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Abstract

The leaf hydraulic architecture is a key determinant of plant sap transport and plant-atmosphere
exchange processes. Non-destructive imaging with neutrons shows large potential for unveiling the
complex internal features of the venation network and the transport therein. However, it was only
used for two-dimensional imaging without addressing flow dynamics, and was still unsuccessful in
accurate quantification of the amount of water. Quantitative neutron imaging was used to
investigate, for the first time, the water distribution in veins and lamina, the three-dimensional
venation architecture and sap flow dynamics in leaves. The latter was visualised using D,0O as a
contrast liquid. A high dynamic resolution was obtained by using cold neutrons and imaging relied
on radiography (2D) as well as tomography (3D). The principle of the technique was shown for
detached leaves, but can be applied to in-vivo leaves as well. The venation network architecture and
the water distribution in the veins and lamina unveiled clear differences between plant species. The
leaf water content could be successfully quantified, though still included the contribution of
hydrogen in the leaf dry matter. The flow measurements exposed the hierarchical structure of the
water transport pathways and accurate quantification of the absolute amount of water uptake in the
leaf was possible. Particular advantages of neutron imaging, as compared to X-ray imaging, were
identified. Quantitative neutron imaging is a promising technique to investigate leaf water flow and
transpiration in real time and has perspectives towards studies of plant response to environmental

conditions and plant water stress.
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INTRODUCTION
Leaves play a key role in water transport within plants, as the majority of the plant water loss occurs

by transpiration via the leaves (Nobel 2005, Jasechko et al. 2013). Leaves are also critical
determinants of the earth biosphere, as they are considered the most important moisture sources in
the plant canopy (Schuepp 1993). Sap transport in these plant organs and their exchange with the
environment is, however, still not fully understood (Sack et al. 2004; Bauerle & Bowden 2011a,b)
and is inherently related to the hydraulic architecture of the leaf’s sap transport network. The leaf
venation system can be considered as a hydraulic network of leaky conduits which has two main
functions (Roth-Nebelsick et al. 2001; Zwieniecki et al. 2002), namely mechanical support of the
lamina and transport of substances, i.e., of water and solutes to the entire leaf via the xylem, and of
water and solutes plus photo-assimilates to other plant organs via the phloem. A large diversity in
leaf venation patterns exists between plant species and the relation between the specific venation
architecture and the leaf functional properties is not yet fully understood (Roth-Nebelsick et al.
2001). Knowledge of the leaf venation architecture and water distribution in the lamina, as well as
of dynamic sap transport in leaves is thus imperative for a better understanding of plant structure-
function relationships and plant growth (Brodribb et al. 2007 2010; Kholova et al. 2010) but also
plant response to environmental changes (Bauerle et al. 2009; Rogiers et al. 2009). Such knowledge
would also contribute to our understanding of leaf transpiration kinetics and plant water stress, the

latter being one of the main abiotic factors limiting crop yield (Lambers et al. 2008).

Insight in the leaf hydraulic system and its sap flow dynamics has been obtained using several
experimental techniques. The leaf venation structure was often studied destructively (see Pérez-
Harguindeguy et al. 2013), but has also been imaged in a non-destructive way with microscopy
(Rolland-Lagan et al. 2009; Dhondt et al. 2012) and with X-ray radiography (Wing 1992; Blonder
et al. 2012), amongst others. The hydraulic resistance of different components in the venation
system has been quantified destructively, to identify the venation hierarchy (Zwieniecki et al. 2002;
Sack et al. 2004). Sap flow in leaves has been investigated in real-time with non-destructive
techniques such as dye infiltration (Altus & Canny 1985; Jeje 1985) and X-ray radiography (Lee &
Kim 2008; Kim & Lee 2010), which allowed determination of flow velocities. Magnetic resonance
imaging (MRI) was applied for flow in shoots (Windt et al. 2006; Kaufmann et al. 2009), but this
technique also shows perspectives for real-time flow measurements in leaves (van As et al. 2009),
as was recently explored (Sardans et al. 2010). The high spatial (700 nm, Verboven et al. 2008; 400
nm, Dhondt et al., 2010; 1660 nm, Blonder et al., 2012) and temporal resolution (exposure time

down to 450 ms; Blonder et al., 2012) of (micro) X-ray imaging make it particularly suitable for
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studies on a small scale and involving fast phenomena, such as xylem vessel refilling (Kim & Lee,
2010). X-ray imaging however has a relatively low sensitivity and contrast with respect to water.
MRI on the other hand provides a higher sensitivity to water, but has a much lower spatial and

temporal resolution (~ 30-40 um, ~ 15-30 min; van As et al. 2009).

A promising alternative to visualise but especially quantify water distribution within leaves (veins
and lamina), to identify water transport pathways and thus the hierarchy of the venation network
and to investigate real-time water transport within leaves is neutron imaging. Despite its potential,
this non-destructive technique however remained virtually unexplored for these purposes, as
detailed further below. Although its spatial and temporal resolution are lower (spatial: tens of
microns, Anderson et al. 2009; temporal: tens of seconds in the present study) than X-ray imaging
(e.g. > 100 nm, Verboven et al. 2008), neutron imaging provides a higher dynamic resolution with
respect to water (i.e., the number of grey scales, thus the maximum achievable contrast): the
neutron beam is attenuated significantly by the hydrogen in water (Anderson et al. 2009). This
implies a strong reduction of the beam intensity when passing through water-containing materials
by both neutron scattering and absorption, whereas X-rays are attenuated due to their interaction
with the electrons in the atoms, of which water only has a few. As such, neutron imaging is a very
suitable technique to visualise and also quantify water in biological tissues, such as plant organs or
fruits, since they are predominantly composed of water (e.g., Defraeye et al. 2013): leaves typically
contain mostly water (~ 70-95% in mass) but also air (~ 30% in volume) and leaf tissue material
(Nobel 2005; Lambers et al. 2008). With neutron imaging, the amount of water in the sample can be
quantified almost directly from the radiograms, after some minor corrections, which is often not that
straightforward for X-ray imaging and MRI. In particular cold neutrons provide a higher contrast,
compared to thermal neutrons, since they have a lower energy level and thereby they induce more
beam attenuation (absorption and scattering) within the sample as the attenuation increases with
decreasing energy level of the beam. The resulting higher sensitivity for hydrogen is especially
beneficial for thin samples such as leaves, which typically have thicknesses of a few hundred um
(Nobel 2005). Furthermore, cold neutrons also allow the use of thinner scintillators, which enhances

spatial resolution.

The use of neutron imaging to study water distribution within leaves, the venation network and real-
time water transport within leaves needs to be explored more in detail to evaluate to what extent it
could be an alternative non-destructive imaging technique for these purposes, compared to X-ray

imaging and MRI. Neutron radiography and tomography have already been used to investigate the
5
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water distribution or transport in plant organs such as roots (Carminati et al. 2010; Esser et al. 2010;
Moradi et al. 2011), flower peduncles (Matsushima et al. 2009), seeds (Cleveland et al. 2008) and
fruit tissue (Defraeye et al. 2013). Radiography implies that a neutron beam is sent through the plant
organ after which its projection is captured by a detector. As a certain amount of the radiation is
absorbed and scattered by the material, which is called beam attenuation, contrast appears in the 2D
image. A tomography is obtained by taking multiple radiograms at different angles, by rotating the
sample, after which this image information is reconstructed to obtain a 3D representation of the
object. For leaves, neutron radiography has been applied to estimate changes in leaf water content
during dehydration (Matsushima et al. 2005a), to visualise the damage to leaves by vacuum cooling
(Kawabata et al. 2005) and to estimate the amount of water in leaves (Matsushima et al. 2005b).

Regarding this previous neutron imaging research on leaves, only neutron radiography was used for
leaves, whereas tomography would reveal much more details on the water distribution in both veins
and lamina and on the venation architecture. Also, a quantification of the water content in leaves
was not yet successful (Matsushima et al. 2005b), mainly due to neutron scattering effects within
the sample. By applying appropriate corrections, amongst others for scattering, it was recently
shown that accurate quantitative analysis is possible with neutron imaging (Hassanein et al. 2005,
not for leaves), with errors in water thickness below 5%. Such a quantification would shed more
light on the water distribution within leaves, particularly on differences between veins and lamina.
Furthermore, the potential of non-destructive imaging techniques (e.g., X-ray) for the real-time
analysis of water transport processes in leaves, by uptake of contrast liquids, has recently been
brought up (Blonder et al. 2012), but was only explored for single xylem vessels without contrast
agents (Kim & Lee 2010) and not yet for an entire leaf. Neutron imaging is a viable alternative to
study real-time water transport in leaves, by using heavy water (D,0) as a contrast liquid tracer, as

deuterium attenuates the neutron beam much less than hydrogen.

In this article we evaluate if neutron imaging can successfully be used to image and quantify the
water distribution in the lamina and venation network, as well as the flow dynamics in leaves non-
destructively and real-time, both in 2D and 3D. For this purpose, quantitative neutron imaging is
applied to leaves of apple tree and tomato plant, because they are important tree crops and
horticultural crops, respectively. Neutron tomography is used, for the first time, to unveil the water

distribution in both types of leaves, in the lamina as well as the venation network, including the leaf
6
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petiole. The accuracy of the leaf water content quantification, from neutron radiograms, is evaluated
by comparison with gravimetric measurements. Furthermore, neutron radiography of D,0O uptake in
these leaves is successfully used to study the sap flow dynamics in real-time and to quantify the
water loss from the leaf, induced by transpiration. Such dynamic experiments have not been
performed to date but open up perspectives towards the study of influence factors of plant water
stress and leaf response to environmental changes. Finally, the advantages and limitations of the
technique are discussed and compared to X-ray imaging and MRI, and focus points for future

research and refinement of the technique are given.

MATERIALS AND METHODS

Materials

Leaves of two kinds of plant species were used, namely apple (Malus domestica Borkh., cv.
Ballerina) and tomato (Lycopersicon esculentum Mill., cv. Grandella). Plants were transported to
the neutron imaging facility and individual leaves were cut from the plants right before the
experiments started. This cutting could induce some embolism in the xylem to some extent, which
will be avoided in future experiments by cutting under water. The experiments were performed on
September 17 - 19 2012. Two types of imaging experiments were performed, namely tomography
of a leaf (TOMO) and radiography of liquid uptake by a leaf, by using D,0 as a tracer (RAD,0).
D,0 is a good contrast liquid for neutron imaging, since it attenuates neutrons much less than H,O,
implying more transmission of the neutron beam, and it can successfully be transported into
biological materials (Matsushima et al. 2009). For the tomography experiments, larger leaves were
used (ca. 5 cm) than for the radiography experiments (ca. 2.5 cm) since for the latter the field of
view was taken smaller to have a higher resolution. Performing a tomography at such high

resolution was not feasible due to the much longer acquisition time required.

Neutron imaging facility

The beamline for Imaging with COld Neutrons (ICON, www.psi.ch/sing/icon/) of the Swiss
spallation neutron source (SINQ) at the Paul Scherrer Institute (PSI, Villigen, Switzerland) was
used for the experiments. This beamline relies on a cold neutron beam, on which more details can
be found in Kaestner et al. (2011a). Fig. 1 shows a schematic overview of the beamline with the test
setup. The detector consists of a scintillator-CCD camera system with a total field of view of 96 x
113 mm? (for TOMO) and 28 x 28 mm? (for RAD,0). The scintillator, made of 50 um (for TOMO)

or 20 um (for RAD-0) thick zinc sulfide doped with 6Li as the neutron absorbing agent, converts
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the transmitted neutron beam signal into visible light photons. The photons are then led via a mirror
onto a cooled 16-bit CCD camera (TOMO: 2160 x 2560 pixels, RAD,0: 2048 x 2048 pixels). For
the RAD,0 experiments, two by two binning of the pixels was applied, resulting in 1024 x 1024
binned pixels, since the physical achievable resolution due to focussing and the scintillator was
lower (~ 30 pm) than the maximal attainable pixel resolution of the camera (13.5 um). As such,
imaging at this high resolution was unfounded. For tomography, a larger field of view was chosen
to limit scanning times to about two hours. The attained spatial (pixel) resolution was 44 pm
(TOMO) and 27 um (RAD-0), which is close to the current lower limit for neutron imaging
(Anderson et al. 2009). The amount of reactor facilities which produce neutrons is limited.
Beamtime can be bought or granted after submitting a project application. In case of the latter, the

granted beamtime is typically a few days. Three days were granted in the present study.

Neutron experiments

Two test setups were designed (Supplemental Fig. S1). For the tomography experiments (TOMO),
a leaf was mounted between two aluminium plates, which were sealed at the edges with aluminium
tape to reduce dehydration during scanning. For the D,O uptake experiments (RAD,0), a leaf was
carefully fixed on an aluminium plate with aluminium tape at its edges (with petiole downwards).
The petiole was placed in a small container filled with D,O. To enhance the D,0 uptake thus water
loss, the abaxial side, with a higher stomatal density, was exposed to the air and photosynthesis was
enhanced by illumination with a small halogen light. The light was at more than a meter distance
from the leaf. For the tomato leaf, the light was only switched on one hour after the start of the
experiment. To verify the possible toxicity of D,O for the plant leaf, we placed a leaf for a
prolonged time in both D,O and water. The absence of visual differences between both leaves (e.g.

no faster wilting) serves as a first indication that the toxicity of D,O was limited.

Leaves, including full petioles, were cut from the plant and were mounted on the respective setups
(Supplemental Fig. S1). The time interval between removing the leaves from the plant and the first
neutron radiogram was about ten minutes, including the time required to securely close the
beamline. For the TOMO experiments, three tomato leaves and two apple leaves were scanned,
where 226 radiograms were taken (exposure time 20s) over a total range of 180°, which took about
two hours for each leaf. For the RAD,O experiments, only one leaf of each species was evaluated.
No repetitions were performed here due to the long duration of the RAD,O experiments and since
the beamtime at the neutron facility was limited (three days). Here, a reference neutron radiogram

of the leaf was taken after mounting, i.e., at its initial state, and the subsequent radiograms were
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acquired at a time interval of less than one minute (exposure time 30s). The RAD,0 experiment
was performed for about five hours for the tomato leaf and eight hours for the apple leaf.

The conditions of the air in the ICON beamline varied to some extent with time but were quite
stable over one experiment. For the TOMO experiments, the mean temperature was 25.8°C
(standard deviation = 0.6°C) and the mean relative humidity was 40% (standard deviation of 2%).
For the RAD,0 experiments, the mean temperature was 26.2°C (standard deviation of 0.3°C) and
the mean relative humidity was 37% (standard deviation = 6%). For the TOMO experiments, the
mass of the leaves was measured before mounting (initial mass mo, kg), after the measurements (m,
kg) and after oven drying the sample (at 60°C) until it was completely dry (mg, kg). The mass loss
during scanning and the initial mass of water in the leaf (m,, o, kg) were then determined. The latter
was used for comparison with the initial mass of water predicted from the neutron radiograms (see
next section below). Gravimetric measurements were not performed for the RAD,0O experiments,

since some leaf tissue stuck to the tape and was lost.

Quantification of water in leaves from neutron radiograms

Mass of water

The procedure to estimate the amount of water in a leaf from a neutron radiogram is briefly
explained. Neutron radiography is based on intensity measurements of a neutron beam transmitted
through an object (Fig. 1). The intensity of the transmitted beam (I) can be described with the Beer-

Lambert law:

I=1e (1)

where |y is the intensity of the incident neutron beam, z is the thickness of the object along the beam
direction (m) and ¥ is the effective attenuation coefficient for neutrons (m™). For a compound
material like leaf tissue or water, the attenuation coefficients of the individual elements (mainly
hydrogen, but also oxygen, carbon, etc.) determine the total beam attenuation (scattering and
absorption). The composition of the leaves was simplified by assuming them to consist at each
point (pixel in the radiograms) of leaf dry matter and water, using a bi-layer approximation (see
Sedighi-Gilani et al. 2012). Thus, the effect of the water present in the leaf tissue on the neutron

beam attenuation was considered equivalent to the effect of a water layer with thickness z,, (m)
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added to the leaf dry matter. In addition, the neutron beam was also attenuated by the aluminium
test setup (Supplemental Fig. S1). Implementing this in Eq. (1) results in:

—(ZyoZrg+Z 72 7 2 2
|: Ioe ( Tslrs taT T T ww) (2)

where the subscript TS refers to the test setup, LT to the dry matter of the leaf tissue and w to the
water (liquid and vapour). Eq. (2) can in principle be solved to the water thickness (zy), i.e., the
amount of water (in meters) in each pixel of a radiogram of the leaf, by subtracting the influence of
the test setup and the leaf dry matter. The attenuation coefficient of the leaf dry matter (X ) was,
however, difficult to determine due to its complex composition; also, scattering corrections of the
neutron radiograms, for leaf dry matter in particular (see below), could not be made. Furthermore,
the exact leaf thickness (z.t) was also unknown. As such, the beam attenuation by the hydrogen
present in the leaf (but also by other attenuating elements), could not be quantified, by which z,
could not be determined at the time being. Instead, an effective water thickness of the leaf (zyef)
was determined, in which the influence of the leaf dry matter was inherently included. z et IS
defined as follows, and can be rewritten using Eq. (2):

)y 1 I
Lyt = ZW+AZLT A In[_j"'szsz 3
> 5L ®)

w

This water thickness in the radiograms is the resulting value per pixel in the image. Although the
influence of leaf dry matter on beam attenuation was expected to be limited, as water is the main
constituent of a leaf, the hydrogen present in the leaf tissue (but also other attenuating elements) did
interact to some extent with the neutron beam, as discussed below in detail. This effective thickness
thus contains a contribution for the leaf tissue in each individual pixel. This leaf-tissue contribution
will vary spatially over the leaf, as veins contain more tissue than the leaf lamina, for example.
However, since this leaf-tissue contribution to z, ¢ at a certain position (pixel) is constant, i.e. it
does not vary with water content in the leaf, the observed changes in z,, ¢ are representative for
changes in the amount of water within the leaf. If excessive shrinkage or swelling during
dehydration or rehydration would occur however, this does not hold anymore. In the present study,

shrinkage was very limited though. Recent studies on leaf shrinkage are Blonder et al. (2012) and
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Scoffoni et al. (2013). From this effective water thickness, the effective water mass thickness (Z e,

kg m™®) was determined for every pixel in the radiogram:

Zw,eff = pwzw,eﬁ (4)

where py, is the density of water (kg m™). The total mass of water in the leaf (Myef tor, Kg) Was then

calculated as:

mw,eﬁ ot - Zw,eﬁ ,avg Af (5)

where At is the frontal area of the sample as seen in the radiogram (m2), which was determined
manually, and Z,ef avg IS the surface-averaged value (over all pixels) of the water mass thickness
(Zw,etr) within As. Egs. (3)-(4) allowed calculation of the spatial distribution of the water (mass)
thickness. The influence of the test setup in Eq. (3) was accounted for by determining an average
value of the water thickness of the aluminium setup in an area outside the sample from the

radiograms and by subtracting this average value from all pixels.

Water loss during D,0 uptake

For the RAD,0 experiments, the beam attenuation in the leaf sample changed over time, with
respect to the initial state, due to D,O uptake into the leaf xylem and water loss via transpiration.
Secondary effects include water flow out of the leaf via the phloem into the D,O container and the
conversion of water into photo-assimilates by photosynthesis, which are both considered limited.
As such, these secondary effects did not change the overall beam attenuation significantly. The D,O
uptake and water loss both caused a reduction of the effective water thickness (zy ¢f) over time (t).
This reduction in water thickness (Az,(t) < 0) could be quantified as follows (see Supplemental
Notes S1):

1 (1)
Az, (t) = 55 "‘[ )j (6)

where I(to) is the intensity of the neutron beam for the initial, freshly-cut leaf sample, i.e., at the
start of the neutron experiments (o), and the subscript D,O refers to heavy water. Note that,

11
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although neutrons attenuate much stronger for water than for D-O (Zps0 = 0.5 cm™, %, = 5.13 cm™
in the present study, see Supplemental Notes S1), neutron imaging is still sufficiently sensitive to
distinguish changes in D,0 as well. Note that this reduction in water thickness is not affected by a
leaf-tissue contribution, as the latter is constant over time at a certain location and thereby vanishes

from Az, (t).

Similar to Egs. (4)-(5), the change in water mass thickness (AZ,(t) < 0) and the total water loss of

the sample over time (Amy wot(t) < 0) were determined as:
AZ,(t) =p,Az,(t) @)
Amvv,tot (t) = AZW,avg (t) Af (8)

where AZy avg(t) s the surface-averaged value (over all pixels) of AZ,, within Ay

Image correction and tomographic reconstruction

Prior to quantitative analysis (e.g., from Eq. (3)), each raw neutron radiogram was corrected. These
corrections use standard procedures common to all radiation transmission-based imaging methods,
together with a neutron scattering correction as required for neutron radiography, which are detailed

in Supplemental Notes S2.

For the TOMO experiments, a tomogram was reconstructed from the individual radiograms, by
means of the Octopus software (UGCT, Ghent, Belgium). Since there was some water loss during
the tomograms (see Results section), no image correction towards quantification was performed
(see Supplemental Notes S2) for tomographic reconstructions and only flat field and dark current

corrections were made.

A water thickness resolution of 0.1 um (TOMO) and 0.14 pm (RAD,0) was obtained, which
resulted in a dynamic range of about 2000 (TOMO) or 700 (RAD-0) greyscale levels detectable
over a leaf, assuming a leaf water thickness of 200 um (TOMO) and 100 um (RAD;O).

Corresponding resolutions for water content are 0.5 kg m™ and 1.4 kg m™.
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RESULTS

Quantitative neutron imaging

The total mass of water in the leaf as determined from neutron imaging (M eft10r) CaNNOt Not exactly
represent the actual mass of water in the leaf, as the hydrogen (but also other attenuating elements)
present in the leaf dry matter was inherently included (Eq.(3)). In order to quantify the contribution
of the leaf dry matter on the neutron beam attenuation and, hence, to assess the accuracy of the
water quantification, we wanted to compare the neutron-calculated water mass with the water mass
that was determined gravimetrically (my, o). For this purpose, the water mass calculated from the
first neutron radiogram at the start of each TOMO experiment was used (My, et 101, EQ. (5), see
Materials and Methods).

In Table 1, the water mass inside the leaves (my o), the percentage mass of the leaf dry matter
(mg/my,0) and the average water thickness (zw,0,avg = Mw,o/(Af pw), M) are given, as determined from
the gravimetric measurements. The water mass as obtained from the initial neutron radiograms is
also shown and the percentage difference in mass between the two methods is given, as well as the
leaf surface area. This difference is defined as (M eft 1ot - Mw,0)/Mw 0, thus positive percentages imply
that more water is found in the neutron radiograms. Similar data are also given for the water mass,
when a sample scattering correction (see Supplemental Notes S2 and Hassanein et al. (2005)) is not
accounted for in the neutron radiograms (M et 1otns)- A Scattering correction is usually required
since many materials attenuate the neutron beam by scattering rather than absorption. Since these
scattered neutrons can still reach the detector, they increase the intensity of the images (as there is
more transmission), which can then be interpreted erroneously as a lower water thickness in the
sample (Hassanein et al. 2005). Hence a scattering correction is applied to resolve this unwanted
side-effect and to obtain a more realistic (higher) water thickness.

The average water thickness varies between 140 and 230 um. These values are typical for leaves, as
they have a thickness of a few hundred um and are mainly composed out of water (Nobel 2005).
The differences between gravimetric and neutron imaging (with scattering) methods are much
larger for apple leaves (~ 30%) than for tomato leaves (~ 5%). This is mainly attributed to the
higher percentage of dry matter in the apple leaf (~ 35%) compared to the tomato leaf (~ 10%): as
the leaf dry matter also contains hydrogen, it contributes to the effective water thickness (zy ef),

leading to a higher predicted water mass in the neutron radiograms (myefr1or). The leaf dry matter
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thus accounts for a significant amount of neutron attenuation, leading to a higher apparent water
thickness in the radiograms, and cannot be neglected for some species, as evident here for apple
leaves, by the large differences observed. As such, future steps towards corrections for the leaf
tissue contribution are essential here, as discussed below more in detail. Note however that for some

samples (tomato leaves in this study), the impact of the leaf dry matter is very limited.

Without a scattering correction (Table 1), the water mass seems to agree better with the gravimetric
measurements (~ 1% for tomato and ~ 20% for apple). However, a negative value is found for
tomato which is in principle impossible since the neutron radiograms should always predict a higher
apparent water mass due to the hydrogen in the leaf dry matter. Therefore, a scattering correction
seems necessary here, even for very small water thicknesses such as those found in a leaf, but this
correction has a limited influence, as differences in the water mass due to such corrections are about

6% for both apple and tomato leaves.

Leaf water distribution and venation architecture

Next, we wanted to unveil the hydraulic architecture of the leaves by visualising the water
distribution within the lamina and veins from both single neutron radiograms as well as
reconstructed tomograms. With respect to the radiograms, only the initial radiogram was taken to
calculate the effective water thickness distribution (zy er), due to the D,O uptake in the RAD,O
experiments and since the leaf water mass decreased to some extent during the TOMO experiments.
The latter was caused by water transpiration, even though the leaf was between plates which were
sealed with tape. This mass loss was between 3% and 9%, depending on the sample. These effective
water thickness distributions across the leaf surface from the radiograms of TOMO and RAD,0
experiments are shown in Fig. 2 and Fig. 3 respectively, and are scaled with the average effective
water thickness over the entire leaf (zuefr.avg). The RAD,O experiments involved smaller leaves at a

higher spatial resolution.

The differences in water distribution and venation architecture between tomato and apple leaves can
clearly be distinguished from the neutron radiograms (Figs. 2-3). Particularly the first and second
order veins are visible in the TOMO radiograms. The RAD,O radiograms additionally unveil
venation architecture at a lower hierarchical level (see focus in Fig. 3): for apple leaves, a fine
network of third order veins is apparent; for tomato leaves, the water outside the first and second
order veins is rather homogeneously distributed within the mesophyll tissue of the leaf lamina

instead of in low-level venation. A higher resolution (RAD,0 vs. TOMO) thus allowed
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identification of a lower hierarchical level of venation. Note that the water thickness shown for the
vascular system inherently includes both free water in the veins and cellular water within the cells
of the vascular tissue. In addition, it has to be kept in mind that the presented effective water
thickness distributions in Figs. 2-3 inherently include a leaf-tissue contribution, which varies
spatially over the leaf. Since the veins do not only contain most of the water, due to their larger
thickness, but also a bit more leaf tissue than the leaf lamina, the reported effective water
thicknesses for the veins are expected to differ somewhat more from the actual water thickness than
for the leaf lamina, i.e. they will be slightly higher. Though a quantification of the leaf-tissue
contribution was not feasible in the present study, this is a critical focus point for future

enhancement of neutron imaging of leaves or other biological tissues.

Tomograms of two leaves are shown in Supplemental Fig. S2, in which the first and second order
veins of the 3D venation architecture are highlighted. Lower venation levels were more difficult to
segment (i.e., distinguishing different tissues from 3D imaging, based on contrast differences) as
their water content was very similar to that of the leaf lamina. The venation architecture is more
sharply defined in the tomograms than in a single radiogram, which has a more blurry appearance,
since information from multiple radiograms is combined in a tomogram, but is still not optimal due
to some shrinkage involved during the tomography (see Discussion section). As the resolution of
neutron imaging techniques is continuously increasing, we expect that lower venation levels will
become more clearly visible with neutron imaging in the coming decade. With respect to
quantification however, the results from tomography are less reliable due to the aforementioned
mass loss during scanning, which is inherently incorporated in the reconstructed tomograms. Due to
this unavoidable error, a quantification of the amount of water in the leaves from tomograms was
not pursued in this study. Nevertheless, the (relative) internal water content distribution inside the
leaf (w, determined per voxel of the 3D tomogram, kg m™) could be extracted from the tomograms
by scaling with the maximal value (Wmax) in each image. It is shown in Fig. 4 for a section through
the petioles of each of the leaves and in Fig. 5 for various sections through two leaves, where each
section is scaled separately with its wmax. In these figures, the water content per (3D) voxel is
represented. Although a distinct gradient in water content can be seen near the surface of the petiole
(Fig. 4), i.e., over the epidermis and collenchyma tissue, individual tissue types in the petiole
(xylem, phloem, parenchyma, etc.) cannot be distinguished so the resolution of neutron imaging is
too limited for this purpose, at the used size of petioles. The veins clearly stand out in the cross
sections (Fig. 5). Note however that also here, the leaf dry matter will contribute to the reported

amount of water in the leaf, particularly in the veins and petioles, which can affect the observed
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water distribution to some extent. The water distribution in the lamina of the apple leaf is more
heterogeneous than in the tomato leaf, due to the fine network of veins, which is particularly

pronounced in the upper part of the leaf.

Water transport in leaves

In order to quantify the water transport through the vascular system, we carried out an experiment
(RAD0) in which D,0 was taken up by the vascular system via the xylem, replenishing it for the
water losses resulting from transpiration, and secondary (minor) losses due to photosynthesis and
water flow out of the leaf back into the container via the phloem. The progression of D,0O into the
vascular system could be monitored in the radiograms due to its difference in neutron beam
attenuation with water. In Table 2, the water mass from the initial neutron radiograms (my eff 1ot), the
initial average water thickness (zwefr.avg) and the surface area of the leaves (As) are given. The D,O
uptake into the leaf over time is visualised in Fig. 6, by showing the change in water thickness
Azy(t) (EQ. (6), in absolute value thus > 0). This value is scaled with the initial average water
thickness of the leaf (zwefr,avg), thus indicating the relative amount of D,O uptake/water loss of the
leaf. In principle, the observed changes in water thickness do not necessarily imply replacement of
water by D,0O in these regions, but may only indicate the removal of water (e.g., from transpiration),
which also would change contrast. However, given the logical pattern of contrast changes, i.e., from
the petiole upwards and following the venation network, as well as the fact that the water thickness
in the part of the leaf where D,0 did not protrude initially (e.g., upper part of leaf) remained quasi
constant (Fig. 6) are a good indication that the contrast changes were attributed to D,O uptake
rather than water loss due to transpiration. The fact that the leaf did not look wilted at the end of the
experiment also serves as a more qualitative indication that contrast changes were not due to
transpiration loss. The quasi constant water thickness in areas not affected (initially) by D,O
indicates the leaf water status remains about the same: the water loss due to transpiration is

replenished locally by supply of water via the vascular system, which in its turn drives D,0 uptake.

The transport pathways and their hierarchy can be distinguished. With the tomato leaf, transport
seems to occur from the first and second order veins directly into the mesophyll tissue, whereas for
the apple leaf also transport via the third order veins can be seen. Furthermore, Fig. 6 can be
compared with the initial water thickness distribution (Fig. 3), as both have the same scaling. When
focussing on the first and second order veins, the lower values in Fig. 6 indicate that even at the end
of the uptake experiment, not all water which was initially present, was replaced by D,0O. This has

two reasons: (1) the intracellular water in the petiole (parenchyma, epidermis, etc.) was less easily
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replaced by D,0 than that in the vascular system and even some (free) water might still have been
present in the veins (xylem and phloem) at the end of the experiment; (2) the hydrogen in the leaf
dry matter (but also other attenuating elements) also contributes to the beam attenuation and cannot

be replaced by D-0.

The total water mass loss from both leaves (Amy w1, EQ. (8), in absolute value thus > 0), is shown in
Fig. 7. The time when the halogen light was switched on for the tomato leaf is indicated with the
dotted line; for the apple leaf, the light was switched on during the entire experiment. Note that the
neutron beam went offline for about 20 minutes right after switching on the light for the tomato
leaf, but this should not have an effect on the physical processes, so it only implies that no data
were available during this period. Slight fluctuations in the mass loss curves appear, where also
negative mass losses can be observed, which is in principle impossible. These fluctuations may be
attributed to changes in neutron beam intensity which, despite the performed intensity correction
(see Supplemental Notes S2), were still manifested in the mass loss curves, though quite limited. As
such, the accuracy of the detection method is certainly not higher than about 0.2 mg. Large
fluctuations were found, however, for the tomato leaf between 1h and 1.5h, due to significant beam
intensity fluctuations, and were removed manually. Apart from beam intensity fluctuations,
temporal fluctuations in image intensity could also have been induced by changes in the scattering
of the test setup, caused by the changing level of D,O in the container during the experiment due to

evaporation and refilling.

The tomato leaf shows a response to the light, i.e., by an increased uptake; but with a delay of about
half an hour, which is approximately the time scale for stomatal response (~ ten minutes; Mott &
Buckley 2000; Nobel 2005; Marenco et al. 2006). This experiment indicates that neutron imaging
can successfully be used to investigate the impact of environmental changes (irradiation in this
case) on the leaf water transport in real time, which is of particular interest for studies on plant
water stress. Furthermore, the water loss by apple and tomato leaves is initially very similar, even
though the tomato leaf was not illuminated at that time. This indicates that they have a different
transpiration rate under similar environmental conditions. Both water loss profiles are clearly
nonlinear. The total leaf water loss, compared to the initial mass of water inside the leaf was 50%
for the tomato leaf and 60% for the apple leaf, which had a lower initial water mass and water
thickness (Table 2).
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DISCUSSION

Quantitative neutron imaging

Compared to previous research on neutron imaging of leaves, an important step was taken towards
quantification of the amount of water in leaves in this study. Previous studies looked at differences
in amount of water with respect to the initial state during dehydration (Matsushima et al. 2005a) or
estimated the amount of water in leaves (Matsushima et al. 2005b). The latter were unsuccessful in
quantifying the amount of water, which was attributed to neutron scattering effects within the
sample. Although the absolute water mass could not be quantified in the present study due to the
presence of hydrogen in the leaf dry matter (but also of other attenuating elements), the effective
water mass (of water and leaf dry matter) was successfully quantified from the neutron radiograms.
It was shown that the leaf dry matter also contributed to some extent to neutron attenuation (up to
30%), in addition to the water present in the leaf, and thus cannot be neglected. In addition, this
leaf-tissue contribution varies spatially over the leaf and will differ for veins and leaf lamina. Hence
future research efforts should be directed towards explicitly quantifying the contribution of the leaf
dry matter, which requires imaging dried leaf samples. As such, the neutron radiograms could be
corrected for it or calibrated a-posteriori, thus revealing only the water present in the leaf. However,
for dynamic experiments of water uptake in leaves (e.g., as RAD,0) but also leaf dehydration,
differences in water content with respect to the initial state are particularly of interest. Hence, the
contribution of the leaf tissue disappears when quantifying water thickness differences (Egs. (6)-
(8)). For such dynamic experiments, an absolute and accurate quantification of the change in

amount of water can be done with neutron imaging (Fig. 7), which was not reported to date.

Furthermore, a scattering correction is normally not required for low water thicknesses (< 1 mm)
when using thermal neutrons, according to Hassanein et al. (2005), and could even result in
overestimations up to 30% for thicknesses below 1 mm. In the present experiment with cold
neutrons, applying a scattering correction enhanced the accuracy of quantitative neutron imaging,
even for thin samples such as leaves, where scattering is limited. The impact of the scattering

correction was, however, small (~ 6%).

Spatial, temporal and dynamic resolution in relation to other non-destructive technigues

Apart from such quantification, neutron imaging allowed a direct estimation of the (relative) 3D

water distribution within leaves, both in veins and lamina, as well as the water transport pathways
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and thus the hierarchy of the venation network. As mentioned, other non-destructive techniques can
be applied as well for these purposes, which differ with respect to their spatial, temporal and
dynamic resolution. The spatial resolution of neutron imaging is lower (44 um for TOMO in this
study and typically tens of microns for high-resolution neutron imaging; Anderson et al. 2009) than
that obtainable by micro X-ray CT (700 nm, Verboven et al. 2008; 400 nm, Dhondt et al., 2010;
1660 nm, Blonder et al., 2012) but is comparable to that of MRI (~ 30-40 um, van As et al. 2009).
This low resolution does not allow clear distinction of water content gradients over the thickness of
the leaf lamina (a few 100 um), but only in the first and second order veins (Figs. 5-6). X-ray
imaging, potentially in combination with a contrast agent (Blonder et al., 2012), would be more
suitable for studies on a smaller scale, amongst others xylem vessel refilling (Kim & Lee, 2010) or
water transport at cellular level. The temporal resolution of X-ray imaging (exposure time down to
450 ms; Blonder et al., 2012) is also higher than that of standard neutron imaging (20-30 s for a
radiogram in this study), but techniques for faster neutron imaging can be used for particular
applications (Anderson et al. 2009). A particular disadvantage of X-ray imaging is that it can
damage the tissue (Blonder et al., 2012), which can become problematic in some cases, for
example when performing a tomography at high beam intensities (e.g. in a synchrotron). Neutron

imaging and MRI do not have this problem.

The dynamic resolution of neutron imaging, i.e., the sensitivity to water, is very high, which is
beneficial, amongst others, for segmentation of the tomographic images with respect to the venation
architecture. As such, no contrast agents are required, whereas Blonder et al. (2012) had to rely on
impregnation with an iodine contrast agent to visualise the vascular network in dried leaves with X-
ray imaging. The main strength of neutron imaging, compared to other non-destructive techniques,
is that it allows to directly quantify the mass of water and its spatial distribution over the leaf, i.e.,
with limited corrections or calibration, which is particularly interesting to determine spatial
variations and changes in the amount of water in the leaf in real time, as detailed more in the next

section.

On the other hand, since the time available for scanning is often limited in reactor facilities which
produce neutrons, new experimental setups should be devised which allow scanning several
samples together, in order to increase the dataset and to allow more repetitions. This could be done
for example by sequential scanning of samples mounted on the same test rig, e.g. by translation of

the test rig to bring each sample in succession into the beam. Finally, the limits with respect to
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spatial, temporal and dynamic resolution of neutron imaging are continuously improved by
technological innovations (Anderson et al. 2009). Nevertheless, these resolution improvements are
rather incremental than revolutionary, by which the current limitations of using neutron imaging for

studying water transport in leaves will probably still hold for the coming decade.

Dynamic monitoring of leaf-environment interactions

The present experiment indicated that neutron imaging is an appropriate technique to investigate
dynamic leaf transport processes in real time in a quantitative way, such as leaf transpiration as well
as the impact of environmental changes (e.g., solar radiation) on leaf water transport, which is
particularly of interest to study the relation between plant water stress and environmental

conditions.

Such dynamic experiments, as liquid uptake in leaves, could be performed with X-rays as well, by
using water with a contrast agent to visualise flow, as mentioned by Blonder et al. (2012). A
particular difference between the contrast agents for neutrons and X-rays is that D,O induces less
beam attenuation compared to water, while X-ray contrast agents increase beam attenuation. X-ray
contrast agents thus have an opposite effect on beam attenuation, compared to leaf water loss due to
transpiration. Despite its higher spatial and temporal resolution, compared to neutron imaging, X-
ray imaging has some disadvantages for such liquid uptake experiments: (1) The dynamic
resolution (i.e., sensitivity) for water is less than with neutrons. This is particularly important when
quantifying pure transpiration (water loss) in the leaf lamina, e.g. on in vivo leaves without the use
of contrast agents; (2) Explicit quantification of the amount of liquid (contrast agent) taken up by
the leaf as well as the amount of water transpired to the environment remains currently difficult, due
to lower sensitivity of X-rays to water (dynamic resolution) and the specific concentration in which
the contrast agent is applied; (3) Dedicated software tools which allow direct quantification of the
amount of water (change), based on radiograms and attenuation coefficients of the materials and
contrast agents (e.g., QNI software for neutrons, Supplemental Notes S2) are not yet available for
X-rays to the knowledge of the authors; (4) Each of the many possible X-ray contrast agents
available will have a different impact on the leaf water status, which is often unknown and should
be assessed, whereas for neutrons, only D,0 is a widely used contrast agent; (5) some X-ray
contrast agents are not very strong, compared to D,0 for neutron imaging. Note that some of these

disadvantages will become particularly pronounced for very thin samples such as leaves. MRI also
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shows potential here (van As et al. 2009), and the amount of water can also be determined from the
images, but has only recently been explored to monitor transport in leaves (Sardans et al. 2010),
where the plant response to stress conditions was successfully monitored (Sardans et al. 2010).
Furthermore, next to water, also water mobility can be measured here (T, values), which is a unique
feature of MRI.

In the present study, the principle of neutron imaging was shown using detached leaves. The main
reason was that we wanted to image transport in the vascular network by means of a (D,0) tracer.
When only the leaf water status is of interest, e.g., its response under stress conditions or the
dehydration of leaves, the leaves can obviously be scanned as well attached to a (small) plant, both
using radiography and tomography. Particularly for experiments on the leaf water status of in-vivo
(attached) leaves, X-ray imaging is not considered a viable alternative due to its low dynamic
resolution for water, but MRI could be a applied here. With respect to studying water uptake on in-
vivo plants, D,O could be introduced via the root system in the plant. The feasibility of this method
should be verified first to verify if D,O can be successfully introduced in the plant system. X-ray

imaging on the other hand, would require that water with a contrast agent is used.

A future challenge when using any imaging technique for analysis of vascular transport will be to
distinguish the water transport into the xylem, driven by leaf transpiration, from the sap transport
out of the leaf via the phloem. However, directional information will be less straightforward to

obtain in any case.

Tomography for 3D venation architecture

Two-dimensional imaging, amongst others by neutron radiograms, already provides detailed
information on leaf venation (Dhondt et al. 2012), as a leaf is in most cases a thin 2D ramifying
structure without overlap (Roth-Nebelsick et al. 2001), though also 3D venation patterns were
unveiled (Ogburn & Edwards 2013). Nevertheless, tomograms have the particular advantage that
they characterise the venation architecture in 3D (see Supplemental Fig. S2) and that they can
identify the 3D water distribution inside the veins (Figs. 5-6). Such a 3D representation opens up
perspectives towards the construction of 3D geometrical models of the actual venation architecture,
which could be used for numerical modelling of sap flow through leaves. In the past, 3D
(micro)structures of plant organs have been obtained with such 3D imaging techniques (e.g., Kuroki
et al. 2004; Mendoza et al. 2007; Verboven et al. 2008; Kaiser 2009; Dhondt et al. 2010, Herremans
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et al. 2013) and have been used for numerical modelling purposes of transport processes in these
organs (Ho et al. 2011, 2012; Verboven et al. 2012).

As the mass loss (for TOMO) was inherently accompanied by a slight shrinkage of the leaf, the
tomograms are less sharp than they would be for a rigid sample and quantification of the amount of
water in the tomograms was impeded. The impact of shrinkage, resulting from mass loss, on the
quality of the tomogram and on the accuracy of the quantification of the amount of water could
perhaps be reduced by acquiring tomograms (of detached leaves) based on non-sequential
decompositions of the sample rotation angle sequence (Kaestner et al. 2011b), which was originally
developed for 4D imaging. With this fundamentally different tomographic imaging technique,
images are not acquired by sequentially rotating the sample over 180°, for example. Instead, images
are taken at non-sequential angles over the entire angular range (e.g., 180°), by taking much larger
angular steps. As such, a smaller dataset, e.g. the first 50 radiograms, can already be used to
successfully reconstruct a tomogram. The faster acquisition of such tomograms, e.g. only 50
images, implies less water loss thus less shrinkage. Of course, evaluating a smaller number of
images (e.g. 50) will imply a loss in quality of the tomography, so a trade-off between shrinkage
and the amount of images taken will be present. Another option would be to scan a leaf in vivo, as
attached to a (small) plant. This procedure is less straightforward for many plants due to space

limitations in the beamline.

Outlook

Neutron imaging was shown to be successful in accurately quantifying the absolute amount of
transpiration-driven water uptake in a leaf in real time and spatially-resolved, and thus also the
pathways via which such water transport takes place. As such, the quantitative neutron imaging
technique is currently already applicable for studies on plant responses to environmental conditions
and plant water stress. The current spatial and temporal resolution make that the region of interest
of this technique will be typically (small) leaves, with a focus on first and second order veins. A
critical future improvement of the technique should be to quantify the contribution of the leaf dry
matter to the beam attenuation, which would allow to accurately quantify as well the amount of

water in a leaf from a single radiography and its corresponding spatial variation.
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FIGURE LEGENDS
Fig. 1. Schematic overview of the experimental setup for cold neutron imaging in the ICON

beamline (not to scale).

Fig. 2. Contours of distribution of effective water thickness (zyf), scaled with the surface-averaged
water thickness (zw.efr,avg) for the five leaves scanned in the TOMO experiments (scaling ranges from
0.3 to 3.5). The high intensity region in the leaf lamina of tomato 1 is due to an overlap of the leaf

tissue.

Fig. 3. Contours of distribution of effective water thickness (zyef), scaled with the surface-averaged
water thickness (Zwer,avg), 1.€. Zweff [Zwefr.avg, fOr the two leaves scanned in the RAD,0O experiments
(scaling ranges from 0.3 to 3.5). The initial images at the start of the experiment are shown, thus
without D,O infiltration. The aluminium tape used to fix the leaves is visible in the radiograms (Fig.
3) as the glue on the tape also contained some hydrogen, resulting in some beam attenuation. The
locations where aluminium tape was applied to fix the leaf are indicated with transparent grey

regions, which have a larger apparent water thickness.

Fig. 4. Water content in cross sections of the leaf petioles for the five leaves scanned in the TOMO
experiments, scaled with the maximal water content in each individual section (W/wpax, Scaling

ranges from 0.1 to 1).

Fig. 5. Water content in cross sections of the leaf (left image for each leaf), scaled with the maximal
water content in each individual section (scaling ranges from 0.1 to 1), i.e. W/Wpax; and contours of
distribution of effective water thickness (zy ) (right image for each leaf), scaled with the surface-
averaged water thickness (zyefr,avg) (SCaling ranges from 0.3 to 3.5) for two leaves scanned in the

TOMO experiments, i.€. Zuyeff /Zw eff avg-
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Fig. 6. Contours of change of water thickness Az, over time (absolute value, i.e., positive), scaled
with the surface-averaged water thickness at the start of the experiment (zyefr,avg), during D,O
uptake for the two leaves scanned in the RAD,O experiments (scaling ranges from 0.3 to 3.5), i.e.

AZylzweriavg. The contours are given for every hour after the start of the experiment.

Fig. 7. Water loss (Am,, 1t, absolute value, i.e., positive) for the two leaves scanned in the RAD,O

experiments over time.

Supplemental Fig. S1. Experimental setups for neutron tomography ((a) TOMO) and radiography of
D0 uptake ((b) RAD,0) with indication of main parts (alu.: aluminium) and dimensions (in mm,

not to scale).

Supplemental Fig. S2: Tomograms of a tomato and an apple leaf, where the first and second order
venation architecture is indicated in brown (third order venation was difficult to segment from the

tomograms).
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TABLES

Table 1. Mass of water in leaves from gravimetric measurements and neutron imaging (with and

without scattering correction) together with leaf surface area, mass of the leaf dry matter and the

average initial leaf water thickness for the TOMO experiments.

Sample Gravimetric Neutron imaging
Scattering correction No scattering correction Scattering vs. no
scattering
Area  Water Mass Water Water Difference Water Difference Difference
(cm?) mass  leafdry thickness mass mass
(mg)  matter (nm) (mg) (mg)
(%)
As My0 Mg/Mu,o0 Zw,0,avg My et tot Myeff tot ~Mw0  Mwefftotns  Myeff tot,ns ~Mw0  Mweff tot ~ Mweff tot,ns
My,0 My,0 My eff tot
Tomatol 10.7 216 13% 201 232 7% 218 1% 6%
Tomato 2 10.1 230 12% 227 244 6% 232 1% 5%
Tomato 3 122 277 11% 226 292 6% 271 -2% 7%
Apple 1 8.9 127 33% 143 160 26% 152 20% 5%
Apple2 114 166 36% 146 220 33% 205 24% 7%
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Table 2. Initial mass of water in leaves from neutron imaging (with scattering correction) together
with leaf surface area and the average initial leaf water thickness for the RAD,O experiments.

Sample Neutron imaging
Area Water mass Water thickness
(cm?) (mg) (nm)
As My eff tot Zweffavg
Tomato 3.4 48 140
Apple 2.9 28 95
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Figure 1. Schematic overview of the experimental setup for cold neutron imaging in the ICON
beamline (not to scale).
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Tomato 1 Tomato 2 Tomato 3 Apple 1 Apple 2

4000

Figure 2. Contours of distribution of effective water thickness (zy eff), Scaled with the surface-
averaged water thickness (zwefr,avg) for the five leaves scanned in the TOMO experiments (scaling
ranges from 0.3 to 3.5). The high intensity region in the leaf lamina of tomato 1 is due to an overlap
of the leaf tissue.
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(a) Tomato 1 (b) Apple

o

-

Fig. 3. Contours of distribution of effective water thickness (zx), scaled with the surface-averaged
water thickness (Zwer,avg), 1.€. Zweff [Zweff.avg, fOr the two leaves scanned in the RAD,O experiments
(scaling ranges from 0.3 to 3.5). The initial images at the start of the experiment are shown, thus
without D,0 infiltration. The aluminium tape used to fix the leaves is visible in the radiograms (Fig.
3) as the glue on the tape also contained some hydrogen, resulting in some beam attenuation. The
locations where aluminium tape was applied to fix the leaf are indicated with transparent grey

regions, which have a larger apparent water thickness.
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Tomato 1 Tomato 2

Tomato 3 Apple 1

0.1 0.5 1
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Fig. 4. Water content in cross sections of the leaf petioles for the five leaves scanned in the TOMO
experiments, scaled with the maximal water content in each individual section (W/wmax, Scaling
ranges from 0.1 to 1).
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Fig. 5. Water content in cross sections of the leaf (left image for each leaf), scaled with the maximal

water content in each individual section (scaling ranges from 0.1 to 1), i.e. W/Wpax; and contours of
distribution of effective water thickness (zyef) (right image for each leaf), scaled with the surface-

averaged water thickness (zwefr.avg) (Scaling ranges from 0.3 to 3.5) for two leaves scanned in the

TOMO experiments, i.€. Zyeff /Zw effavg-
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(a) Tomato leaf 10 mm

"

\
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4 hours 5 hours

(b) Apple leaf
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1 hour 2 hours

Fig. 6. Contours of change of water thickness Az, over time (absolute value, i.e., positive), scaled
with the surface-averaged water thickness at the start of the experiment (zyefr,avg), during D,O
uptake for the two leaves scanned in the RAD,O experiments (scaling ranges from 0.3 to 3.5), i.e.

AzZylzwetiavg- The contours are given for every hour after the start of the experiment.
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Figure 7. Water loss (Amy, «t, absolute value, i.e., positive) for the two leaves scanned in the RAD,0O
experiments over time.
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Supplementary Data

Notes S1: Calculation of reduction in water thickness

The D,0 uptake and water loss caused a reduction of the effective water thickness (z, ) over time

(t). Here, the reduction in water thickness was determined. Eq. (2) is rewritten as:

I (t) — Ioe_(ZLTZLT +Z15 215 +Zy 2y ()42 202020 (1)) — IOe_(zLTZLT+ZTSZTS+ZW(Zw(t0)+AZw(t))+zD20(zD20 (to)+AZp 0 (t))) (Sl)

where 1y is the time of the first neutron radiogram at the start of the uptake experiment, z,(to) is the
initial water thickness, zp2o(to) is the initial DO thickness which is equal to zero, Azy(t) is the
reduction in water thickness at time t due to water loss from the leaf during D,O uptake
(transpiration and outflow), which has a negative value, and Azpyo(t) is the corresponding increase
of D,0 thickness, which has a positive value. Since the change in neutron beam attenuation with
time was entirely caused by the change of water and D,O content in the sample, these relative
changes (Azw(t) and Azpo(t)) could be determined by relating all radiograms to the first radiogram,

by rewriting Eq. (S1):
| (t) = (to)e‘(zwAZw(t)+zozoAZD20 (t) (82)

with | (to) = |Oe‘(ZLTZLT+ZTszTS+szw(t0)+ZDzozDzo(t0)) (53)

where I(to) is the intensity of the neutron beam for the initial, freshly-cut leaf sample, i.e., at the
start of the neutron experiments. I(tp) was lower than I(t) (exponent to —(ZwAzw(t)+2b20AZp20(1)) >
1) since the amount of water in the sample decreased due to water transpiration and outflow, and
was replaced by D,0O, which attenuates much less than water: Zpy0 = 0.5 cm™ (for the present study)
is much smaller than %, = 5.13 cm™. As such, the change in beam attenuation was predominantly
due to a decrease of water content, rather than an increase of D,0O. If assuming that Azpyo can be
approximated by -Az,, i.e., the amount of water lost is entirely replaced by D,0, Eq. (S2) can be

solved to the change in water thickness (Azy(t) < 0):

~ 1 I(t)
AZW(t)__(Ew_ZDzo){ln['(to)ﬂ (54
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Notes S2: Image corrections for neutron radiograms

Following corrections were made for the raw neutron radiograms, using standard procedures
common to all radiation transmission-based imaging methods, together with a scattering correction
as required for neutron radiography:

1. Dark current correction for the background noise of the CCD camera, performed by subtracting
(pixelwise) the radiogram acquired in absence of a neutron beam from each radiogram of the
sample.

2. Intensity correction for fluctuations of the incident beam, performed by averaging the beam
variation in an area of the radiogram outside the sample area and applying this averaged correction
factor to each pixel.

3. Flat field correction for eliminating spatial inhomogenities in the beam (and detector) from the
radiograms, performed by correcting (pixelwise) each radiogram with a radiogram with an open
beam, without the setup.

4. Black body correction for removing the neutron signal coming from scattering by the overall
experimental configuration and environment, performed by subtracting a constant value from each
radiogram of the sample. For this constant value, the average value of the beam variation in the
sample area is taken for a radiogram acquired when the sample is shielded with boronated
polyethylene blocks.

5. Sample scattering correction for neutrons that are scattered at small angles by the atoms of the
leaf tissue, water or test setup. Due to lack of information on the scattering properties of the leaf
tissue, the scattering correction was performed assuming water as the only scattering material.

6. Taking into account the beam polychromatic energy spectrum, as the aforementioned equations

are derived for a monochromatic neutron beam.

To perform these corrections, the Quantitative Neutron Imaging (QNI) algorithm, developed by
Hassanein (2006), was used, with adjusted parameters for imaging with cold neutrons. Especially
the scattering correction is advised for increased accuracy. The QNI scattering correction algorithm
is based on the iterative reconstruction of the measured image by overlapping point scattered
functions calculated by means of Monte-Carlo simulation. By means of the QNI correction,
Hassanein et al. (2005) found errors in water thickness below 5% for water thicknesses from 1 mm
up to 5 mm for thermal neutrons. In the present study, the water thickness of the samples was quite
low (~ 100-200 pm, see section 3.1), resulting in limited attenuation of the neutron beam and thus
relatively little scattering, by which a scattering correction is perhaps not required. The impact of

the scattering correction for leaves was evaluated in section 3.1. From QNI, the water (mass)
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thickness (z,, or Z,;) was estimated as a single variable and was used for subsequent quantitative

analysis (as described in sections 2.4.1 and 2.4.2).

The resolution in water thickness (R, dynamic range) is defined as the water thickness
corresponding to one greyscale level difference with the incident neutron beam intensity (see Eq.

L))

__i -1
R= s In[ ] ) (S5)

w

A water thickness resolution of 0.1 um (TOMO) and 0.14 um (RAD,0) was obtained, which
resulted in a dynamic range of roughly about 2000 (TOMO) or 700 (RAD-0) greyscale levels
detectable over a leaf, assuming a leaf water thickness of 200 pm (TOMO) and 100 pm (RAD;0).
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Figure S1: Experimental setups for neutron imaging.
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Figure S1. Experimental setups for neutron tomography ((a) TOMO) and radiography of D,O

uptake ((b) RAD,0) with indication of main parts (alu.: aluminium) and dimensions (in mm, not to

scale).

Figure S2: Tomograms of a tomato and an apple leaf.
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(a) Tomato 1 (b) Apple 1

Figure S2. Tomograms of a tomato and an apple leaf, where the first and second order venation
architecture is indicated in brown (third order venation was difficult to segment from the
tomograms).
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