate CPMG (for Carr Purcell Meiboom Gill)
data were described by three or four relaxation com-
ponents depending on the developmental stage of the

leaf. A typical example of the distribution of transverse
relaxation times obtained by the maximum entropy
method (MEM) for different development stages is
given in Figure 4, with the peaks centered at the most
probable T2 values and the peak areas representing the
intensity of the T2 components. Three components were
observed by the MEM method for the youngest leaf
analyzed (Fig. 4A), with the shortest T2 component
centered at about 3 ms and representing about 8% of the
total signal intensity, the intermediate component cen-
tered at about 25 ms (19% of the signal intensity), and
the longest T2 component centered at about 100 ms
(73% of the signal intensity). For the example shown,
the shortest component remained in the same range of
T2 throughout leaf tissue aging, until the late senescence
stage (leaf rank 1) when it disappeared. The T2 of the
intermediate component was about 20 ms for all mea-
surements, while its relative signal intensity decreased
(from 19% to 13%, for leaf ranks 8 and 1, respectively).
The T2 of the longest T2 component increased from the
youngest to the most senescent leaf, starting progres-
sively to split into two components between leaf ranks
3 and 2. Figure 4E shows four distinct components
measured at leaf rank 2, with the two longest T2 com-
ponents centered at about 190 and 340 ms, respectively.
Finally, the T2 values of the two longest T2 components
were about 220 and 450 ms for the late senescence leaf
(Fig. 4F). The sum of relative signal intensities of the
two longest T2 components increased from 73% to 87%
with senescence (for leaf ranks 8 and 1, respectively).

Figure 2. Changes in water content in fresh weight (FW) ratio, RWC,
and water deficit (A) and leaf water potential (Cl), leaf osmotic po-
tential (pRWC), and turgor pressure (B) in oilseed rape leaves during
senescence. Values are means 6 SD of four individual plants (P-17 to
P-20).

Figure 3. Characterization of leaf status in terms of the expression of
SAG12 and Cab (data from P-13) in oilseed rape leaves during se-
nescence. A, RT-PCR of SAG12-1 and Cab gene expression. EF1a was
used as a complementary DNA synthesis and amplification control.
B, Determination of the theoretical sink-source transition. Cab and
SAG12-1 RNA are expressed in percentages related to the maximum
(leaf 8 for Cab and leaf 1 for SAG12-1).
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The T2 distribution shown in Figure 4 was very similar
for the 16 plants analyzed (data not shown). However,
some differences were observed between plants with
regard to the leaf rank where the split occurred, con-
firming previously suspected physiological heteroge-
neity within leaf ranks. In Table I, the plants are classified
according to the leaf rank at which the longest T2 com-
ponent split into two components. It can be seen that the
critical transition of the SAG12/Cab ratio (second column)
fitted well with the NMR results for the five plants
studied.

The discrete solutions for the complete decay curve
(free induction decay [FID] + CPMG) obtained by the
Levenberg-Marquardt algorithm agreed to a great

extent with the MEM results of the separate CPMG
curve and in addition provided access to the first
component, relaxing at about a few tens of microsec-
onds (Table II). The relative intensity of this component,
I0(comp.1), decreased during senescence, while its T2(comp.1)
seemed to increase only for the most senescent leaf.

As previously explained, the NMR signal from veg-
etable tissue can be attributed mainly to protons from
water molecules, characterized by T2 relaxation times in
the range of a few milliseconds or more. However, T2
components relaxing at lower relaxation times (in the
range of 10–100 ms) in principle correspond to solid
matter. In order to check this assumption, the intensity
of the first component of the FID-CPMG signal at

Table I. Parameters of leaf water status and senescence and comparison of leaf ranks of different plants of oilseed rape

The five plants for which critical transition of the SAG12-Cab ratio occurred are listed in the second column. Classification of
the plants (P-1 to P-16) for which the longest T2 component split into two components is given in the third column.

Leaf Rank
Plants for Which Critical Transition of SAG12-Cab

Ratio Occurred

Plants for Which Splitting of the Longest T2

Component Occurred

1 P-1 P-1, P-2, P-3
2 P-11, P-12 P-5, P-7, P-8, P-11, P-12, P-14
3 P-13 P-10, P-13, P-16
$4 P-6 P-6, P-9, P-4, P-15

Figure 4. Transverse relaxation time
distribution (MEM) calculated from the
CPMG signal for oilseed rape leaves of
six different leaf ranks (L). Data shown
correspond to P-5.
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equilibrium state [I0(comp.1)] was correlated with dry
matter mass and the sum of the intensities of the other
components [I0(comp.2-5)] to the water mass. Both rela-
tionships (Fig. 5) were linear and positive [r2 = 0.75
for I0(comp.1) and r2 = 0.89 for I0(comp.2-5)] and demon-
strated that the signal from the first component of the
FID-CPMG sequence corresponded to the dry matter
and the sum of the signals from the other components
corresponded to the water, independent of leaf age. In
addition, as already explained, the results confirmed
that the water and dry matter masses depended on leaf
age. The dry matter mass of leaf samples (dry weight
per leaf area) and I0(comp.1) for young leaves were rela-
tively high and decreased for mature and senescing
leaves, while the water mass and I0(comp.2-5) were highest
in the most senescent leaves (ranks 1 and 2; Fig. 5).
Figure 6 shows the relative signal intensities and

mean values of T2 for the 16 plants studied, expressed
in leaf water weight (LWW) for all components,
obtained by the Levenberg-Marquardt algorithm.
Since the total intensity of components 2 to 5 [I0(comp.2-5)]
was strongly correlated with total water mass for young
to senescent leaves for all plants (Fig. 5B), variations in
water mass related to each component were calculated
through leaf development (Fig. 6A). The results showed
that the increase in LWW (expressed in water mass per
leaf area) of senescing leaves was due to the increase in
the amount of water associated with components 4 and,
particularly, 5. However, LWW associated with com-
ponent 3 decreased slightly (Fig. 6A), while that of
component 2 remained unchanged. Note that the LWW
increase reflected cumulative effects of both increases in
signal intensity and water mass.
The overall trend for T2 of components was the same

as in the example given in Table II. The T2 of compo-
nents 4 and 5 increased markedly (Fig. 6C), which could
be related to the increase in the amount of water asso-
ciated with these components (Fig. 6A).

Correlation between NMR Signal and Physiological Traits
of Leaves

Principal component analysis (PCA) was performed
in order to draw up a general framework of all the
variables measured. The first principal component (PC1;

72.8% of total variance) appeared to be mainly assigned
with leaf development (Fig. 7A). First, young leaves (leaf
rank 6) were characterized by high levels of chlorophyll
and starch content and dry matter (right part of PCA;
Fig. 7B), whereas the most senescent leaves (leaf ranks
1 and 2) were characterized by higher water content (left
part of PCA; Fig. 7B). This is in agreement with the
phenomenon of dry weight lost during senescence, as-
sociated with chlorophyll and starch breakdown. More-
over, the results demonstrated that this loss of dry
weight was correlated with an increase in leaf water
content and, therefore, the hydration of leaf tissues.
Second, the high intensities of the second [I0(comp.2)] and
third [I0(comp.3)] components of the NMR signal were as-
sociated with the youngest leaves (right part of PCA;
Fig. 7B), whereas the high total intensity of components
4 and 5 [I0(comp.4-5)] and the high value of the corre-
sponding T2(comp.4-5) were associated with the most se-
nescent leaves (left part of PCA; Fig. 7B).

The Pearson correlation coefficients of the PCA set
out in Figure 7 are shown in Table III.

Relationship between NMR Signal and Cell Structure

Optical micrographs from young and senescent leaf
tissues are shown in Figure 8. Four parallel layers of
cells can be observed on the images (upper and lower
epidermis, palisade and spongy layers). As expected, the
palisade layer was composed of elongated, relatively
tightly packed cells arranged in two to three rows, while
the spongy layer was made up of rounded cells with
large intercellular spaces. Moreover, most of the chlo-
roplasts were stuck to the plasmalemma, especially in
the palisade mesophyll. The upper and lower mono-
layered epidermal cells can be easily seen in the images.
Both the length and width of the palisade mesophyll
cells increased considerably in senescing tissues,
whereas those of the spongy mesophyll cells seemed to
remain almost unchanged. The number of chloroplasts
per cell appeared to remain stable throughout the se-
nescence process; consequently, their relative volume
decreased compared with the relative volume of the
vacuole. The regular shape of the chloroplasts was
preserved in most of the senescent leaves studied (Fig. 8,
C and D), indicating that the end of the senescence

Table II. T2 and corresponding relative intensities for the complete decay curves (FID + CPMG) obtained by the Levenberg-Marquardt algorithm for
six oilseed rape leaves presented in Figure 4 (P-5)

Leaf Rank Component 1 Component 2 Component 3 Component 4 Component 5

I0 T2 I0 T2 I0 T2 I0 T2 I0 T2

% ms % ms % ms % ms % ms

8 5 0.03 9 2 19 27 66 103 – –
6 6 0.03 10 3 18 27 66 132 – –
4 4 0.03 7 2 18 27 71 166 – –
3 3 0.03 7 3 18 36 72 195 – –
2 3 0.03 4 1 14 23 32 196 47 341
1 3 0.07 – – 12 21 36 222 48 448
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process had not been reached, even for these leaves.
Finally, the area of palisade cells of senescent leaves was
estimated to be about four times greater than that of the
corresponding young leaf tissues.

Variations in the volume of vacuoles, chloroplasts,
and cell wall (Fig. 9A) were estimated (see “Materials
and Methods,” Eqs. 7–9). A considerable decrease in
the relative volume of the plastidial compartment was
observed as senescence progressed. In the young
leaves, the chloroplast volume was roughly estimated
to be about 40% of the cell volume, and it dropped to
below 20% in the most senescent leaves. In contrast,
the size of the vacuole increased from about 55% to
almost 80%. Finally, our method did not permit the
clear detection of variations in cell wall volume, al-
though the results seemed to indicate a minor volume
reduction (Fig. 9A).

Figure 9B depicts the relative intensities of the NMR
signal components for young and senescent leaves that
can be considered as an estimation of water distribution
in cell compartments. Similar patterns can be observed
in the NMR and microscopy results on comparing Fig-
ure 9, A and B. For young leaves, the vacuole occupied

about 55% of the cell volume, whereas the intensity of
components 4 + 5 was about 65%. The relative vacuole
volume for senescing leaves increased to about 80%, and
a similar phenomenon was observed for the relative
intensity of components 4 + 5 (approximately 85%). On
the other hand, chloroplast volume in young leaves was
estimated to be about 40%, decreasing to about 20% in
senescing leaves, whereas the relative intensity of the
third component decreased from about 20% to about
10%. Finally, cell wall volume was estimated to be about

Figure 6. NMR relaxation parameters of oilseed rape leaves during
senescence according to leaf rank. T2 and corresponding I0 values
for the complete decay curves (FID + CPMG) were obtained by the
Levenberg-Marquardt algorithm. A, Water distribution in the water-

associated components (2–5) expressed as LWWi ¼ I0i   x mw

A
, where

LWWi is the specific LWW of the ith signal component expressed in
g m22, with mw as water mass per leaf sample used for NMR analysis
(in g), A as leaf sample area (in m2), and I0i as relative intensity of the
ith signal component (as a ratio of the total signal of water-associated
components 2–5). B and C, Transverse relaxation times. Values cor-
respond to 16 individual plants (P-1 to P-16).

Figure 5. Correlations between the intensity (expressed in arbitrary
units) of the first components of the FID-CPMG signal assumed to
correspond to the solid proton fraction [I0(comp.1)] and dry matter mass
per leaf area (A) and between the sum of the intensity of other com-
ponents of the FID-CPMG signal assumed to correspond to the water
proton fraction [I0(comps.2-5] and water mass per leaf area (B) for young
(ranks 6 and 8), median (ranks 3–5), and senescing (ranks 1 and 2)
oilseed rape leaves. Signal intensity was corrected for the receiver
gain. Values correspond to 16 individual plants (P-1 to P-16).
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5% and 3% for young and senescing leaves, respectively,
and the relative NMR signal intensity of the second
component decreased from 9% to 2% according to leaf
maturity.
It should be noted that the variations in the volumes

of vacuoles, chloroplasts, and cell wall were estimated
roughly, as the spongy layer and the upper and lower

epidermal cells occupying the leaf surface were ig-
nored in the analysis. Additionally, the exchange of
protons between different cell compartments over the
biological membranes can affect the relative intensities
of different NMR signal components.

DISCUSSION

Senescence Induced Changes at the Cell Level

The biochemical markers for the identification of leaf
senescence used in this study have already been de-
scribed in the literature (Masclaux et al., 2000; Desclos
et al., 2008). The decreases in chlorophyll and starch
content (Fig. 1) that we observed in senescent leaves
were in accordance with the literature (Diaz et al.,
2005; Albert et al., 2012). However, although these
biochemical traits are relevant to providing a general
view of senescence across plant shoots (Gombert
et al., 2006), they are not precise enough to be used for
comparisons between leaf ranks from different plants.
Molecular markers such as SAG12/Cab gene expression
(Gombert et al., 2006) provided a more precise de-
scription of changes in leaf development (Fig. 3), al-
though handling them is fairly complex.

The senescence process has been well described in
several reviews (Thomas and Stoddart, 1980; Buchanan-
Wollaston et al., 2003; Lim et al., 2007), and as far as we
are aware, it is commonly accepted that water loss oc-
curs in leaves during senescence (McIntyre, 1987). The
decrease in specific leaf dry weight during senescence,
reflecting the drain of organic constituents from the
leaves to other plant organs, has also been described
(McIntyre, 1987; Malagoli et al., 2005; Fischer, 2007).
In this study, as expected, a decrease in dry weight
was observed for senescing leaves (Fig. 1B). However,
an increase in water content was observed (Fig. 1C),
leading to an increase in total specific LWW. Moreover,
a relatively high increase in cell size associated with
tissue hydration of leaves during natural senescence
was observed (Figs. 8 and 9). This increase in cell size
has not, to our knowledge, been previously reported in
the literature. Thomas and Stoddart (1980) described
senescing leaves with increasingly vacuolated cells and

Figure 7. PCA of 10 multivariate data [chlorophyll, starch, and water
contents, dry matter, T2(comp.1), T2(comp.3), and T2(comp.4+5), and I0(comp.2),
I0(comp.3), and I0(comp. 4+5)] corrected for the receiver gain and the sample
weight of the six leaves of six different leaf ranks (6–1) from 11 oilseed
rape plants grown in standard conditions. A, Score (L = leaf rank) plots
for PC1 and PC2. B, Loading plot on the factorial plane made of the
first two principal components (PC1 and PC2). PC1 and PC2 axes
explain 80.5% of the total variance. Dots are means of up to 11 in-
dependent biological replicates.

Table III. Pearson correlation coefficients of the data presented in Figure 7

CC, Chlorophyll content; DM, dry matter; SC, starch content; WC, water content.

CC DM I0(comp.2) I0(comp.2) I0(comp.4+5) SC T2(comp.1) T2(comp.3) T2(comp.4+5) WC

CC 1.00
DM 0.59 1.00
I0(comp.2) 0.82 0.85 1.00
I0(comp.3) 0.82 0.75 0.89 1.00
I0(comp.4+5) 20.81 20.75 20.85 20.86 1.00
SC 0.85 0.61 0.82 0.72 20.71 1.00
T2(comp.1) 20.50 20.45 20.64 20.48 0.47 20.53 1.00
T2(comp.3) 0.49 0.44 0.62 0.68 20.55 0.46 20.33 1.00
T2(comp.4+5) 20.89 20.57 20.80 20.74 0.78 20.83 0.58 20.48 1.00
WC 20.76 20.93 20.92 20.85 0.83 20.74 0.52 20.50 0.75 1.00
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with a diminishing rim of cytoplasm, but they did not
report cell enlargement. Keech et al. (2007) reported an
increase in the perimeter of mesophyll cells of Arabi-
dopsis leaves during senescence induced by dark treat-
ment. The cell enlargement process has been reviewed
by Cosgrove (1993, 1999). It occurs prior to cell growth
associated with dry matter production and depends on
the ability of the wall to loosen and to undergo stress
relaxation. Cell wall extensibility is mediated by several
protein factors, especially a-expansin expression (Cosgrove,
1999). The consequence of the cell enlargement process
is water uptake. This process has not previously been
reported in senescing tissues, although a-expansin
expression has been studied during floral develop-
ment. It has been linked to an early development stage
corresponding to the rapid expansion associated with
cell growth but was also found in senescing floral tis-
sues (Gookin et al., 2003). Finally, Reid and Chen
(2007) reported that cell wall loosening also occurred
in senescing flower tissues due to the degradation of
cell wall macromolecules.

The results of our study, micrographs (Fig. 8) and
measurements of water status (Fig. 2), clearly demon-
strated that a process of cell enlargement occurred in
senescing leaves (especially for palisade cells) and that
it was associated with cell hydration. Considering the
trend in cell wall volume estimated from the leaf tissue
micrographs (Fig. 9) and the observations reported for
flower tissues (Reid and Chen, 2007), this process could

be explained by the degradation of cell wall macro-
molecules that induces changes in the fibrillar structure
of the cell wall and, consequently, causes water uptake
from adjacent tissues. In our study, the slight and con-
sistent increase in water content was associated with a
slight increase in leaf water potential and osmotic po-
tential (Fig. 2), probably reflecting tissue hydration. We
demonstrated that this variation in leaf water content
was not linked to a water stress event, as the water
deficit remained constant. As the RWC (see “Materials
and Methods,” Eq. 4), which can be expressed as RWC =
water content/(turgid weight/fresh weight – dry
weight/fresh weight), remained unchanged, water con-
tent increase and dry weight decrease, associated with
the fresh weight at full turgor increase, suggested an
increase in cell wall elasticity. The latter is in agreement
with the micrograph observations.

Interpretation of the NMR Signal of Senescing Leaves

The results of previous NMR studies performed on
leaves differ from our results, as the NMR signal de-
pends on leaf tissue type and on the measurement and
signal-processing protocols. For instance, T2 mea-
surements in wheat leaves (Maheswari et al., 1999)
were performed by the CPMG method at the same
magnetic field as that used in our study (20 MHz) but
with considerably fewer sampling points (250 instead

Figure 8. A, Light micrograph of young oilseed
rape leaf tissues. B, Enlargement of the palisade
cells in A. C, Light micrograph of senescent oil-
seed rape leaf tissues. D, Enlargement of the pal-
isade cells in C. LE, Lower epidermis; PL, palisade
layer; SL, spongy layer; UE, upper epidermis.
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of 6,000) and with longer pulse separation (0.5 ms in-
stead of 0.1 ms used in our study) at temperatures from
35°C to 58°C. They obtained biexponential T2 decay,
with the longer T2 component of T2 = 130 to 180 ms
and I0 = 65% to 70% attributed to intracellular water
and the shorter component of T2 = 40 to 60 ms attrib-
uted to extracellular and hydration water. These two
components correspond roughly to the two longest T2
components measured in our study in relatively young
oilseed rape leaves (Table II). The T2 component
relaxing at 3 ms in oilseed rape leaves was not observed
because of the relatively long pulse space and the very
small number of points sampled for the CPMG curve.
Finally, in the study of Maheswari et al. (1999), the
CPMG decay curve was acquired over 250 ms, which
was not long enough for reliable fitting of the curve,
since the baseline was not reached (last point , 1.4 3
T2-max). On the other hand, Capitani et al. (2009) inves-
tigated the leaves of several species using a portable
unilateral NMR apparatus (18.153 MHz) characterized
by an inhomogenous magnetic field that did not allow
measurement of the FID signal and produced shorten-
ing of the T2 values measured. Relaxation decays in the
unstressed leaves were described by two or three ex-
ponential decays with T2 values of up to 40 ms. This
approach has been demonstrated to be promising for
application in field conditions, but it was not focused on
interpretation of the NMR signal. Any comparison with

our results thus seems difficult. The results of studies on
chive tissues (Qiao et al., 2005) performed at 300 MHz
were interpreted at the tissue level; T2/diffusion peaks
were assigned to cells of different tissue types, such as
palisade and spongy layers and xylem vessels. The
subcellular level was not considered in that study, al-
though in green leaf tissues, chloroplasts represent a
significant level of cell volume. For instance, in wheat,
chloroplasts occupy up to 70% of the surface area of
mesophyll cells and approximately 20% of their volume
(Ellis and Leech, 1985). In addition, they are believed to
have distinct relaxation and diffusion properties (Van
As, 2007) due to their small size (about 6 mm in diame-
ter). The results of T2 measurements obtained in maple
leaves at 300 MHz using a different approach (McCain,
1995) differed considerably from those in chive tissue.
Chloroplast water was discriminated, and its T2 was
surprisingly estimated to be higher than the T2 of non-
chloroplast water.

Except for the last study mentioned, the longest T2
component is generally associated with vacuolar water
(Van As, 2007), because of its relatively high mobility.
It usually also has the highest relative intensity, as the
vacuole encloses the highest amount of cell water
(Teixeira et al., 2005). As explained above, young and
mature leaves (leaf ranks 8–3) were characterized in our
study by three water-associated components (Fig. 4).
According to the literature, the highest T2 component
could be attributed to the vacuole, as it represented
about 70% of the total water and had a relatively long
T2 (about 100–200 ms) depending on the leaf rank
(Table II). In senescing leaves, this water fraction was
distributed between two NMR components, still rep-
resenting three-quarters of the total water. This could be
explained by tissue heterogeneity that was emphasized
during senescence. In fact, differentiation in cell mor-
phology between palisade and spongy layers was ob-
served on light micrographs (Fig. 8) and showed that
cell enlargement occurred only for palisade cells. This
heterogeneity of cell size may affect the NMR relaxation
times (Van der Weerd et al., 2002) of the two cell types
(Qiao et al., 2005), resulting in the increase in T2 of
enlarged palisade cells. Finally, the relative signal in-
tensity of the two longest T2 components and its trend
during senescence approximately matched the relative
volume of the vacuole estimated from the light micro-
graphs (Fig. 9).

T2 values of these vacuole-associated components
increased during senescence, particularly the T2 of the
fifth component (Fig. 6). This can be explained by the
increase in vacuole size, according to the sensitivity of
T2 to compartment size (Van der Weerd et al., 2002),
and by water influx induced by senescence. On the
other hand, the entry of dead-end metabolites of
organic component degradation occurring during the
senescence process (Buchanan-Wollaston et al., 2003;
Wada et al., 2009) could shorten T2 values through
chemical exchange between protons of these metabo-
lites and water protons. However, the latter process
seemed to be minor compared with the effects of water

Figure 9. Relative volumes of the cell wall, chloroplast, and vacuole of
young (ranks 6 and 8) and senescing (ranks 1 and 2) oilseed rape leaves
estimated from the light and electron micrographs (A) compared with
the relative NMR signal intensities of liquid components 2, 3, and
4 + 5 (B) in %. Eighteen leaves of five plants were used for microscopy
studies.
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content increase due to the rise in water amount in the
vacuolar compartment.

The overall results of this study indicated that the
third T2 component could probably be assigned to the
plastidial water. Chloroplast volume and its trend dur-
ing senescence estimated from the micrographs matched
well the relative intensity of the third T2 component
(Fig. 9). The covering of the mature cell surface by
chloroplasts varies considerably in higher plants, with
a total chloroplast area per unit of plan area of the
cell greater than 70% in spinach and as low as 25% in
Nicotiana glutinosa (Honda et al., 1971). However, as
shown by Ellis and Leech (1985), the chloroplast volume
is fairly constant in leaf mesophyll tissue for any given
species. Their results demonstrated that chloroplasts
represented up to 40% of total cell volume for mature
leaves. As the chloroplast dimensions measured (about
6 mm diameter and 2 mm thick) were in agreement with
the literature (Ellis and Leech, 1985), their volume can be
estimated to be about 50 mm3, also in accordance with
the literature (Zellnig et al., 2010). On the other hand,
plastids are distributed as a peripheral monolayer in
mesophyll cells (Ellis and Leech, 1985) in the same way
as in cells of equivalent size and shape. Their average
number, therefore, may be estimated as about 90 chlo-
roplasts per cell (with an estimated volume of less than
12,000 mm3) and the relative volume to be about 40%.
However, this percentage may be slightly overestimated,
as in species such as wheat there are fewer than 70
chloroplast for cells as large as 1,400 mm2 (Ellis and
Leech, 1985). Following the hypothesis that chloroplast
water content is about 50%, based on the ratio of the
relative volumes of well-watered stroma and lipid-
enriched thylakoids and plastoglobules (Zellnig et al.,
2010) and as the water content increases markedly in the
gerontoplast due to the loss of thylakoid membranes,
the estimated volume of plastidial water weighed by
water content fitted even better the amount of water
computed from the NMR signal intensity. The T2 of the
third component has only been reported for maple
leaves (McCain, 1995) to our knowledge. Its value in
that study was surprisingly high (about 40 ms), con-
sidering that measurements were performed at a rela-
tively high magnetic field (300 MHz). The plastid T2
obtained here (Table II) was in the same range, although
it was measured at 20 MHz. However, in view of the
differences in size between plastidial and vacuolar com-
partments, such plastidial T2 values appeared to be in
agreement with the T2 found for vacuoles.

Finally, the low T2 value (Table II) of the second
component (about 3 ms) should correspond to that of
water close to macromolecules or to solid surfaces (Van
As, 2007), and this component represented about 10%
of the cell water (Table II). Therefore, different hy-
potheses can be proposed for its attribution, such as
starch hydration water or cell wall water. First, the T2
value measured (Mariette et al., 1999; Tang et al., 2000)
and the fact that component 2 disappeared in the most
senescent leaves at the same time as the starch suggest
that it may correspond to water in starch granules.

However, according toMariette et al. (1999), the mass of
water enclosed in starch granules per total starch mass
is 0.3829 g g21, and it was estimated to be 0.3% for leaf
rank 6. This is far beyond the relative intensity of com-
ponent 2. On the other hand, the T2 values measured
(Table II) may indicate that component 2 corresponds to
the water in rapid exchange with cell wall protons
according to the attribution proposed for fruit (Sibgatullin
et al., 2007). Additionally, the relative water volume
enclosed in the cell wall could correspond to the relative
NMR signal intensity of component 2 (Fig. 9). The fact
that the second component disappeared in the most se-
nescent leaves could be explained by cell wall thinning
associated with macromolecule degradation.

As demonstrated above, the first component was at-
tributed to drymatter protons. The analysis performed did
not allow going into further details. Indeed, the sole or-
ganic compound quantified was starch, and it represented
between 1% and 5% of the dry weight, while dry matter
content represented between 20% and 8% of the total
weight, depending on the leaf senescence stage. On the
other hand, the intensity of the first component relaxing at
about 30 ms was about 5% of the total FID-CPMG signal.

The PCA analysis (Fig. 7) showed that chlorophyll
breakdown and starch degradation were associated
with leaf aging. The NMR signal was shown to be able
to describe this senescence-induced subcellular water
redistribution. For instance, the relative intensity of

Figure 10. Light (A) and electron (B) micrographs of an oilseed rape
leaf cell. LC, Cell length; LV, vacuole length; WC, cell width; WV, vacuole
width; WW, wall thickness.
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components 4 and 5 [I0(comp.4+5)] and the transverse
relaxation times [T2(comp.4+5)] associated with vacuole
water were positively correlated with senescence, de-
scribing water entry and vacuole enlargement. On the
other hand, the relative intensity of the third compo-
nent [I0(comp.3)] was negatively correlated with senes-
cence, describing the decrease in the relative volume of
the chloroplasts.

CONCLUSION

This study demonstrates that NMR relaxometry is a
powerful technique for monitoring leaf development,
as T2 measurements provide access to the cell struc-
ture through subcellular water distribution. Applied to
a wide leaf panel, this technique was shown to be able
to detect slight variations in senescence evolution ac-
curately. Combining NMR with microscopy and phys-
iological characterization throughout the senescence
process contributed to understanding of the attribution
of NMR signal components. The results represent an
important step toward further studies investigating the
biological significance of the signal.
One of the main applications of leaf NMR relaxom-

etry would be in field applications, such as leaf tagging
and plant phenotyping. It will be necessary first to in-
vestigate the leaf NMR signal in relation to different
environmental conditions, such as water or N depletion.
As field applications require portable NMR devices,
and this will inevitably weaken the quality of the signal,
this aspect should be also evaluated.
One other important application of the proposed

technique will be to improve our understanding of
plant functioning at the cell and tissue levels. Changes
in water distribution and cell structure during any
physiological process or under abiotic or biotic stress
are not directly accessible with currently used tech-
niques; therefore, NMR represents a promising and
powerful technique for plant investigations.

MATERIALS AND METHODS

Plant Material, Experimental Design, and
Growth Conditions

About 100 seeds of oilseed rape (Brassica napus genotype Tenor) were in-
dividually weighed, and the 45 most homogenously sized seeds were selected.
Each working day for 3 weeks, three seeds were sown in individual containers
filled with a growing medium (FALIENOR 9226-6F2) containing 65% light
peat, 20% dark peat, and 15% perlite. Three-week-old seedlings were indi-
vidually planted into 2-L pots filled with the same growing medium and
grown in a growth cabinet for 5 weeks. Plants were watered throughout the
growing period with a fertilizing solution (Liquoplant bleu) used at 3‰, and
irrigation was adjusted to the evaporation-transpiration rate of the pots. The
growth cabinet conditions were 14 h of light (at 200 mmol photons m22 s21)/10 h
of dark, relative humidity of 75%/90%, and temperature of 20°C/18°C.

Sixteen of the 45 plants (P-1 to P-16) were selected (about one out of every
three plants analyzed) in order to obtain homogenous plants with a wide range
of leaf development status, characterized by the nondestructive measurement
of chlorophyll content.

Direct measurements of leaf water status were performed in an additional
experiment on plants grown in the same conditions as described above. For

these measurements, 10 seeds were sown, six 3-week-old seedlings were in-
dividually planted, and thereafter, four plants were selected (P-17 to P-20).

Sampling

For the 16 plants selected (P-1 to P-16), leaf tissues were collected from six
leaves (four senescing leaves, one mature leaf, and one young leaf) for NMR
measurements, and microscopy studies were performed on the same leaves as
for NMR analysis but for only five plants (plants P-1, P-5, P-6, P-10, and P-11).
Starch was quantified for all leaves from all 16 plants, and molecular analyses
were performed for all leaves from five plants (plants P-1, P-6, P-11, P-12, and
P-13).

Six leaf discs of 8 mm in diameter were cut from the limb tissue for the NMR
experiment. In order to obtain homogenous tissues, discs were taken from each
side of the central vein as close as possible to the vein by avoiding lateral
nervures. Discs were then placed in NMR tubes, which were closed with a
2-cm-long Teflon cap to avoid water loss during measurements.

For microscopy studies, 18 leaves from five plants were analyzed. About 30
1-mm2 leaf samples per leaf were taken with a small punch around the discs
used for NMR analysis. The leaf samples were immediately fixed in a solution
of 2.5% (m/v) glutaraldehyde and 2% (m/v) paraformaldehyde in 0.1 M

phosphate buffer, pH 6.8.
For starch quantification and gene expression, two sets of 20 leaf discs

(diameter of 8 mm) were collected from all leaves near the location where NMR
and microscopy were performed, frozen in liquid N, and stored at 80°C.

For the direct measurement of leaf water status, five leaves (leaf ranks 1, 2, 4,
6, and 8) were selected from each plant (P-17 to P-20). Prior to leaf water status
measurements, NMR measurements were performed on all selected leaves.

Starch Quantification

Starch was quantified according to the method proposed by Smith and
Zeeman (2006). Starch was extracted from 30 mg dry weight of freeze-dried
lamina leaf tissue using 1 mL of phosphate buffer (0.2 mol L21, pH 6.5) for
20 min at 95°C. The supernatant was collected after centrifugation at 14,000g
for 5 min at 4°C. The extraction step was repeated twice, and the supernatants
were pooled. Starch quantification was performed following the manufac-
turer’s recommendations (Sigma; STA20) after hydrolysis by a-amylase and
amyloglucosidase. Starch content was expressed in Glc equivalents after
subtraction of free Glc content.

Cab/SAG Molecular Markers

RNA Extraction

Total RNA was extracted from 500 mg fresh weight of frozen lamina leaf
tissue. The RNA isolation protocol based on phenol extraction and lithium
chloride precipitation was applied as described by Verwoerd et al. (1989). The
quantity and quality of RNA samples were assessed by spectrophotometry
with a NanoDrop ND 1000.

Reverse Transcription-PCR Analysis

Total RNA (2 mg) treated with RNase-free DNase I (Fermentas, Thermo
Fisher Scientific) was reverse transcribed with Moloney murine leukemia virus
reverse transcriptase (Q-BIOgene; MP Biomedicals) following the manufac-
turer’s recommendations. PCR was performed using specific primers for
the oilseed rape Cab gene LHCII type I (AY288914; forward primer
59-GGCAGCCCATGGTACGGATC-39 and reverse primer 59-CCTCCITCGCT-
GAAGATCTGT-39), primers shared by SAG12-1 (AF089848; forward primer
59-GTTTTGTTTAGCCAAAGTCAAACA-39 and reverse primer 59-CGGCGGA-
AGATTGGCT-39), and primers designed from Arabidopsis (Arabidopsis thaliana)
EF1a (X16430; forward primer 59-GTTTTGTTTAGCCAAAGTCAAACA-39 and
reverse primer 59-CGGCGGAAGATTGGCT-39). All the PCRs were performed
with Q biogen Taq polymerase for 35 cycles for EF1a, 27, 29, and 31 cycles for
SAG12-1, and 22, 24, and 26 cycles for Cab. After 5 min at 95°C, reverse tran-
scription (RT)-PCR was performed by cycles including 15 s at 95°C, 40 s at 60°C,
and 72°C for 1 min, followed by one cycle at 72°C for 10 min. Products of 183, 587,
and 290 bp were amplified from BnEF1a, BnSAG12-1, and BnCab gene comple-
mentary DNAs, respectively, as verified by sequencing. RT-PCR products were
separated by agarose gel electrophoresis. Each PCR product was quantified using
ImageJ software and normalized using the intensity of the EF1a RNA signal. For
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all RT-PCRs, EF1a RNA was used as a complementary DNA synthesis and
amplification control. The relative expression of Cab and SAG12-1was determined
with reference to the maximum and represented the mean of PCR products
obtained after different PCRs with various numbers of cycles.

NMR Relaxometry

NMR relaxometry measurements were performed on a 20-MHz (0.47-T)
spectrometer (Minispec PC-120; Bruker) equipped with a thermostatted probe.
The temperature was set at 18°C. T2 was measured using the combined
FID-CPMG sequence. The FID is known to be affected by the heterogeneity of
the magnetic field B0. The FID relaxation rate (1/T2FID) can be described as the
sum of the intrinsic relaxation rate (1/T2intrinsic) and the relaxation related to B0
inhomogeneities (1/T2inhomogeneity). In the experimental condition used (0.47 T
and very short sampling time; see below), the T2inhomogeneity was equal to 1.7 ms.
Then for T2 less than 100 ms, its effect was negligible and the T2 measured from
the FID was equal to T2intrinsic. The CPMG sequence was used for measurements
of T2 longer than 500 ms because this sequence is not corrupted by B0 inho-
mogeneity effects. The FID signal was acquired from 11 to 70 ms at a sampling
decay of 0.4 ms. For the CPMGmeasurements, the 90° to 180° pulse spacing was
0.1 ms and the signal of a single point at the echo maximum was acquired. Data
were averaged over 64 acquisitions. The number of successive echoes recorded
was adjusted for each sample according to its T2. The recycle delay for each
sample was adjusted after measurement of the T1 with a fast saturation re-
covery sequence. The total time of acquisition of data for T2 (including spec-
trometer adjustments and T1 measurement) was about 10 min per sample.

Fitting was performed in two steps. First, T2 relaxation curves from the
CPMG data only (after removing the FID signal from the combined FID-CPMG
signal) were fitted by Scilab software according to the MEM (Mariette et al.,
1996), which provides a 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.
Then, T2 relaxation curves obtained by the combined FID-CPMG sequence
were also analyzed using the Levenberg-Marquardt algorithm, which allows a
discrete solution for the complete fitting curve according to the equation:

IðtÞ ¼ I1 expð2 t=T21Þ2 þ ∑
i¼2

I0 i expð2 t=T2iÞ þ offset ð1Þ

where I0i is the intensity of the ith exponential at the equilibrium state and T2i is
the characteristic transverse relaxation time for the ith exponential. The number
of terms that best described the relaxation curve was determined by exam-
ining the residual plots and the values of the coefficient of determination.

Water Relations

Thewater relations were studied for all leaf samples examined byNMR. Leaf
samples were weighed within the NMR tubes before (fresh weight) and after
each NMR experiment in order to check possible water loss during the mea-
surements. At the end of the NMR experiments, samples were transferred to
laboratory cups and dried in an oven at 103°C for 24 h and weighed (dry
weight). The water content (WC) was expressed as a percentage of fresh weight:

WC ¼ ðfresh weight2dry weightÞ=fresh weight ð2Þ
Dry matter, fresh matter, and water masses were calculated on the basis of leaf
area of the six leaf discs used. Specific LWW per component (LWWi) was
computed according to the equation:

LWWi ¼ I0i   x mw

A
ð3Þ

where mw corresponds to water mass of the NMR sample made of six leaf
discs in g, A to the area of the discs in m2, and I0i to the relative intensity of the
ith NMR signal component as a percentage.

RWC was measured as described by Turner et al. (2007). Leaf samples were
placed in a vial, weighed, and then floated for 2 h on freshly distilled water at
4°C. The turgid weight was then determined. The sample was then oven dried
at 70°C for 48 h and weighed. The RWC is then:

RWC¼ ðfresh weight2dry weightÞ=ðturgid weight2dry weightÞ ð4Þ
Leaf water potential (Cl) and leaf osmotic potential at that RWC (pRWC) were
measured as described previously (Leport et al., 1999).

The turgor pressure (T) was calculated as:

T¼ Cl 2pRWC ð5Þ
The water deficit (WD) was calculated as:

WD¼ 12RWC: ð6Þ

Electron and Light Microscopy

Sample Preparation and Micrograph Acquisition

After sampling, the fixative solution (2% [w/v] paraformaldehyde and 2.5%
[w/v] glutaraldehyde) was infiltrated into the leaf tissues using five cycles of
depressurization with a vacuum pump (15 min of low pressure in each cycle).
Sampleswere replaced in the samefixative solution for 24 h at 4°C. After extensive
washing in 0.2 mol L21 phosphate buffer (PB; pH 6.8), samples were incubated
for 60 min in 2% (w/v) tannic acid solution in PB, washed in PB, and postfixed
for 90 min with 2% (w/v) osmium tetroxide. Samples were then washed in PB
and dehydrated in a graded series of increasing concentrations of ethanol (50%,
70%, 90%, and 100% [v/v]). Pure ethanol was then replaced by propylene oxide,
and samples were gradually infiltrated with increasing concentrations (30%, 50%,
70%, and 100% [v/v]) of epoxy resin (mixed with propylene oxide) for a mini-
mum of 3 h per step. Samples were left overnight in epoxy resin. Infiltration with
DMP30-epoxy resin was continued the next day for 3 h. Samples were finally
embedded in a newmix of DMP30-epoxy resin and polymerized at 60°C for 24 h.

For photonic microscopy, thin sections (500 nm) were cut with a Leica
ultracut UCT ultramicrotome and stained with toluidine blue before they were
observed with a Nikon Eclipse 80i microscope. For transmission electron mi-
croscopy analysis, ultrathin sections (80 nm) were then cut with a UCT Leica
ultramicrotome, placed on grids poststained for 60 min with uranyl acetate and
then for 20 min with lead citrate, and viewed with a JEOL 1400 transmission
electron microscope supplied with a Gatan Orius camera.

Model

A simplified model similar to that employed by McCain (1995) was used to
interpret microscope images. Our model took into account only the palisade layer
and assumed it to be an ordered arrangement of water-filled cells with an ellip-
soidal shape. It was also assumed that cell width was equal to cell depth, wall
thickness was uniform over the cell, and chloroplasts covered all the inner surface
of cell walls while the hyaloplasma contained a negligible water fraction of the cell.
As the focus was on the layer that was most affected by senescence, where most of
the chloroplasts can be found, the spongy layer was not taken into consideration.

An example of the optical microscope images used for the estimation of cell
and vacuole dimensions is shown in Figure 10A. The optical microscope im-
ages were also used to measure the perimeter of the cell wall, and its thickness
was estimated from electron micrographs (Fig. 10B).

The vacuole (VVACUOLE), chloroplast (VCHLOROPLAST), and wall (VWALL)
volumes were estimated using the model according to following equations:

VVACUOLE¼ 3=4p31=83
�
W2

v3LV
� ð7Þ

VCHLOROPLAST¼ 3=4p31=83
��
W2

C3LC
�
2
�
W2

V3LV
�� ð8Þ

VWALL¼ 3=4p31=83
h�

ðWCþ2WWÞ23ðLCþ2WWÞ
�
2
�
W2

C3LC
�i ð9Þ

where WC is cell width, LC is cell length, WV is vacuole width, LV is vacuole length,
LW is wall length, andWW is wall thickness. WC and LC do not include the cell wall.

Microscopy images were analyzed using ImageJ software. The images were
first manually segmented, and quantitative data related to cell structure were
then extracted from the two youngest and the two most senescent leaves
analyzed. Data were expressed as percentage of the total cell volume in order to
compare the evolution of the relative volume of the different compartments
with that of the intensity of the different NMR signal components.

Data Analyses

Correlation (PCA)

PCA, defined as an unsupervised descriptive multivariate statistics tool,
was performed with R software, package FactomineR, on the 50 data sets from
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11 plants (P-1, P-3, P-4, P-6, P-7, P-8, P-9, P-11, P-13, P-14, and P-15), consisting
of the changes in 10 multivariate data of the six leaves at different leaf ranks
(6–1). The multivariate data were as follows: chlorophyll, starch, and water
content, dry matter, T2(comp.1), T2(comp.3), and T2(comp.4+5) [weighted average of
T2(comp.4) and T2(comp.5)], and I0(comp.2), I0(comp.3), and I0(comp. 4+5) corrected for the
receiver gain and the sample weight.

ANOVA

ANOVA was performed using the software package Statgraphics Plus
(Centurion) to detect significant differences (P , 0.01) between measurements
on different leaf ranks. The one-factor ANOVA test was applied to the dif-
ferent leaf water status measurements. The multiple range Fisher LSD test was
used to detect significant differences between groups.
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