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Cuttage is a widely used technique for plant propagation, whose success relies on
the refilling for water transport recovery. However, requirements for refilling
characterization studies, including large penetration depth, fast temporal
resolution and high spatial resolution, cannot be reached simultaneously via
conventional imaging techniques. So far, the dynamic process of water refilling
along the vessels at the initial stage of cuttage, as well as its characteristics,
remains unclear. Hereby, we developed a move contrast X-ray microtomography
method which achieves 3D dynamic non-destructive imaging of water refilling at
the initial stage of willow branch cuttage, without the aid of any contrast agent.
Experimental results indicate three primary refilling modalities in vessels: 1) the
osmosis type, mainly manifested by the osmosis of tissue through the vessel wall
into the cavity; 2) the linear type, revealed as the tissue permeates to a certain
extent where the liquid column in the vessels is completely formed; and 3) an
osmosis-linear mixed type refilling as an intermediate state. Further analysis also
exhibits a “temporal-spatial relay” mode of refilling between adjacent vessels.
Since the vessel length is quite limited, the cavitation and the relay refillingmode of
vessels can be an important way to achieve long-distance water transport.
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1 Introduction

Prior research results show that the survival of plants depends on the water transport in
the soil-plant-atmosphere continuum [1, 2]. The plant vessel is one of the most important
organs for water transport, but the cavitation of the vessels can greatly reduce the water
transport efficiency [3]. According to the air seeding theory, air seeds will be introduced into
the xylem due to drought stress, freeze-thaw cycle and trauma during the plant growth [4–8].
The rapid expansion of air seeds under the negative pressure environment will lead to
varying degrees of vessel cavitation in the xylem [3, 9, 10]. Further development of cavitation
will evolve into a more destructive embolism phenomenon, which significantly reduces or
even leads to complete loss of the water transport capacity of plants, causing plant death [11].
Some studies have concluded that cutting the plant stem segments, either in air or
underwater, increases the degree of cavitation and the cavitation will inevitably exist in
the detached stem segments [12]. As far as cuttage are concerned, the plants must experience
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the process of dehydration, cavitation, and refilling. The key to
successful cuttage lies in timely restoration of water transport, that
is, the refilling process of cavitation repair.

The mechanism of refilling of cavitated vessels has long been a
hot topic in the botany research. As imaging technology proceeds,
the water transport process of plants is analyzed from more and
more detailed spatial-temporal dimensions. Currently, the imaging
methods applied to study the water transport process of plants
include visible light imaging [13], terahertz imaging [14], Raman
microspectroscopy [15], neutron imaging [16, 17], magnetic
resonance imaging (MRI) [18], contrast-enhanced MRI [19],
X-ray/synchrotron radiation imaging (2D/3D) [20–26], MRI-CT
multi-mode imaging [27], etc. Among these methods, visible light,
terahertz and Raman microspectroscopy have relatively shallow
imaging depths, making it arduous to image opaque plant stems.
Neutron imaging and MRI have good penetrability, but their spatial
resolution can only reach about 50 μm generally, therefore difficult
to accurately image refilling process within tens of microns in
diameter plant vessels. In addition, corresponding temporal
resolution of neutron imaging and MRI is about 3 min, thus
challenging for these methods to capture the dynamic process of
cavitation repair. More specifically, the conflict between temporal
resolution, spatial resolution, and imaging depth appears to be the
main problem of current plant water transport imaging.

Compared to above imaging methods, X-ray phase contrast
imaging (2D/3D) with its large penetration depth, high spatial
resolution, and excellent density resolution [28], allows tracking
changes at the gas-water interface. Therefore, it is suitable for
imaging refilling processes in plant leaves [20, 22, 26] and
opaque stems [21, 23–25]. However, phase contrast X-ray CT
(PCXCT) has a low temporal resolution, typically on the order of
tens of minutes. It is thus difficult to visualize the 3D dynamic
evolution of refilling using PCXCT. Dynamic micro-CT is
capable of 3D dynamic imaging at a high frame rate [29–31],
while the primary challenge is its low image contrast [32], which
makes localization for the refilling of plant stems in 3D space
laborious. High contrast images could be obtained by using
iodine-based contrast agent [33]. Nevertheless, contrast
agents can alter the original physicochemical environment of
the plant, such as osmotic pressure and chemical potential [34],
leading to incorrect experimental results. Therefore, it is difficult
to achieve in situ dynamic 3D imaging of plant refilling processes
using conventional X-ray imaging techniques.

In comparison, move contrast X-ray imaging (MCXI) allows in
situ observation of the dynamic evolution of refilling without
resorting to any contrast agents. By means of MCXI, Li et al.
realized the quantitative analysis of water transport characteristics
in the vessels of the plant stems for the first time. They discovered
that refilling in the vessels started with water osmosis along the
vessel inner-wall and then entered the process of quick transport
[35]. However, due to the complexity of the internal plant tissue and
microvascular network structure, it is impossible to localize the
relationship between refilling and plant microstructure by a single-
projection-based MCXI. By combining the MCXI with the dynamic
micro-CT, and taking advantage of high sensitivity in move contrast
imaging [36–38], it is possible to realize the 3D in situ quantitative
study of the water refilling process.

2 Materials and methods

2.1 Plant material

Salix babylonica L. is a kind of tree species that likes light, warm
and humid climates, has developed roots, grows rapidly, cold resistant,
drought resistant, saline-alkali resistant, and has strong environmental
adaptability. It is foundmainly distributed in the temperate zone of the
Northern Hemisphere and is generally propagated by cuttage. In this
study, willow branch with the length of 10–12 cm and the diameter of
about 2 mm was collected at the south gate of Shanghai Synchrotron
Radiation Facility (31° 11′ 33″ N, 121° 35′ 34″ E) in early July as
experimental samples. After that, place them in an indoor environment
with a temperature of 23°C and a humidity of 40% for about 0.5 h for
cavitation treatment, and then conduct experiments to insert willow
branch into water to simulate the natural cuttage process. Due to the
use of filtering measures and the short experimental time, no
significant temperature increase and no radiative damage were
found in the willow branch sample after the experiment.

2.2 Principle of MCXCT

Different move modes of various components of the sample will
have different modulation effects on the incident X-ray. The time-
domain change g(x, y, t) of the grayscale value at a point (x, y) in
the modulated emergent light field reflects the move of the
corresponding point in the sample. In the time domain, the
g(x, y, t) of image’s grayscale value fluctuation caused by weak
move signal is very weak, and is submerged by complex background
noise, therefore it is more difficult to generate sufficient contrast.
However, in the frequency domain, the frequency of the sample to
the light field modulation is generally quite different, and the
contrast change of the move signal in the frequency domain can
be used for imaging. The spectral representation of the point can be
obtained by converting the discrete Fourier transform g(x, y, t) to
the frequency domain:

G x, y, k( ) � ∑N−1

t�0
g x, y, t( ) e−j2πN kt (1)

Where G(x, y, k) represents the spectrum of g(x, y, t), and N
refers to the sequence length. The spectrum form expressed by
trigonometric function is obtained by expanding Formula 1 through
Euler formula:

G x, y, k( ) � ∑N−1

t�0
g x, y, t( ) cos

2πkt
N

( ) − j sin
2πkt
N

( )[ ] (2)

The amplitude and phase of the spectrum are as follows:

A x, y, k( ) � 																										
R2
e G x, y, k( )( ) + I2m G x, y, k( )( )√

(3)

φ x, y, k( ) � tan−1Im G x, y, k( )( )
Re G x, y, k( )( ) (4)

Where the amplitude represents the fit of the sample’s move
mode to the target move mode, that is, the trajectory of the move
signal. In this article, it represents the trajectory of water. The phase
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value represents the time information of the move signal,
corresponding to the time when the refilling occurs. According to
the linear property of Fourier transform, the spectrum of move
contrast’s amplitude information can be divided into combinations
of different frequencies, and the move track information of the
interesting signals can be obtained by selecting the appropriate
spectrum range [35]. Formula 3 can be transformed into:

A x, y( ) � A x, y, 0( ) + ∑KLP−1

k�1
A x, y, k( ) + ∑KHP

k�KLP

A x, y, k( )
+ ∑N/2

k�KHP+1
A x, y, k( ) (5)

Where A(x, y, 0) refers to the average strength of the signal, that

is, the DC component of the spectrum. ∑kLP−1
k�1

A(x, y, k),

∑kHP

k�kLP
A(x, y, k) and ∑N/2

k�kHP+1
A(x, y, k) represent the low-frequency

component, band-pass component and high-pass component of the
signal, respectively; kLP and kHP represent the spectral range of the
band-pass filter, respectively. The X-ray image’s grayscale value
change caused by water osmosis or refilling during the refilling
process is usually represented as a low-frequency signal. The band-
pass filters with appropriate spectral range are used to distinguish
the refilling trajectory signal from the complex background noise
and high-frequency noise, so as to realize the highly sensitive
imaging of tissue osmosis and vessel delivery.

In order to obtain the time of refilling, the phase information of
move contrast imaging can be used. It is assumed that the target
moves from the space-time position (x0, y0, t0) to the adjacent
space-time position (x1, y1, t0 + Δt) within Δt time. Due to the
short distance, the pixel grayscale value g(x0, y0, t0) can be
considered to be approximately unchanged. According to
Formula 2, Formula 4, the spectrum of the position (x1, y1, t0 +
Δt) can be changed to [35]:

G x1, y1, k( ) ≈ ∑N−1

t�0
g x1, y1, t0 + Δt( )e−j2πN k t0+Δt( ) � G x0, y0, k( )e−j2πN kΔt

(6)
This means that a phase shift factor e−j2πN kΔt is introduced into the

spectrum signal, and the time change is characterized by the phase shift of
the move contrast. The trajectory of refilling is obtained based on the
amplitude information of move contrast, and the time of refilling is
obtained based on its phase information, so that the spatial position and
time node information of water in the refilling process can be obtained
simultaneously by using move contrast imaging.

In order to obtain the 3D spatial position information of the
refilling, it must conduct the 3D reconstruction of the move contrast
signal. In principle, extending MCXI to 3D imaging is not difficult.
The challenge lies on data collection and image reconstruction. In
2DMCI, an image sequence can be acquired in a moderate exposure
time and frame rate. In comparison, 3D move contrast imaging
needs to tell the difference in a sequence of CT images. It means that
move contrast X-ray micro-CT (MCXCT) needs higher photon flux,
faster rotational speed, and faster frame rate for shooting.
Meanwhile, projections at a fixed angle from different set of CT

need to be aligned accurately. This is a great challenge for the
synchronization of the detector with the rotating stage during the
experiments. Usually, the mismatch of the projection images should
be less than one-half pixel, in order to reconstruct the 3D trajectory
of water refilling along the vessels. In addition, sample should be
strictly stable during high-speed rotating for dynamic data
acquisition. The sample-instability-introduced misalignment is
also required to be less than one-half pixel to avoid motion
artifacts or erroneous signal during image reconstruction of
MCXCT. As for image reconstruction of MCXCT, we need to
reconstruct the three-dimensional conventional contrast
microstructure of the cutting and also the move contrast
trajectory of water refilling respectively. Then the vessels with the
occurrence of water refilling are identified by the image fusion of the
two sets of CT in phase contrast and move contrast.

2.3 Experiments and image reconstruction

TheMCXCT experiment of thewillow branchwas conducted on the
X-ray imaging beamline BL13HB and R&D beamline BL09B of third-
generation Shanghai Synchrotron Radiation Facility (SSRF) with storage
ring energy of 3.5 GeV. Because the water refilling speed is very fast at
initial stage of cuttage, the broadband white light mode was adopted to
achieve high time resolution. To eliminate the effect of radiation damage
on the sample, four layers of 15 μm thick aluminum foils were placed in
the optical path in front of the sample to absorb low-energy X-rays. The
experimental device is shown in Supplementary Figure S1. The cavitated
willow branch was fixed on the polymethyl methacrylate (PMMA)
holder with a water tank at the bottom through adhesive tape. A
round hole is opened on the upper surface of the water tank to
facilitate insertion of the willow branch. Before experiment α-
cyanoacrylate glue/adhesive (502 glue) was used to fix the holder on
the air-bearing stage to keep the sample stable during the rotary scanning
process. Before the experiment, the water tank should be kept dry.When
everything is ready, the water tank was filled with water (about 18 mL)
through a medical syringe, the photon shutter was opened, and shooting
started immediately after the rotation speed of the air-bearing stage was
stable. Due to the safety interlock setting of the experimental hutch, the
photon shutter was opened 10–15 s after water injection, and data
acquisition was started. The detector was placed 53 cm away from
the sample to ensure sufficient phase propagation distance and the
contrast of the water-air interface was further enhanced. As shown in
Supplementary Figure S1, the imaging area is marked with a red
rectangle. The X-ray light field passing through the sample was
converted by the scintillator (LuAG: Ce, 100 μm) into visible light,
and then magnified by optical microscope with 8× lens. The image
was recorded by CMOS fast imaging detector (FASTCAM SA-Z,
Photon), with a pixel size of 20 μm, bit depth 12 bits, array size of
1,024 × 1,024 pixels. Accordingly, the effective pixel size of the detector is
2.5 μm. It is enough to distinguish the vessels with a diameter of
20–40 μm and surrounding tissue in the willow branch.

During data acquisition, the rotation speed of the air-bearing
stage was set to 240 rpm, with the exposure time of each frame of
33.7 μs, the frame rate of the detector of 1,000 fps, and the shooting
time of 7.75 s. This indicates that the sample rotated by 180° every
125 ms, and 125 projections were taken at the same time. A total of
62 sets of CT data were collected within 7.75 s The refilling process
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can be regarded as quasi-static during a CT scan cycle of 125 ms. At
the same time, according to the acceleration equation of circular
motion, a = ω2r, the outer edge of the willow branch has the
maximum centrifugal acceleration. Substituting the relevant
parameters into the acceleration equation yields the maximum
centrifugal acceleration is a = 0.63 m/s2 ≈ 0.06 g (g refers to the
acceleration of gravity). This means that the effect of centrifugal
acceleration caused by rotating at such a speed can be ignored. In
other words, rotational exposure does not affect natural refilling.

To obtain the 3D distribution of the refilling, the dynamic
micro-CT slices were reconstructed using the PITRE software
[39], and then slices with the refilling distribution were generated
by move contrast algorithm. When water of uniform density flows
through a point, the time-series grayscale at that point will produce a
step-like signal. The Fourier transform spectral power of the step
signal is concentrated mostly in the low frequency region, while the
fluctuations in the imaging background and the detector thermal
noise are mainly high frequency signals. Taking advantage of this
difference, the passband ranges [kLP, kHP] can be set to the low-
frequency region to extract the signal generated by water refilling. So
that the weak signal imaging under a complex background was

realized, and the imaging sensitivity of the water refilling in the
complex vessel-tissue network structure of the willow branch was
greatly improved. Furthermore, based on the phase information of
move contrast imaging, the time information of refilling could be
further obtained, and the refilling flow and its change with time
could be calculated.

3 Results

3.1 Startup features of refilling along vessels

In this study, based on the high sensitivity of MCXI in
combination with the dynamic micro-CT, we traced the
movement of the gas-water interfaces under the complex
background of plant stem without using any contrast agent, and
realized the four-dimensional spatial-temporal positioning of
refilling in the vessels through the MCXCT. By fusing the CT
microstructure of the willow branch with the spatio-temporal
position of the MCXCT refilling water, the 3D dynamic
evolution of the refilling along the willow branch tissues and

FIGURE 1
Imaging results for MCXCT. (A)MCXCT slice No. 700 at 7.75 s. (B) Fusion of CT slice (grayscale) andMCXCT slice (green) at 7.75 s (C,D) Temporal and
spatial distribution of refilling water in willow branch (C) and vessels (D), with the color bar corresponding to time 0–7.75 s.
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vessels was obtained. The first set of CT data was used to reconstruct
the 3D microstructure of the willow branch, which is in fact the
phase contrast X-ray CT (PCXCT) of the branch. At this time, the
refilling was just started, and the refilling information of water had
little impact on the structural information of the willow branch.
According to the recorded time series, multiple sets of CT data were
used to reconstruct the 3D spatial distribution of the refilling
trajectory and its evolution with time. Figure 1 shows the three-
dimensional microstructure of the willow branch and the
distribution of refilling trajectory at the initial stage of cuttage.
Figure 1A shows the 700th layer slice of MCXCT, and green
elements represent the amplitude signal of MCXCT, indicating
that refilling has occurred at these locations. The spatial positions
of the pixels on the PCXCT and MCXCT reconstruction results
correspond to each other, due to the same projection was used for
reconstruction in PCXCT and MCXCT. Therefore, the distribution
of the refilled water in the willow branch can be obtained by fusing
the two images as shown in Figure 1B, in which a gray image is used
to illustrate the spatial structure of the willow branch. The brighter
part represents the willow branch tissues, and the darker part
represents the low-density areas, which are the vessels distributed
on the cross-section. According to the locations, the MCXCT signals
in the tissues are scattered in the willow branch cross-section, almost
everywhere. This means that the refilling in the tissues should be
dominated by osmosis, and the tissues in all parts of the body
participated in the refilling process. As can be seen from Figure 1B,
most of the inner walls of the vessels have scattered MCXCT signals,
and this part of the water should be formed by osmosis from the
tissues into the inner walls of the vessels. Individual vessels are fully
filled with the MCXCT signals, indicating that these vessels have
completed tissue osmosis and are undergoing the transport along
the vessel cavities. It can be seen from the evolution of the
distribution of refilling signals in the section of this layer over
time (Supplementary Figure S2A) that, with the progress of
refilling, the water continuously permeates into the vessel from
the tissue, and these droplets gradually fuse until they fill the vessel,
completing the refilling of the vessel. Combined with the dynamic
evolution process of refilling in the 3D space (Supplementary Figure
S2B), it can be found that the droplets in the vessel gradually form a
liquid column, and then the liquid column gradually grows with
time, thus achieving the cavitation repair. Moreover, the above
observed phenomenon is similar to that of the model of water
osmosis-aggregation in the refilling process [21–24].

According to the principle of move contrast imaging, the
amplitude diagram represents the trajectory of the motion
signals, the phase diagram represents the temporal distribution,
and the change direction of the phase value represents the evolution
direction with time. By fusing the PCXCT amplitude diagram with
its phase diagram and combining the PCXCT spatial structure
information, the evolution of the refilled water in the willow
branch with time was obtained. As shown in Figure 1C. The red
to blue colors are used to map the corresponding spatial positions at
different time points in the time period of 0–7.75 s. It can be seen
that the refilling in the willow branch is mainly in the form of liquid
columns, supplemented by the osmosis of liquid droplets. According
to the column shape of the vessels, these liquid columns should be in
the vessels, and the vessels should be the main site for refilling at the
initial stage of willow cuttage. Based on the vessel spatial structure

given by the PCXCT, the MCXCT signals inside the vessels were
extracted separately, as shown in Figure 1D. On the whole, the colors
of the liquid columns in the vessels are generally bright, and those of
the permeated droplets are dark. Since the bright color represents an
earlier time sequence and the dark color represents a later time
sequence, it is indicated that the severely cavitated vessels are refilled
in the form of liquid columns first. Viewing from the color
distribution of the liquid columns, the colors are mainly
distributed in the order of red, orange, yellow and green colors
from the bottom to the top, which means that the refilling is
extended from the proximal end to the distal end, which is
consistent with our existing knowledge. In order to more
intuitively express the evolution of refilling with time,
Supplementary Figure S2 shows the spatial distribution of the
refilling trajectories at different time points (2D/3D). Obviously,
the information given in Supplementary Figure S2 is consistent with
that in Figure 1D. By means of pseudo color expression, Figure 1D
shows a 4D distribution diagram of water filling in the vessels, which
contains the 3D space and 1D time information.

From the 4D distribution information of refilling given in
Figure 1D, we can know the qualitative information of the
refilling process in the vessels at the initial stage of cuttage. To
better understand the cavitation repair mechanism of vessels, it is
necessary to further quantitatively analyze when and where the
refilling startups. Because the MCXCT can provide the 3D space and
1D time information of refilling at the same time, it can be used to
realize the quantitative analysis of the starting and transfer
characteristics of the vessel refilling. The distribution of refilling
starting positions along the vessels can be obtained by making the
statistics of the occurrence positions of refilling in the vessels at
different time points, as shown in Figure 2A. It can be known from
Figure 2A that refilling may start simultaneously from multiple
heights at the same time point. During the time period of 0.5 ± 0.5 s,
refilling startups in the vessels are more intensive. During the time
period of 2.0 ± 0.5 s, the number of refilling startups is smaller. It
may be because that after a period of intensive starting, the tissues
around the vessels need to spend time accumulating water as the
source for subsequent starting. This means that the refilling at the
initial stage of cuttage starts simultaneously from different parts of
the vessels, rather than from the bottom up as is commonly
understood. During the time period of 3.0 ± 0.5 s, the refilling
starting is resumed, but the number of startups is reduced compared
with that of the first round of starting. After 4 s, the number of
refilling startups decreases significantly until 5 s when the number of
startups becomes zero. The statistical histogram of the number of
refilling startups in Figure 2B confirms the above analysis. Therefore,
excluding the time from water injection in the pool to the start of
recording, the time required for the initial refilling of the willow
branch cuttage to start is about 4 s. From Figures 2A, B, it can be seen
that after 5 s, no new start of refilling can be observed along the
vessel walls, indicating that the water columns in the vessel cavities
have been formed at this time, and the refilling form has changed
from the osmosis from the surrounding tissue to the vessel walls to
the transport inside the vessel cavities. Figure 2C shows the statistical
histogram of changing of the number of refilling startups with the
height. It can be seen that the number of startups decreases rapidly
with the height, and only one new refilling start can be observed at
the top of the field of view. The number of refilling startups at the
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proximal end is more than that at the distal end, indicating that the
refilling pressure at the proximal end is larger, and the gradual
decrease of the number means that there is a pressure gradient from
high to low. Apparently, this is consistent with the prediction by
Cohesion-Tension theory (CTT) [40].

By analyzing the position and time of refilling starting, we can
infer the overall characteristics of the initial refilling starting in the
willow branch cuttage. Firstly, the water osmosis from the tissue into
the inner walls of the vessel occurs along the vessel walls at different
heights. Then, a steady stream of water permeates from the tissue
into the inner walls of the vessel, forming scattered droplets, which
gradually grow in both number and size until they fuse together to
form a column that fills the vessel cavity. Finally, the liquid column
in the vessel cavity grows gradually from bottom to top, thereby
completing the repair of the cavitated vessel. Because the vessels and
tissues form a complete water network, when the part close to the
water source absorbs water, the change of osmotic pressure in the
tissue will be quickly transferred to the entire network, including the
vessels. Under the traction of the cavitation negative pressure,
refilling can be started quickly in a short time at different heights
along the vessel walls. Therefore, it can be considered that the
refilling chain of the willow branch at initial stage of cuttage is
composed of water source-tissue-vessel-tissue. As a key link, tissue is
the pressure transmitter and water source for the start of refilling in
vessels.

3.2 Modalities of refilling along vessels

There are numerous vessels in the willow branch, the cavitation
degrees of different vessels and the relationship between the vessel
and the surrounding tissue are different. Studying the refilling
performance of a single vessel is the key to further accurate
understanding of the refilling modalities. The total number of
vessels for the willow branch during the MCXCT experiments in
this paper was over 400 by count. However, only 69 vessels appeared
to have been refilled on a significant amount during the experiment.
These vessels were randomly indexed, and height-time curves for
refilling within them were plotted based on the spatial and temporal
distribution provided by the MCXCT experiment, as shown in

Supplementary Figure S3 in Supplementary Material. There are
three primary refilling modalities were summarized, namely,
osmosis type (vessel No. 7), linear type (vessel No. 60), and
mixed type (vessel No. 62). The detailed height-time curves of
the three typical examples and their corresponding structures are
shown in Figure 3.

The black curve in Figure 3A represents the osmosis type, which,
on the height-time curve, is manifested by the simultaneous
occurrence of the refilling signals at different positions in the
vessel within a short period of time, which means that the tissue-
vessel wall-vessel cavity osmosis occurs at different positions of the
vessel at the same time. Figure 3B shows the cross-sectional view of
the 3D structure of the vessel corresponding to the black curve, its
neighboring vessels and its surrounding tissue at the position of
895 μm, where the blue part represents the refilled water. It can be
found that there are a number of intervessel pits on the inner walls of
the vessel that connect with the adjacent vessels. The existence of
these intervessel pits makes it impossible to create a stable negative
pressure environment in the vessel cavity, leading to the fact that the
refilling of this type of vessels is mainly based on permeability, and
this refilling modality is called osmosis type.

The red curve in Figure 3A represents the linear type, and the
position of the refilling signal changes linearly with time, indicating
that the refilling is unidirectional along the vessels, which is a typical
vessel-dominated refilling. According to the linear fitting of this
curve, the refilling speed of 104.6 μm/s was obtained, which is
relatively slow, indicating that the vessel is in the stable vessel
transport period. Figure 3C shows the cross-section view of the
3D microstructure of the vessel at 1,400 μm. It is obvious that the
vessel is isolated from and has no connection with the adjacent
vessels. As there are no macro pits between the vessel and the
adjacent tissue, the vessel wall is relatively complete, and a relatively
independent negative pressure environment can be formed to
ensure the stable water transport in the vessel cavity. With no
connection to adjacent vessels, the water source for continuous
refilling of the vessel should come from the osmosis of the
surrounding tissue. The water permeates into the inner wall of
the vessel and mutually fuses to form a complete liquid column.
Then the liquid column continues to transport upward at a stable
speed driven by the negative pressure gradient in the vessel [3]. This

FIGURE 2
Startup time and height of water refilling in vessels. (A) Height vs. time. (B) Histogram of startup time and (C) Histogram of startup height.
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refilling modality is called linear type. In addition, Kim et al.
observed the refilling process in xylem vessels of isolated rice
leaves using the synchrotron radiation source [20]. The average
rising velocity of the refilling liquid column in their study was about
50–100 μm/s. This is similar to the linear type refilling velocity of
104.6 μm/s achieved by MCXCT in this paper.

The blue curve in Figure 3A shows the mixed type. The height-
time curve of the refilling signals shows that there are signals at
multiple positions at the same time in the early stage, and then it turns
into a linear change with a constant slope. It can be known from
Figure 3A that the positions of the blue curve at 1,875 μm, 2,000 μm
and 2,200 μm correspond to the osmosis section, transition section
and linear transport section, respectively, and the corresponding
spatial microstructure is as shown in Figures 3D–F. It can be seen
from Figures 3D–F that the liquid column corresponding to the
osmosis section is incomplete, and there is a cavity in the middle
of the liquid column, while the liquid column of the transition section
and that of the linear section are relatively complete, filling the entire
vessel. The results in Figure 3D show that a complete liquid column
has not been formed at the start stage of refilling, the vessel cavity is
connected up and down, there is no pressure difference at both ends of
the liquid column, and the liquid column has no overall upward
power, which is mainly manifested by the osmosis from the
surrounding tissue to the vessel, forming an osmosis refilling. As
the refilling proceeds, the water in the vessel cavity gradually
accumulates until a complete liquid column is formed at the
osmosis part, as shown in Figures 3E, F. The pressure difference
caused by the negative pressure at the cavitation end of the vessel

drives the liquid column to transport upward at a constant speed, with
the refilling transiting from the osmosis type to the linear type. It can
be considered that viewing from a long period of time, most cavitated
vessels will experience the mixed refilling modality from osmosis type
to linear type at the initial stage of cuttage. From the fitting result of the
linear section of the blue curve in Figure 3A, it can be seen that the
growth rate of the liquid column is 359.8 μm/s, which is far greater
than that in the linear type refilling represented by the red curve. This
indicates that the pressure difference in the vessel is large during the
mixed type refilling, which drives the refilling to progress quickly.

More structural evidence corresponding to the three refilling
modalities can be seen in Supplementary Figure S4. The osmosis
refilling modality mostly appears in the vessels that are connected
with the adjacent vessels, the linear refilling modality appears in the
vessels that exist alone and the liquid column in which is complete, and
themixed refillingmodality appears in the vessels in which a closed liquid
column is not formed in the osmosis stage, but at the linear stage, the
liquid column is complete andfills the vessel cavity. Supplementary Figure
S5 shows the longitudinal section views of the microstructures of the
osmosis, linear and mixed refilling modalities, respectively. As shown by
the yellow arrow, the vessel where the osmosis type of refilling is located
has connected adjacent vessels andmanymacro pits on its inner wall. The
vessel where the linear type of refilling is located is completely separated
from the adjacent vessels and has nomacro pits in the innerwall, inwhich
the liquid column is complete. The vessel where themixed type refilling is
located is alone in the surrounding tissue and has complete inner walls, in
which the liquid column below the transition point marked by the yellow
arrow is incomplete and has cavities, and the liquid column becomes

FIGURE 3
Three typical modalities of water refilling along vessels. (A) Position vs. time curves for the three typical modalities and the velocities after linear
fitting. (B–F) Fused images of CT andMCXCT at positions of the vessels,with the grayscale indicating themicrostructure of the vessels surrounded by the
tissues, and the blue denoting the refilled water reconstructed by MCXCT. (B) Cross section at 895 μm corresponding to the black curve in (A). (C) Red
curve at 1,400 μm (D) Blue curve at 1,875 μm. (E) Blue curve at 2,000 μm (F) Blue curve at 2,200 μm.
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complete after the transition point. Obviously, the microstructures of the
longitudinal sections further validate the cross-section-based analysis.

3.3 Relay transport along adjacent vessels

The height of a plant is usually far greater than the length of its vessels,
and therefore, water cannot be transported from roots to leaves by a single
vessel. A large number of vessels are densely distributed in the willow
branch, as shown in Figures 4A, B.As long as there are adjacent connected
vessels, the vessel relay transport mode should be possible. It can be seen
from the height-time curves of the liquid columns in vessel refilling
(Supplementary Figure S3) that the refilling in No. 7 and No. 59 vessels
shows the obvious “temporal-spatial relay” characteristics, which can be
clearly seen by plotting the two curves together, as shown in Figure 4C. It
can be seen that refilling is almost consecutive at the height of 1,300 μm
marked by blue solid line in Figure 4C. Combined with the wood
anatomical structures, the relay of refilling occurs near the intervessel
pits. Two pink horizontal dashed lines in Figure 4C are used to mark the
height interval of the intervessel pits. The position of the vessel in the 3D
microstructure reconstructed by theMCXCT can be located according to
the index, and the refilling in vesselsNo. 7 andNo. 59 aremarkedwith red

and green arrows, respectively (Figures 4A, B). It can be seen from the
distribution sectional images of the longitudinal (Figure 4A) and
transverse (Figure 4B) vessels of the willow branch that these two
vessels are closely adjacent to each other, and the refilling relay
position is marked with a white rectangle in Figure 4A. In order to
show the microstructure of the relay position more clearly, the white
rectanglemarking position in Figure 4A is shown in Figure 4D after being
magnified. The cross-sectional 3D view of the region marked by the
purple rectangle in Figure 4D at the height of 1,520 μm is shown in
Figure 4E. It can be seen from Figures 4D, E that no direct water-
transmission can be found between the two vessels, and the end of the
former vessel refilling and the start position of the posterior vessel refilling
are not completely consistent in space, but there is a longitudinal spatial
overlap. It indicated that the refilling processes of these two vessels are
mutually independent, and it is also the water supply provided by the
surrounding tissue osmosis for the two vessels that ensures the refilling
relay.

As shown in Figure 4E, vessels No. 7 and No. 59 are connected by
intervessel pits.Thismeans that the airpressurebetween themis essentially
the same. As well known, water is constantly transported in plants in a
proximal-to-distalpattern,andtheproximaltissuesareprioritizedtoreceive
water.After theformervesselwasrefilled, thewaterthenseepedthroughthe

FIGURE 4
Relay transport between adjacent vessels. (A) Fusion of vessels and relay transport water columns with the stereo view and (B) Vertical view from the
top. (C) Height-time curve for the refilling column in vessels No. 7 and No. 59, while the blue solid line and pink dash lines representing the height of the
relay point and the intervessel pits, respectively. (D) The side view of adjacent vessels and water column extracted from the white rectangle in (A), and the
relay region are marked by purple rectangle. (E) Cross section view of the selected part of the purple rectangle in (D). The blue parts in (A,B,E), and
colored parts in (D) represent water. In addition, green and red arrows marked the refilling column in vessels No. 7 and No. 59, respectively.
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inner wall of the posterior vessel, stimulating the relay refilling. This
implicates that the intervessel pits and osmosis from tissue to vessel
contribute to the relay refilling of the two adjacent vessels.

4 Discussion

There are currently three main hypotheses for the mechanism of
water refilling: the osmotic hypothesis, the reverse osmotic
hypothesis and the phloem-driven refilling hypothesis [41]. The
validation of these hypotheses requires the development of novel
imaging techniques. Phase contrast X-ray CT (PCXCT) is one of the
most important in situ imaging methods for xylem refilling studies
[42]. Refilling models based on PCXCT developed by different
research groups are consistent [21–23]. These models support the
osmotic hypothesis that plants can actively secrete solutes such as
sugars into the cavitated vessel so that the local osmotic pressure is
lower than that of the surrounding tissue. This mechanism allows
water within the tissue to permeate the inner walls of the vessel at
different heights. As refilling proceeds, the droplets become more
and more numerous until they coalesce into liquid columns and
occupy the cavitated vessel [21–23, 43]. However, these models give
only an approximate picture of the refilling process on hourly time
scales and is hard to give quantified dynamic details. As comparison,
move contrast X-ray micro-CT (MCXCT) with a spatial resolution
of 2.5 μm and a three-dimensional temporal resolution of 125 ms
reveals that there are three typical modalities of water refilling,
namely, osmosis type, linear type, and mixed type at the initial stage
of willow cuttage. Among them, the imaging results and height-time
curves of osmosis refilling are consistent with the osmotic
hypothesis. The linear type represents the refilling process after
liquid column formation. The mixed type shows the evolution of the
whole refilling process. This suggests that the experimental results of
MCXCT demonstrate the existing refilling models based on the
osmotic hypothesis. Furthermore, a “temporal-spatial relay” refilling
mode between adjacent vessels with intervessel pits was discovered.
The experimental results infer that the intervessel pits and osmosis
from tissue to vessel contribute to the relay refilling of the two
adjacent vessels. Based on the results of the existing studies on
embolism spread in the xylem through the vessel relay [44–47], the
existence of “temporal-spatial relay” refilling mode should be
justified. The Cohesion-Tension theory points out that water is
in a metastable state under the tension drawing in the vessels of
normally growing plants, and the xylem vessels will experience
frequent cavitation and refilling cycles due to drought stress,
freeze-thaw cycles and external injuries [48, 49]. Each of such
cycles involves the transfer of water between the vessels and the
tissues. It is speculated that the mechanism of long-distance water
transport in plants should be related to the vessel cavitation and
refilling cycles and the relay refilling along the adjacent vessels.

In conclusion, the MCXCT technique developed in this paper
can realize 3D dynamic imaging of weak moving signals in a
complex background. It can be applied to many research fields
for weak signal tracking in a complex system. Meanwhile, some
issues deserve to be taken seriously. Firstly, MCXCT requires
efficient data collection with high precision. Secondly, massive
data need to be processed during image reconstruction. In

addition, the twirling of sample may affect the natural state of
some dynamic processes to some extent.
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