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Abstract

Background: Low field NMR has been used to investigate water status in various plant tissues. In plants grown

in controlled conditions, the method was shown to be able to monitor leaf development as it could detect slight
variations in senescence associated with structural modifications in leaf tissues. The aim of the present study was to
demonstrate the potential of NMR to provide robust indicators of the leaf development stage in plants grown in the
field, where leaves may develop less evenly due to environmental fluctuations. The study was largely motivated by
the need to extend phenotyping investigations from laboratory experiments to plants in their natural environment.

Methods: The mobile NMR laboratory was developed, enabling characterization of oilseed rape leaves throughout
the canopy without uprooting the plant. The measurements made on the leaves of plants grown and analyzed in the
field were compared to the measurements on plants grown in controlled conditions and analyzed in the laboratory.

Results: The approach demonstrated the potential of the method to assess the physiological status of leaves of
plants in their natural environment. Comparing changes in the patterns of NMR signal evolution in plants grown
under well-controlled laboratory conditions and in plants grown in the field shows that NMR is an appropriate
method to detect structural modifications in leaf tissues during senescence progress despite plant heterogeneity in
natural conditions. Moreover, the specific effects of the environmental factors on the structural modifications were

revealed.

Conclusion: The present study is an important step toward the selection of genotypes with high tolerance to water
or nitrogen depletion that will be enabled by further field applications of the method.
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Background

In the context of the increasing world population and the
move towards more sustainable development, there is a
need to increase agricultural productivity and to reduce
the ecological footprint of plant production. To achieve
these aims, genotypes need to be selected that can better
adapt to environmental stresses using water and nutri-
ents applied to the soil more efficiently, so plants can
be grown with limited inputs. Large-scale phenotyping
has been developed to assist such selection, as it allows
characterization of plant adaptative traits in different
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agricultural systems. Studies have been conducted on a
large number of plants with, for example, bulk methods
of canopy spectral reflectance and absorbance [1]. On the
other hand, to better understand plant functioning and
adaptation to environmental changes, fine analyses have
been conducted at organ and individual plant scales in a
strictly controlled environment [2].

Plant response to the environment may differ in con-
trolled and field conditions because of soil-climate and
canopy architecture variability [3]. There is therefore a
need to establish a link between measurements made in
controlled conditions and field data. Currently, the trend
is the development of new tools for fine phenotyping
in the natural environment of the plant combined with
large scale bulk methods. For example, non-destructive
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assessment of leaf chlorophyll by Multiplex [4] and
Dualex [5] have been used for outdoor characterization
of whole plant N status and leaf development. On the
other hand, the use of leaf ranking or leaf ageing as indi-
cators of developmental status is not relevant for geno-
type comparison when environmental conditions (light,
temperature, wind, canopy structure, etc.) are responsi-
ble for marked heterogeneity among individual plants.
The main problem with the methods cited above, and
with more classical approaches like gas exchange meas-
urements [6], is that they do not detect small differences
in physiological traits between successive leaf ranks
throughout the canopy.

The potential of nuclear magnetic resonance (NMR)
relaxometry to finely evaluate the cell and tissue struc-
ture of oilseed rape leaves was recently demonstrated
[7-9]. The NMR transverse relaxation time (T,), which is
particularly sensitive to variations in water properties in
plant tissues, was used to study changes in cell water sta-
tus and distribution. As demonstrated in different plant
tissues including leaves, differences in the physical and
chemical properties of water in different compartments
and the relatively slow diffusion exchange of water mol-
ecules between compartments are reflected by the multi-
exponential relaxation times [9, 10]. Applied to a wide
panel of leaves collected from oilseed rape plants of dif-
ferent genotypes grown in controlled conditions, NMR
relaxometry was shown to be able to detect slight vari-
ations in senescence associated structural modifications
in leaf tissues [7-9]. This characterization of the internal
structure of the leaf allows accurate determination of leaf
development stage independently of its position along
the plant. In the context of fine phenotyping at individ-
ual plant scale in field conditions, the ability of NMR to
identify leaves at the equivalent developmental stage and
hence to allow plant traits to be compared is of particu-
lar interest. Moreover, NMR makes it possible to monitor
changes in water exchanges and structural changes asso-
ciated with remobilization efficiency [7-9].

Until now, the great majority of NMR and magnetic
resonance imaging (MRI) studies on plants have been
performed under controlled conditions in the labora-
tory. Current trends in the further development of the
NMR/MRI method, largely motivated by phenotyping
needs, are to extend investigations to in situ experiments
(climate chambers, greenhouses or the natural environ-
ment) rather than to transport plants to the laboratory
where the equipment is located. Relatively recent impor-
tant technological advancements have been reported in
mobile NMR devices. A single-sided open NMR sen-
sor equipped with a permanent magnet for near surface
studies, which allows free access to large objects, known
as NMR MOUSE® [11], was developed for a range of

Page 2 of 11

applications [12, 13], such as the characterization of soils,
mortars and painting, as a logging tool for the petroleum
industry, etc. It has also been used to study leaf water sta-
tus in situ [14] and to determine the moisture fraction in
wood [15]. Another approach has been to design specific
NMR and/or MRI devices that can easily been placed or
transported into climate chamber, greenhouse or in the
field. For example, a small device known as NMR-CUFF
[16] with a modified Halbach-type magnet that can be
opened for sample positioning was developed by Windt
et al. [16] and used to measure sap flow and the amount
of water in plants in a climate chamber [17]. Another
example of such designed instruments is the NMR sys-
tem developed by Van As et al. [18] equipped with a per-
manent U-shaped magnet, with an access space of 2 cm
used to study water content and transport in plants in
greenhouses and climate chambers [19, 20]. Recently, a
size-adjustable radiofrequency coil allowing investiga-
tion of plant samples of different diameters in a Halbach
magnet has been proposed [21]. Finally, a few portable
MRI systems have recently been developed mostly for the
imaging of relatively small living trees for use in green-
houses [17, 22-24].

Only a limited number of NMR/MRI studies have been
performed on plants in their natural environment. Capi-
tani et al. used NMR relaxometry to investigate the water
status of rockrose and holm oak leaves growing in sand
dunes [14]. Okada et al. [25] reported the first outdoor
MRI imaging of a living tree using a 0.3 T permanent
magnet. A few years later, a permanent magnet equipped
with flexible rotation and translation mechanism and
combined with a mobile lift was used for outdoor imag-
ing of pear tree branches up to 2 ¢m in diameter and
up to 160 cm above ground level [26]. Jones et al. [27]
designed a transportable MRI system offering an access
space of 21 cm diameter for the imaging of living trees in
the forest. Geya et al. [28] built a mobile MRI system with
a 16 cm gap 0.2 T permanent magnet for measurements
of the relaxation times and apparent diffusion coeffi-
cients of pear fruits in an orchard. This MRI system was
recently shown to be able to measure water transport in
trees outdoors [29].

The development of outdoor NMR and MRI measure-
ments has faced two major challenges. The first concerns
the NMR/MRI device itself and the effects of the envi-
ronmental conditions on it. The system needs to be port-
able and easy to handle in different conditions. Further,
the temperature drift of the magnet, the lack of homoge-
neity of the magnetic field and the variations in sample
temperature can make it difficult to distinguish variations
in the signal due to the biological changes under study
from variations due to the system or measurement condi-
tions. Some applications require accurate measurements
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and exploitation of the complete NMR signal. For exam-
ple, in the specific case of characterization of the pro-
gress of senescence in oilseed rape leaves based on slight
variations in multi-exponential relaxation parameters [8,
9], small variations in sample or magnet temperature can
alter the results. Given the amplitude of possible varia-
tions in temperature due to weather conditions in the
field, it is clear that the temperature of both the magnet
and the sample have to be controlled. Furthermore, the
inhomogeneous field, like that of the unilateral portable
NMR system, is an additional source of relaxation, which
shortens the T, values measured [14]. The second chal-
lenge facing the study of plants grown in field conditions
is related to the biological variability of the plant material.
There are two potential sources of random variations in
plant tissue characteristics that can alter the NMR signal.
The main source is associated with the abiotic and biotic
factors experienced by the plant throughout its develop-
ment that lead to hardening of the leaf tissues. Further,
compared to control conditions, plants grown in the field
present higher variability in their canopy architecture,
which is responsible for additional micro-environmental
differences immediately prior to sampling. These aspects
can cause erroneous results if the NMR measurements
are simultaneously polluted by instabilities of the NMR
device. The solution is to perform NMR measurements
in the field using an NMR device that has been care-
fully checked in controlled laboratory conditions and
to ensure the same measurement accuracy. Moreover, if
field measurements are compared with those obtained on
plants grown under well-controlled conditions, it is pos-
sible to identify the specific effects of variabilities caused
by environmental factors.

The objective of this study was to demonstrate the
potential of NMR to access information about the sta-
tus and sub-cellular distribution of water in leaves from
plants grown in natural conditions, thereby providing
robust indicators of the stage of development directly in
the field. To this end, a mobile NMR lab was designed
for in situ measurements of the relaxation times of
leaves from plants in their natural environment. A com-
mercially available NMR spectrometer similar to that
previously used for investigations of oilseed rape leaves
[7-9] was used to create a mobile laboratory with the
same performance as in the well-controlled laboratory
experiments. The device was designed to be positioned at
the edge of individual parcels in a field trial. The meas-
urements made on the leaves of plants grown and ana-
lyzed in the field were compared to the measurements
on plants grown in controlled conditions and analyzed
in the laboratory. Results of the comparison showed that
NMR can detect structural modifications in leaf tissues
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associated with senescence progress despite plant hetero-
geneity found under natural conditions.

Methods

NMR relaxometry

Instrumental setup

Transverse relaxation measurements were performed
using a mobile NMR lab specifically set up for this
purpose (Fig. 1). A commercially available 20 MHz
spectrometer (Minispec PC-120, Bruker, Karlsruhe, Ger-
many) equipped with a temperature control device con-
nected to an optical fiber (Neoptix Inc, Canada) allowing
£0.1 °C temperature regulation was placed inside a van.
The experimental device was powered by a battery. Such
equipped van was positioned in the field close to the
plants under investigation. No special care was taken to
control the temperature inside the van. The leaf under
investigation was cut from the plant (Fig. 2a) without
uprooting the plant and, if the leaf was wet, wiped gen-
tly. Eight discs 8 mm in diameter were cut from each leaf
of the plant studied (Figs. 2b, c). To obtain homogeneous
tissues, the discs were cut in the middle of the limb on
each side of the central vein and avoiding lateral second
order veins. The discs were then placed in NMR tubes
which were closed with a 2-cm long Teflon cap to avoid
water loss during measurements (Fig. 2d). The tempera-
ture of the samples inside NMR probe was set at 18 °C.

Transverse relaxation signal acquisition and analysis

The transverse relaxation times was measured using
the Carr—Purcell-Meiboom-Gill (CPMG) sequence.
The signal was acquired with the 90°-180° pulse spac-
ing of 0.2 ms. Data were averaged over 64 acquisitions.
The number of successive echoes recorded was adjusted

o S . (S N P AT

Fig. 1 Mobile NMR laboratory with the NMR spectrometer including
the magnet system and the probe assembly (7), the electronic control
NMR unit (2), the battery (3) and a standard laptop computer for
measurement control (4)
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Fig. 2 Oilseed rape plants at the end of stem elongation stage (@),
leaf (LR —9) after disc sampling (b), eight discs cut from the leaf for
NMR measurement (c) and NMR tube containing 8 discs, closed with

a 2-cm long Teflon cap (d)

for each sample according to its T,. The recycle delay
for each sample was adjusted after measurement of the
longitudinal relaxation time (T;) with a fast-satura-
tion-recovery sequence. The measurement time for T,
(including spectrometer adjustments and T; measure-
ment) was about 10 min per sample.

The CPMG signal was fitted using Scilab software
according to the maximum entropy method (MEM) [30],
which provides a continuous distribution of relaxation
time components with no assumption concerning their
number. In this representation, the peaks of the distribu-
tion are centered at the corresponding most probable T,
values, while peak areas correspond to the intensity of the
T, components. Signal intensity was expressed through
the specific leaf water weight of the i signal component
(LWW) expressed in g m™2 LWW of each CPMG com-
ponent was calculated according to the equation:

Iori x my,
LWW; = ——— M
A
where Iy, is the relative intensity of the ith signal compo-
nent expressed as a percentage of the total CPMG signal
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intensity, m,, is the water mass of the leaf discs used for
NMR (in g) and A is the leaf disc area (in m?).

Plant material

Oilseed rape (Brassica napus L., genotype Aviso)
plants were grown in a field trial in Le Rheu, France
(La Gruche, 48°8'17"N-1°48'11"0) during the 2014-
2015 cropping season. The seeds were sown on the
10th of September, 2014 in plots measuring 6.75 m?
(4.5 x 1.5 m, 4 rows) at a density of 45 seeds m~2 and
were grown under an optimal N regime. Four plots were
used for this experiment corresponding to four repeti-
tions. Measurements were made between the 23rd and
the 26th of March 2015, at the end of the stem elonga-
tion stage (Fig. 2a), while floral buds were still closed
(BBCH 55), on all fully expanded leaves (about 17 leaf
ranks) of one individual plant (in four different plots,
corresponding to four replicates).

Indicators of leaf physiological status

Chlorophyll content

Before sampling the leaf discs for the NMR experiment,
relative chlorophyll content per unit leaf area was esti-
mated using a non-destructive chlorophyll meter (SPAD,
Soil Plant Analysis Development; Minolta, model SPAD-
502). The chlorophyll content of each leaf was estimated
as the average of six independent measurements.

Water content

Leaf discs were kept in the closed NMR tubes until the
end of the NMR experiment each day. The samples were
transferred in the laboratory and water content was then
determined by weighing before (fresh weight) and after
drying (dry weight) in an oven at 70 °C for 48 h. Water
content is expressed as a percentage of fresh weight.

Comparison of the outdoor and laboratory NMR
measurements

The outdoor NMR measurements made in the present
study were compared with the NMR measurements per-
formed on plants grown under controlled conditions
and analyzed in the laboratory (data from [7, 8]). The
objective of this comparison was to evaluate the NMR
parameters as indicators of the leaf development stage in
plants grown and analyzed in outdoor conditions. Data
obtained on leaves from two different sets of plant were
used for the comparison:

1. 32 non-vernalized oilseed rape plants of Tenor geno-
type, details are reported in [8]

2. 20 vernalized oilseed rape plants of Aviso genotype,
details are reported in [7]
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Like in the outdoor experiment, the NMR device used
for transverse relaxation times in controlled conditions
was a 20 MHz spectrometer (Minispec PC-120, Bruker,
Karlsruhe, Germany). The CPMG measurements were
performed at 18 °C with the 90°-180° pulse spacing of
0.1 ms and 64 signal averages.

Both NMR results and parameters describing physi-
ological status measured were represented according to
the NMR split scale. It was previously shown [8] that it
is possible to use the split of the longest T, signal com-
ponent measured in the mature leaves to target leaves
at the same developmental stage. In this representation,
leaf rank zero is assigned to the leaf of the last leaf rank
in which the split occurred, the subsequent leaf rank is
numbered 1, etc. According to this scale, the older the
leaf, the higher its rank, while negative ranks represent
young leaves in which split has not yet occurred. This
NMR split scale makes it possible to average values from
data obtained in leaves located at different positions in
the canopy. The NMR split scale is used in all the follow-
ing figures.
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Results

NMR field measurements

Two typical examples (plants 1 and 2) of the transverse
relaxation time distribution for two leaf development
stages (leaf ranks —2 and 0) are shown in Fig. 3. For each
stage, the curves are compared with the representative
transverse relaxation spectrum obtained on leaves from
plants grown under controlled conditions [7] at the same
developmental stage according to the split scale. For
the youngest leaves (leaf rank —2) from the field experi-
ment, the longest T, component corresponding to the
vacuolar water was centered at 150-200 ms, which cor-
respond to slightly higher values than those measured
in the controlled conditions (Fig. 3a). This component
corresponded to the largest amount of leaf water as
it was observed in the plants grown under controlled
conditions. For the older leaves (leaf rank 0), the vacu-
olar signal split into two components. The T, values of
the longest T, components of the two spectra depicted
in Fig. 3c were very different, illustrating the high vari-
ability of this parameter in senescing leaves, as already
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reported in [8, 9] and attributed to the high rate of struc-
tural changes responsible for the variations in the signal.

In addition to the vacuolar component described
above, under controlled conditions, two other CPMG
components were systematically observed. Figure 3b,
d are zooms up to 30 ms on the T, spectra shown in (a)
and (c), respectively. The first one was centered at a few
ms and represented a small percent of the water amount.
It was always observed in the youngest leaves (leaf rank
—2), disappeared with leaf age and was consequently
observed only in some leaves of leaf rank 0. The second
component was centered at about 15 ms and represented
less than 20% of the water amount for all leaf ranks.
Under field conditions, the signal differed from what was
expected according to these results. Actually, the number
of components detected in the T, range 0-30 ms varied
between one and three. In the case of two components
(more than 50% of the leaves analyzed), the same gen-
eral frame was found as that observed under controlled
conditions (Fig. 3b leaf rank —2, plant 1 and d leaf rank
0 plant 2). In the case of three components detected
(about 10% of the leaves), the additional component was
detected with an intermediate T, value of 5-8 ms (Fig. 3b
leaf rank 0, plant 1). Finally, in the case of one component
detected, the T, value of this component was centered at
5-8 ms. Note that in all cases, the sum of the intensities
of all these components represented approximately the
same percentage of the total signal for a given leaf rank.

Figure 4 shows the T, (a) and LWW (b) values of the
NMR signal components (4 and 5) associated with the
vacuole during leaf ageing in plants grown in the field.
Data from plants grown in controlled environment con-
ditions extracted from [7, 8] are shown on the same
graphs for the purpose of comparison. All the data are
plotted according to the NMR split scale leaf rank (see
“Methods”). In the case of the component 4, T, values
were reproducible over the whole leaf rank scale in all
three growing conditions (Fig. 4a). After leaf rank 0, the
maximum rate of the increase in T,(5) was the same in
the different experiments (about 200 ms per leaf rank).
However, while this maximum rate followed the appear-
ance of the fifth component in plants grown in field con-
ditions, it was delated for leaves from [8] where T,(5)
increased at the maximum rate between leaf ranks +5
and +7.

Note that in the case of the field measurements, it was
possible to analyze leaves characterized by leaf ranks up
to —15, corresponding to very young leaves. This made
it possible to confirm the increasing trend in the value
of T,(4) with ageing of the leaf. Considering differences
in genotypes, vernalization and environmental factors
between plant growing conditions, Fig. 4a shows that
it was possible to establish a master curve describing
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Fig. 4 Transverse relaxation time (a) and specific leaf water weight
(b) corresponding to vacuolar water of leaves during leaf develop-
ment according to the NMR split scale leaf rank. The results of the
field experiment are compared with the results obtained under
controlled conditions [7]—Sorin et al., Botanical Studies 2016, 57;
acknowledgment to Springer; [8]—Sorin et al,, Planta. 2015, 24;
copyright Springer. As the leaves were rearranged according to the
NMR split scale after sampling, in the case of the field experiment the
values corresponding to the leaf ranks between 0 and —10 are the
averages =+ standard deviations of data collected from leaves of four
plants, for leaf rank —11 the data is the average + standard deviations
of data collected from leaves of three plants. For leaf ranks between
—15and —12 and between 3 and 1 less than tree measurements
were available for analysis

the structural changes in young leaves (negative leaf
ranks). After LR = 0, T, values describing structural leaf
changes appeared to be more affected by environmental
conditions.

According to [7-9], the NMR intensities of each signal
component (Fig. 4b) are expressed in leaf water weight
(Eq. 1). Like in the plants grown under controlled con-
ditions, LWW (4) increased steadily until leaf rank 0,
reflecting the progressive increase in the amount of vacu-
olar water with aging. An unexpected result was that for
the positive leaf ranks associated with the four oldest
leaves, LWW (4 + 5) corresponding to vacuolar water
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content (¢) during leaf development according to the NMR split
scale. The results of the field experiment are compared with the
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Botanical Studies 2016, 57; acknowledgment to Springer; [8]—Sorin
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less than tree measurements were available for analysis
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decreased in the field experiment in contrast to the data
reported in [7, 8].

Physiological characterization of leaf development
Changes in physiological traits during leaf development
were described through general parameters (Fig. 5)
i.e. chlorophyll content, dry weight and water content.
These data, like those presented in Fig. 4 are presented
according to the NMR split scale and compared with
data obtained on plants grown in controlled environ-
ment conditions extracted from [7, 8]. The chlorophyll
content measured in the field was at its maximum value
from leaf rank —13 to —4 and decreased markedly from
leaf rank —2 (Fig. 5a) to a very low value for the oldest
leaves. These results show that our study was performed
on a large panel representing a relatively wide range of
young, mature and senescent leaves. In controlled con-
ditions, the same general trend was observed. However,
the curve representing chlorophyll content measured
on non-vernalized plants [8] started to decrease for LR
1, which corresponded to older leaves, compared to the
curves obtained on vernalized plants independently
of the trial. In field conditions, the dry weight (Fig. 5b)
increased slightly from leaf rank —15 to —2, reflecting
the production of biomass associated with leaf growth.
It then dropped from leaf rank —1, reflecting the loss of
about 75% of leaf biomass explained by major remobiliza-
tion at leaf senescence. This was consistent with the data
obtained in controlled conditions [7, 8]. Note that in non-
vernalized plants, specific dry weight had lower values
than in vernalized plants. In field conditions, leaf water
content increased slightly from the youngest leaves to
leaf rank —3, indicating that leaf tissue was able to main-
tain cell homeostasis. From leaf rank —4, the loss of dry
matter was more marked than that of water, resulting in
an increase in water content. The same general trend was
observed in controlled conditions, although the water
content was systematically lower in the vernalized plants
grown under controlled conditions.

General discussion
NMR as a phenotyping tool in field conditions
The results of the present study show that a mobile NMR
lab makes it possible to successfully perform outdoor
NMR measurements under controlled conditions usually
obtained in the laboratory that ensure optimum meas-
urement accuracy. Using this approach, it was possible to
compare the NMR signal from plants grown under well-
controlled conditions (growth cabinet) with the signal
from the plants grown in the field.

The trend in the transverse relaxation times associated
with vacuolar water revealing changes in leaf structure
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during senescence was very similar to that previously
measured on plants grown under controlled conditions.
This shows that, despite the great variability of the envi-
ronmental factors during plant growth and through-
out the canopy (marked variations in temperature and
humidity, light exposure, wind, etc.), the NMR method
can provide robust indicators of the leaf development
stage of plants grown in the field. The results of the pre-
sent outdoor study, confirmed previous data [7-9] show-
ing that enlargement of palisade cells reflected by the
signal split correspond to a rather late leaf senescence
event in oilseed rape leaves. However, the present study
using data collected from a wider range of leaf ranks also
demonstrated that structural changes were initiated very
early in mature leaves. Indeed, the physiological process
at the origin of this late event (split of the NMR compo-
nent corresponding to the vacuolar water) highlighted by
a continuous increase in the T, value of the longest com-
ponent corresponding to vacuolar water appears to have
been initiated while the chlorophyll and dry matter con-
tent were still high.

Within the common framework of changes in relaxa-
tion times, some differences in the NMR param-
eters measured on plants grown under different
conditions were observed and are discussed in the fol-
lowing paragraph.

Impact of the environmental conditions on leaf
development

As mentioned above, some differences were observed
in the NMR parameters measured on plants grown
under different conditions (Fig. 4a, b). These differ-
ences revealed modifications in leaf development pat-
tern caused by heterogeneous climate conditions with
marked and abrupt changes in temperature and/or
humidity. Although the T, of the signal component asso-
ciated with vacuolar water before the split (leaf rank 0)
was very similar, a difference was observed in the leaf
ranks at which the maximum rate of the increase in the
T, value occurred. This indicated that changes in the
vacuolar volume associated with the T,(5) increase [8]
were precocious in field plants. This is in accordance with
the measurements of chlorophyll content (Fig. 5a) and is
probably explained by more marked changes in environ-
mental conditions during leaf development.

The environment perceived by plants has an effect on
the progress of leaf senescence but not necessarily on the
onset of senescence [31]. It is well known that several fac-
tors, including an unbalanced sink-source ratio, may ini-
tiate leaf senescence. For instance, in the case of a high
source-sink ratio and photoassimilates, inhibition of feed-
back by photosynthesis may trigger senescence, whereas
in opposite high sink activity may trigger leaf senescence
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through the remobilization of nutrients (mainly nitrogen)
[32]. The effect of N status on the induction of senescence
may also be driven by plant archichecture and the quantity
and quality of light that reaches the leaf [33]. In sunflower,
it has been reported that nitrogen export is promoted by a
low red/infra-red ratio rather than by the amount of light
[34]. Nevertheless, in the present study, it seems that the
main discriminating factor at the origin of the differences
observed in the senescence patterns described by NMR
signal components corresponding to the vacuolar water
and other parameters was the vernalization process and
the physiological status of plants and not to the hetero-
geneous conditions prevailing in the field experiment (in
contrast to the homogenous conditions in the growth
cabinet). The role of vernalization in the regulation of
leaf senescence has been reviewed in [35]. Cold tempera-
tures can affect both plant development and leaf senes-
cence [36]. Vernalization has an impact through different
mechanisms. While infertility increases the life span of
the whole plant through the production of additional
young leaves [37], as was the case in the non-vernalized
plants analyzed in [8], the vernalization process initiates
the development of the new reproductive organ with high
sink activity. It has also been reported that leaf senescence
may speed up with flowering [38]. In the present study,
measurements were made at the stem elongation stage
during which the process of nutrient remobilization from
the old leaves was emphasized. Finally, it should be noted
that, in the experiment corresponding to the non-vernal-
ized plants [8], the nutritive solution was supplied twice
a week, while in the case of the vernalized plants ([7] and
the present study) N was supplied according to the plant
development. In both cases, the plants were grown under
optimum nutrient conditions but in the case of the vernal-
ized plants, the level of the available nutrients in the soil
was irregular.

The young leaves from the vernalized plants (present
experiment and [7]) were characterized by higher dry
weight than those of the non-vernalized plants [8]. This
is probably due to a more active cell division induced by
cold stress [39] associated with a higher number of cell
layers. However, the dry mass decreased markedly in
senescing leaves sampled on vernalized plants, whereas
the decrease was minor in leaves taken from non-vernal-
ized plants. This phenomenon has been explained by the
appearance of large intercellular grass-filled spaces and a
resulting decrease in the number of cells [7]. This means
that although senescence is characterized by an increase
in vacuole volume [7-9] reflected by an increase in water
content and in T, the total amount of the vacuolar water
expressed by LWW (4 + 5) decreased in senescing leaves.

Concerning the NMR signal components correspond-
ing to water in cell compartments other than vacuoles
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(T, range up to 30 ms), very similar results were obtained
in the field experiment and in the experiments conducted
under controlled conditions in about 50% of the leaves
analyzed. In the remaining leaves, the number of compo-
nents detected in this T, range was one or three, instead
of two components as expected from [7, 8]. Consider-
ing that in all cases, the sum of the intensities of all these
components (one, two or three) represented appromi-
mately the same percentage of the total signal for a given
leaf rank, it can be assumed that these T, peaks corre-
sponded to the same water pools (apoplastic water and
water inside starch granules and chlorophyll) as proposed
in [8]. However, due to the heterogeneous environmen-
tal factors (for example, the amount of light received by
the leaves), it was not possible to distinguish the corre-
sponding water pools according to their T, values in all
cases. It will be interesting to clarify this point in further
experiments, although this is not crucial for the purpose
of phenotyping.

Considering a negative shift of five leaf ranks for the
chlorophyll content curve (Fig. 5a) corresponding to the
non-vernalized plants, a perfect match was observed
in the three sets of data. It would be therefore possible
to argue that structural changes associated with senes-
cence occur earlier in non-vernalized plants. This can be
explained by the fact that, as mentioned above, leaf tis-
sues of non-vernalized plants had fewer cell layers and a
thinner cuticle. For this reason, it is possible to conclude
that (1) structural changes occurring in the leaf through-
out the canopy are a constant feature in the development
of the leaf in oilseed rape independently of environmen-
tal and growing conditions, (2) it is possible to monitor
these structural changes with NMR relaxometry in the
field as in a controlled environment, but (3) the NMR
split scale should only be used for comparison within a
set of measurements made in the same set of growing
conditions.

NMR experiment in outdoor conditions

Until now, only a few mobile NMR [14] and MRI [27-29]
systems have been used to investigate plants in their nat-
ural (outdoor) environment. Although the constraints of
NMR and MRI approaches are not exactly the same, both
techniques have to deal with the effects of the environ-
mental conditions on the NMR/MRI devices. All outdoor
measurements were performed with permanent mag-
nets that are the best suited for mobile devices but have
the disadvantage of being very sensitive to variations in
temperature. In the first instance, the temperature drift
of the magnetic field is limited by thermal insulation of
the magnet [27, 28] and is generally further compen-
sated by using the field frequency lock approach. How-
ever, because changes in air temperature in outdoor

Page 9 of 11

environments are usually much larger than in standard
laboratories, shifts in temperature can be a major prob-
lem in outdoor measurements [26]. Another problem
with outdoor measurements is the role of the tempera-
ture variations in the NMR signal. In plant tissues, the
dependence of the distribution of water proton trans-
verse relaxation times on temperature is complex, as
several contributions may overlap [40]. Indeed, the tem-
perature affects molecular mobility and the diffusive
exchange of water between the subcellular compartments
(diffusion coefficients and membrane permeability). As
a result, both T, and peak amplitudes change with tem-
peraure, and are thus a possible source of interpretation
errors.

Malone et al. [24] isolated the variation in the signal
due to biological factors from that due to changes in the
temperature of the detector. These authors characterized
the sensitivity of their system to temperature and built a
model that accounted for the particular linear depend-
ence of the detector circuitry on temperature for the pre-
diction of the variation in the NMR signal. The method
was shown to be effective in a greenhouse experiment in
which the average daily temperature variation was 10 K,
with an average daily high near 305 K. However it should
be tested for higher temperature variations before the
method is used in outdoor conditions. The temperature
stability of the samples is also critical for measurements
of relaxation times as both signal ampliture and relaxa-
tion times depend to a great extent on temperature. This
issue has been addressed in only a limited number of
studies. Windt et al. [17] addressed a problem of varia-
tions in the temperatures of the sample and of the spec-
trometer by continuously monitoring the temperature of
the tree stem in the NMR device and the temperature of
the spectrometer. They observed slight differences in the
amplitude of the NMR signal, which they attributed to
variations in the temperature of the object (due to a shift
in the Boltzmann equilibrium) and temperature-induced
differences in the signal amplification factor of the spec-
trometer. A temperature correction factor was applied
to compensate for these differences. Another possible
approach is to equip the NMR device with a temperature
control device for a sample. Anferova et al. [41] devel-
oped two different types of mobile temperature control
units compatible with the NMR-MOUSE for analysis
of rubber by transverse NMR relaxation. For this appli-
cation, stable temperatures of the samples were criti-
cal, and temperature stability of better than 0.5 °C was
needed for good reproducibility of measurements. The
use of the device developed and tested here extends the
range of possible investigations with the NMR-MOUSE
to samples in environments with marked variations in
temperature.
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In the present study, the effects of the environmen-
tal conditions on both the device and the sample were
controlled. The operating temperature of the benchtop
NMR device magnet was maintained through a mag-
net heating system. The stable temperature of the sam-
ple was ensured by a variable temperature control units
within 0.1 °C. The NMR mobile laboratory therefore
made it possible to perform measurements in exactly the
same controlled conditions throughout the experiment,
despite the fact the measurements were performed in an
environment with no temperature regulation.

As described in “Methods’; after the NMR experiment,
the samples were transferred to the laboratory for the deter-
mination of water content and dry weight of leaves. These
measurements were not possible in the field, as weighing
the samples requires a precision balance, which was shown
to be sensitive to transport. However, by measuring the
free induction decay (FID) signal in addition to the CPMG
curve, it is possible to descriminate between water and dry
matter and to use the relationship established in [9] to esti-
mate the water content and dry mass of the leaf samples.
This would make it possible to overcome the difficulty of
using a balance in the field in further experiments.

Conclusion

The mobile NMR laboratory developed in this study was
shown to be able to perform accurate outdoor charac-
terization of oilseed rape leaves throughout the canopy.
The approach used enabled in situ assessment of physio-
logical status of leaves from plants grown in their natural
environment without disturbing the plants themselves.
The study enabled the comparison between the patterns
of NMR signal evolution from plants grown under well-
controlled conditions and plants grown in the field. The
method described here provides new opportunities for
fine phenotyping and monitoring of plant development
in the natural environment. It can be used for the selec-
tion of oilseed rape genotypes with high tolerance to
water or nitrogen depletion. Future investigations should
extend the method to other crops.

Authors’ contributions

All the authors cooperated on all the experiments reported in this article
and participated in the data analyses. All authors read and approved the final
manuscript..

Author details

TIRSTEA, OPAALE, 17, avenue de Cucillé, 35044 Rennes Cedex, France.

2 Université Bretagne Loire, Rennes, France. * INRA, UMR 1349 IGEPP-Institut
de Génétique, Environnement et Protection des Plantes, UMR INRA — Agro-

campus Ouest-Université de Rennes 1, Domaine de la Motte, 35653 Le Rheu
Cedex, France.

Acknowledgements

This work was supported by the program “Investments for the Future” (Project
ANR-11-BTBR-0004 "RAPSODYN"). We are most grateful to the PRISM core
facility (Rennes, France) for access to the facilities, the Genetic Resources Center

Page 10 of 11

(Bracy Sol, BRC, UMR IGEPP, INRA Ploudaniel, France) for providing the seeds of
the Aviso variety and the Experimental Unit of “La Motte” INRA Le Rheu, France)
for the trial setup and management. We thank Francoise LE CAHEREC, Marie-
Francoise NIOGRET, Carole DELEU, Nathalie NESI, Anne LAPERCHE and Christine
BISSUEL (IGEPP) for setting up the field experiment and for cooperation on this
study. We also thank Michel Loubat and Yves Diascorn (IRSTEA) for the technical
assistance in setting up the mobile NMR lab and Patrick Leconte, Elise Alix and
Bernard Moulin (IGEPP) for technical support in plant management.

Competing interests
The authors declare that they have no competing interests

Availability of data and materials
All data generated or analyzed during this study are included in this published
article [and its supplementary information files].

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 23 May 2017 Accepted: 20 June 2017
Published online: 28 June 2017

References

1. Gitelson AA, Gritz Y, Merzlyak MN. Relationships between leaf chlo-
rophyll content and spectral reflectance and algorithms for non-
destructive chlorophyll assessment in higher plant leaves. J Plant Physiol.
2003;160:271-82.

2. Gironde A, Poret M, Etienne P, Trouverie J, Bouchereau A, Caherec F,
Leport L, Orsel M, Niogret M-F, Deleu C, Avice JC. A profiling approach of
the natural variability of foliar N remobilization at the rosette stage gives
clues to understand the limiting processes involved in the low N use
efficiency of winter oilseed rape. J Exp Bot. 2015,;66:2461-73.

3. Jullien A, Mathieu A, Allirand JM, Pinet A, de Reffye P, Cournede PH,

Ney B. Characterization of the interactions between architecture and
source—sink relationships in winter oilseed rape (Brassica napus) using the
Greenlab model. Ann Bot. 2011;107:765-79.

4. Agati G, Foschi L, Grossi N, Volterrani M. In field non-invasive sensing
of the nitrogen status in hybrid bermudagrass (Cynodon dactylon x C.
transvaalensis Burtt Davy) by a fluorescence-based method. Eur J Agron.
2015;63:89-96.

5. Pfuendel EE, Ben Ghozlen N, Meyer S, Cerovic ZG. Investigating UV
screening in leaves by two different types of portable UV fluorimeters
reveals in vivo screening by anthocyanins and carotenoids. Photosynth
Res. 2007;93:205-21.

6. EvansT, Song J, Jameson PE. Micro-scale chlorophyll analysis and
developmental expression of a cytokinin oxidase/dehydrogenase
gene during leaf development and senescence. Plant Growth Regul.
2012;66:95-9.

7. Sorin C, Leport L, Cambert M, Bouchereau A, Mariette F, Musse M.
Nitrogen deficiency impacts on leaf cell and tissue structure with conse-
quences for senescence associated processes in Brassica napus. Bot Stud.
2016,57:1-14.

8. Sorin C, Musse M, Mariette F, Bouchereau A, Leport L. Assessment of
nutrient remobilization through structural changes of palisade and
spongy parenchyma in oilseed rape leaves during senescence. Planta.
2015;241:333-46.

9. Musse M, De Fransceschi L, Cambert M, Sorin C, Lecaherec F, Burel A,
Bouchereau A, Mariette F, Leport L. Structural changes in senescing
oilseed rape leaves at tissue and subcellular levels monitored by nuclear
magnetic resonance relaxometry through water status. Plant Physiol.
2013;163:392-426.

10. Van As H. Intact plant MRI for the study of cell water relations, membrane
permeability, cell-to-cell and long distance water transport. J Exp Bot.
2007;58:743-56.

11. Eidmann G, Savelsberg R, Blimler P, Blimich B. The NMR MOUSE, a
mobile universal surface explorer. J Magn Reson Ser A. 1996;122:104-9.



Musse et al. Plant Methods (2017) 13:53

20.

21

22.

23.

24,

25.

26.

Blumich B, Casanova F, Dabrowski M, Danieli E, Evertz L, Haber A, Van
Landeghem M, Haber-Pohlmeier S, Olaru A, Perlo J, Sucre O. Small-scale
instrumentation for nuclear magnetic resonance of porous media. New J
Phys. 2011;13:015003.

DiTullio V, Capitani D, Atrei A, Benetti F, Perra G, Presciutti F, Proietti N,
Marchettini N. Advanced NMR methodologies and micro-analytical
techniques to investigate the stratigraphy and materials of 14th century
Sienese wooden paintings. Microchem J. 2016;125:208-18.

Capitani D, Brilli F, Mannina L, Proietti N, Loreto F. In situ investigation of
leaf water status by portable unilateral nuclear magnetic resonance. Plant
Physiol. 2009;149:1638-47.

. Casieri C, Senni L, Romagnoli M, Santamaria U, De Luca F. Determina-

tion of moisture fraction in wood by mobile NMR device. J Magn Reson.
2004;171:364-72.

Windt CW, Soltner H, Dusschoten DV, Blimler P. A portable Halbach
magnet that can be opened and closed without force: the NMR-CUFF. J
Magn Reson. 2011;208:27-33.

Windt CW, Blumler P. A portable NMR sensor to measure dynamic
changes in the amount of water in living stems or fruit and its potential
to measure sap flow. Tree Physiol. 2015;35:366-75.

Van As H, Reinders JEA, De Jager PA, Van de Sanden PACM, Schaafsma TJ.
In situ plant water balance studies using a portable NMR spectrometer. J
Exp Bot. 1994;45:61-7.

Scheenen TWJ, Vergeldt FJ, Heemskerk AM, Van As H. Intact plant mag-
netic resonance imaging to study dynamics in long-distance sap flow
and flow-conducting surface area. Plant Physiol. 2007;144:1157-65.
Windt CW, Vergeldt FJ, De Jager PA, Van As H. MRI of long-distance water
transport: a comparison of the phloem and xylem flow characteristics
and dynamics in poplar, castor bean, tomato and tobacco. Plant Cell
Environ. 2006;29:1715-29.

Oligschldager D, Rehorn C, Lehmkuhl S, Adams M, Adams A, Blimich B. A
size-adjustable radiofrequency coil for investigating plants in a Halbach
magnet. J Magn Reson. 2017;278:80-7.

Yoder J, Malone MW, Espy MA, Sevanto S. Low-field nuclear magnetic
resonance for the in vivo study of water content in trees. Rev Sci Instrum.
2014;85:095110.

Rokitta M, Rommel E, Zimmermann U, Haase A. Portable nuclear mag-
netic resonance imaging system. Rev Sci Instrum. 2000;71:4257-62.
Malone MW, Yoder J, Hunter JF, Espy MA, Dickman LT, Nelson RO, Vogel
SC, Sandin HJ, Sevanto S. In vivo observation of tree drought response
with low-field NMR and neutron imaging. Front Plant Sci. 2016;7:564.
Okada F, Handa S, Tomiha S, Ohya K, Kose K, Haishi T, Utsuzawa S, Togashi
K. Development of a portable MRI for outdoor measurements of plants. In
6th Colloguium on mobile magnetic resonance, Aachen, Germany; 2006.
KimuraT, Geya Y, Terada Y, Kose K, Haishi T, Gemma H, Sekozawa Y. Devel-
opment of a mobile magnetic resonance imaging system for outdoor
tree measurements. Rev. Sci. Instrum. 2011,82:053704.

27.

28.

29.

32.

33

34.

35.

36.

37.

38.

39.

40.

Page 11 of 11

Jones M, Aptaker PS, Cox J, Gardiner BA, McDonald PJ. A transportable
magnetic resonance imaging system for in situ measurements of living
trees: the tree hugger. J Magn Reson. 2012;218:133-40.

Geya Y, Kimura T, Fujisaki H, Terada Y, Kose K, Haishi T, Gemma H, Seko-
zawa Y. Longitudinal NMR parameter measurements of Japanese pear
fruit during the growing process using a mobile magnetic resonance
imaging system. J Magn Reson. 2013;226:45-51.

Nagata A, Kose K, Terada Y. Development of an outdoor MRI system for
measuring flow in a living tree. J Magn Reson. 2016;265:129-38.

. Mariette F, Guillement J, Tellier C, Marchal P. Continuous relaxation

time distribution decomposition by MEM. Data Handl Sci Technol.
1996;18:218-34.

. Borras L, Maddonni GA, Otegui ME. Leaf senescence in maize hybrids:

plant population, row spacing and kernel set effects. Field Crops Res.
2003;82:13-26.

Rajcan |, Tollenaar M. Source: sink ratio and leaf senescence in maize: I.
Dry matter accumulation and partitioning during grain filling. Field Crops
Res. 1999,60:245-53.

Drouet JL, Bonhomme R. Do variations in local leaf irradiance explain
changes to leaf nitrogen within row maize canopies? Ann Bot. 1999,84:61-9.
Rousseaux MC, Hall AJ, Sanchez RA. Light environment, nitrogen content,
and carbon balance of basal leaves of sunflower canopies. Crop Sci.
1999;39:1093-100.

Wingler A. Interactions between flowering and senescence regulation
and the influence of low temperature in Arabidopsis and crop plants.
Ann Appl Biol. 2011;159:320-38.

Masclaux-Daubresse C, Purdy S, Lemaitre T, Pourtau N, Taconnat L, Renou
JP, Wingler A. Genetic variation suggests interaction between cold
acclimation and metabolic regulation of leaf senescence. Plant Physiol.
2007;143:434-46.

Nooden LD, Penney JP. Correlative controls of senescence and plant
death in Arabidopsis thaliana (Brassicaceae). J Exp Bot. 2001;52:2151-9.
Lacerenza JA, Parrott DL, Fischer AM. A major grain protein content locus
on barley (Hordeum vulgare L) chromosome 6 influences flowering time
and sequential leaf senescence. J Exp Bot. 2010;61:3137-49.
Manupeerapan T, Davidson J, Pearson C, Christian K. Differences in flow-
ering responses of wheat to temperature and photoperiod. Crop Pasture
Sci. 1992;43:575-84.

Hills BP, Lefloch G. NMR-studies of non-freezing water in cellular plant-
tissue. Food Chem. 1994:51:331-6.

. Anferova S, Anferov V, Adams M, Fechete R, Schroeder G, Blumich B.

Thermo-oxidative aging of elastomers: a temperature control unit for
operation with the NMR-MOUSE. Appl Magn Reson. 2004,27:361-70.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	A mobile NMR lab for leaf phenotyping in the field
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	NMR relaxometry
	Instrumental setup
	Transverse relaxation signal acquisition and analysis

	Plant material
	Indicators of leaf physiological status
	Chlorophyll content
	Water content

	Comparison of the outdoor and laboratory NMR measurements

	Results
	NMR field measurements
	Physiological characterization of leaf development

	General discussion
	NMR as a phenotyping tool in field conditions
	Impact of the environmental conditions on leaf development
	NMR experiment in outdoor conditions

	Conclusion
	Authors’ contributions
	References




