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xylem conduits by desktop x-ray
microtomography
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Abstract

Background: The hydraulic conductivity of the stem is a major factor limiting the capability of trees to transport
water from the soil to transpiring leaves. During drought conditions, the conducting capacity of xylem can be
reduced by some conduits being filled with gas, i.e. embolized. In order to understand the dynamics of embolism
formation and repair, considerable attention has been given to developing reliable and accurate methods for
quantifying the phenomenon. In the past decade, non-destructive imaging of embolism formation in living plants
has become possible. Magnetic resonance imaging has been used to visualize the distribution of water within the
stem, but in most cases it is not possible to resolve individual cells. Recently, high-resolution synchrotron x-ray
microtomography has been introduced as a tool to visualize the water contents of individual cells in vivo, providing
unprecedented insight into the dynamics of embolism repair. We have investigated the potential of an x-ray tube -
based microtomography setup to visualize and quantify xylem embolism and embolism repair in water-stressed
young saplings and shoot tips of Silver and Curly birch (Betula pendula and B. pendula var. carelica).
Results: From the microtomography images, the water-filled versus gas-filled status of individual xylem conduits
can be seen, and the proportion of stem cross-section that consists of embolized tissue can be calculated.
Measuring the number of embolized vessels in the imaged area is a simple counting experiment. In the samples
investigated, wood fibers were cavitated in a large proportion of the xylem cross-section shortly after watering of
the plant was stopped, but the number of embolized vessels remained low several days into a drought period.
Under conditions of low evaporative demand, also refilling of previously embolized conduits was observed.
Conclusions: Desktop x-ray microtomography is shown to be an effective method for evaluating the water-filled
versus embolized status of the stem xylem in a small living sapling. Due to its non-destructive nature, the risk of
inducing embolisms during sampling is greatly reduced. Compared with synchrotron imaging beamlines, desktop
microtomography offers easier accessibility, while maintaining sufficient resolution to visualize the water contents of
individual cells.
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Background
The presently accepted theory explaining the ascent of sap
inside a tree stem is the cohesion-tension theory, which is
mainly based on four points: the transpirational pull, the
xylem forming an interconnected network of conduits,
the attractive interactions (hydrogen bonds) between
water molecules, and the fact that the water is confined to
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reproduction in any medium, provided the or
relatively narrow conduits, remaining in a liquid state even
under considerable tensions up to -10 MPa [1].

An important factor limiting the hydraulic conductiv-
ity is that water under such high tensions is in a meta-
stable state and vulnerable to cavitation, i.e. formation of
gas bubbles within the water column, which will rapidly
expand and fill the whole conduit, forming an embolism
that prevents the transpirational pull from being trans-
mitted into the tissue below. Drought conditions as well
as freeze-thaw cycles experienced by temperate and
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boreal species pose an increased threat of cavitation for
trees [2].

Trees also have means of restoring the hydraulic con-
ductivity lost by cavitation, either by producing new
xylem to replace embolized conduits, or by refilling gas-
filled cells with water. Under low evaporative demand,
many species are able to generate root or stem pressures
well above the atmospheric pressure throughout their
vascular system [3]. These pressures are thought to be
responsible for embolism repair occurring in the spring
before leaf flush, and during night time in the growing
season [3,4]. Refilling during transpiration is a more
complex phenomenon, since it implies the existence of a
significant pressure difference between the refilling con-
duit and the surrounding xylem. This local refilling is
not very well understood, but most hypotheses attribute
it to hydraulic isolation of the refilling conduit due to
the geometry of the pits connecting the xylem elements,
and to active secretion of solutes into the embolized
conduit by adjacent still-living cells [5,6]. In a recent re-
view, the source of the refilling water was proposed to
be the phloem, rather than the water-conducting xylem
around the embolized conduits [7].

Until recently, a key limitation in the study of embol-
ism development and repair has been the lack of
methods to directly observe cavitation and refilling
events in living plants. Traditional methods for quantify-
ing xylem embolism include studying the cut surface of
an excised stem or branch segment or leaf petiole under
a microscope [8,9], or measuring its percentage loss of
hydraulic conductivity (PLC, [6,10]). Also acoustic emis-
sions have been used to detect cavitation events in vivo
[11,12]. The former two are destructive methods, and
therefore only give the water status of the sample at one
specific point in time. With these methods, embolism
development and repair can only be observed indirectly,
by sampling a group of similar plants undergoing the
same environmental changes. Ultrasound observations
are a direct method for detecting cavitation as it occurs,
but we are unaware of any studies using acoustic emis-
sions to detect refilling, which is presumably a much
slower process. Moreover, ultrasound and PLC measure-
ments, respectively, only give information on the num-
ber of embolized conduits and amount of conductivity
lost due to embolism; the spatial distribution of
embolized conduits with in the stem is not accessible
with these methods.

The analysis of the effects of water stress on trees and
verification of refilling theories would benefit from infor-
mation on what are the water contents of individual
cells. Optical or scanning electron microscopy (SEM) of
vitrified tissues (e.g. [13]) could provide the needed
spatial information, but both methods are relatively la-
borious. These methods also involve either freezing the
sample rapidly to vitrify the cells’ water contents, or per-
fusing the excised segment with a staining agent to see
which cells are conducting. Combined with cutting the
samples, this poses a risk of artificially inducing
embolisms during sample preparation (see e.g. [14-16]).

Magnetic resonance imaging (MRI) is one tool capable
of non-destructively visualizing the stem water contents,
and has already been successfully used to observe
embolization in woody species such as grapevines and li-
anas [17-19]. The disadvantage of MRI is the relatively
poor spatial resolution (in-slice resolution of 20-150 �m /
pixel), which is adequate to resolve large embolized ves-
sels, but not the surrounding tissue.

Recently, synchrotron-based x-ray imaging has been
applied to observing xylem embolism and refilling. Lee
and Kim [20] used phase-contrast micro-imaging to ob-
serve the refilling of vessels in bamboo, and Brodersen
et al. [21] demonstrated the use of synchrotron-based
high resolution x-ray microtomography (XMT, also
known as �CT) in visualizing embolism refilling in
grapevine stems. With a resolution of 4.4 �m per voxel,
Brodersen and coworkers were able to visualize the
growth of water droplets inside refilling vessels. Their
results appear to confirm both the role of ray paren-
chyma cells in refilling and the importance of hydraulic
isolation of the refilling vessel.

X-ray microtomography, however, is not limited to
synchrotron sources: so called ‘desktop’ XMT systems,
capable of sub-micron voxel resolution, are becoming
increasingly popular. Although a synchrotron offers bet-
ter temporal resolution and superior beam intensity,
desktop scanners are far more easily available to most
researchers, and require fairly little user experience to
operate efficiently. A home lab –based system also al-
lows conducting long-term studies that could not be car-
ried out within a beam time allocation of a few days.
Such systems have already demonstrated their capabil-
ities in visualizing and quantifying xylem anatomy
[22,23], but so far there have been few attempts to image
the xylem of live trees using these systems. In a larger
scale, such a system has already been applied to imaging
the development of maize seeds [24], and a similar XMT
system to the one used in this study was recently used
to observe the growth of Arabidopsis thaliana [25].
However, the resolution used with live samples in these
studies was not yet sufficient to determine the water
contents of individual cells.

In this work, we have investigated the use of a desktop
XMT setup in visualizing and quantifying embolism
propagation and repair in live saplings and shoot tips of
Silver and Curly birch (Betula pendula and B. pendula
var. carelica). A significant part of the effort was in de-
vising a suitable sample holder to avoid sample move-
ment artefacts with a live sample, as well as finding
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suitable scan parameters to minimize radiation exposure
to the sample while maintaining a sufficient signal-to
-noise ratio to resolve individual xylem cells. The results
show that x-ray tube –based XMT equipment can be
used to follow the propagation of drought- or freezing-
induced embolism and embolism refilling at the cellular
level in birch saplings. As simple quantitative metrics of
the degree of embolization within the stem, we propose
to calculate two values from the cross-sectional tomog-
raphy images: the number of embolized vessel cells, and
the percentage of stem cross-section that consists of
embolized xylem. The latter parameter is abbreviated
PCS, or percentage of cavitated stem.

Results
A typical x-ray microtomography scan consists of collecting
from a few hundred to several thousands of transmission
radiographs while rotating the sample in the x-ray beam.
From the set of acquired radiographs, termed projections,
one can calculate the spatial distribution of the linear at-
tenuation coefficient � within the sample. The end result is
the tomographic reconstruction, i.e. a digital three dimen-
sional grayscale image, where high gray values correspond
to more attenuating material. Each cubical volume element
is termed a voxel (cf. picture element = > pixel), and the
edge length of one element is called the voxel size of the
reconstruction.

Figure 1 shows one axial cross section through the 3D
reconstruction of a Curly birch stem. By gray value, the
image can be divided into three components: air/water
vapor in gas-filled cells has a low �, and is seen as dark
gray, similar to the air surrounding the sample. The at-
tenuation coefficients of the wood cell wall and sap are
higher than that of air, but very close to each other: sap-
filled xylem cells as well as the pith and phloem are seen
as light-gray areas. However, it is possible to distinguish
Figure 1 Quantification of xylem embolism in the stem of a Curly bir
Sap-filled cells and cell walls are shown in light grey, air-filled embolized ce
of the wood fibers are embolized, even though most vessels remain water
zone divided by the area of the whole stem gives the percentage of cavita
PCS calculation, along with a grayvalue histogram of the data. Another figu
cross section. The arrows in a) point to the 10 embolized vessels in this cro
edge of the sample is a Blu-Tack marker used to help in locating the same
the boundary between xylem and phloem due to a slight
difference in gray value and the presence of air or vapor-
filled areas in the phloem (visible as dark spots). The
bright heavily attenuating (white) spots that are very
abundant in the phloem are mineralized sclereids, or
stone cells. The abundance of stone cells was found to
be a very useful feature for ‘navigating’ through the re-
construction. Utilizing the stone cells as ‘landmarks’
made it significantly easier to find the same vertical pos-
ition from scan to scan, despite the cells’ changing water
contents and slight alterations to the orientation of the
sample.

The calculation of our chosen metrics for the degree
of embolization in the stem is also illustrated. Embolized
vessels are readily identifiable as larger dark areas within
the xylem, and their number can be simply counted in
the image. The PCS value is the ratio between the area
highlighted with red in Figure 1c, and the total stem
cross-sectional area.

Refilling of embolized xylem due to changes in
temperature or lighting conditions
We were able to visualize the successful refilling of
embolized xylem conduits on two occasions, the first of
which is illustrated in Figures 2 and 3. An already leaf-
less sapling of Silver birch (sample A), approximately
40 cm in height, was uprooted in late October and
scanned immediately after bringing the sample indoors.
In this initial scan, most of the xylem fibers are already
embolized due to decreasing temperatures, leaving only
a narrow range of sap-filled fibers near the phloem.
Most of the vessels, however, were still sap-filled
throughout the stem. In the complete cross-section, we
counted a total of 11 embolized vessels. After the initial
scan, the sample was kept at room temperature for two
days before re-scanning. The second scan clearly showed
ch sapling. a) Sap-filled cells and cell walls are shown in light grey.
lls in a dark grey or black. In a wide zone around the pith, the majority
-filled. This zone is highlighted in red in c). The area of the cavitated
ted stem, or PCS value (37.1%). b) Shows an intermediate step in the
re of importance is the number of embolized xylem vessels in the
ss-section. Scale bars are 400 �m. The white object on the upper-right
position of the sample.



Figure 2 XMT reconstructions from the stem of a Silver birch sapling. Axial cross-sections of sample A, uprooted in late October. Image a)
was taken immediately after bringing the sample indoors, image b) after two days in room temperature. In the image b), refilling of previously
embolized fibers near the edges of the xylem can be seen. Scale bars 800 �m. To guide the eye, the arrows point to the same reference points in
the two images.
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the refilling of some initially gas-filled fibers, starting
from the outer edge of the mainly embolized part of the
stem. Figure 3 shows axial and longitudinal sections of a
smaller area in the two scans, where also the refilling of
four initially embolized ray cells can be observed. A ra-
dial cross-section of the same region is presented in
Additional file 1, showing that these four cells indeed
form part of the ray.

A similar refilling was also observed in a shoot tip of
an approximately 3 m tall Silver birch (sample B) the fol-
lowing summer. The top 40 cm of the main stem was
excised on a sunny afternoon in June, and scanned im-
mediately after excision under bright illumination. The
lights were then turned off, and the sample scanned
again after 1 hour in darkness. The stem was cut under
water, and the cut surface kept submerged for the entire
experiment. From the results (Figures 4 and 5) we see
that most of the fibers were initially embolized near the
Figure 3 Refilling of embolized fibers due to increased temperature.
a) and c) are taken immediately after bringing the sample indoors, b) and
cross-sections, c) and d) corresponding views, where also a longitudinal cro
section is indicated by the orange vertical line. Scale bars are 350 �m in pa
arrow points to the same ray cell, which has been refilled between scans. T
understanding the relative orientation of the cross-sections.
center of the stem, but sap-filled near the phloem. Only
a single vessel was found to be embolized in the scanned
section. Maintaining the sample in darkness, the outer-
most embolized fibers were refilled (Figure 4), and even
the embolized vessel started to refill. Figure 5 shows
water entering the vessel, both at the ends of a vessel
element, as well as in the middle, similar to that previ-
ously observed in grapevine [21].

Embolism propagation in water stressed plants
We also conducted a long-term experiment, in which
watering of live saplings was ceased and embolism for-
mation monitored with repeated XMT scans of the same
stem section. The extent of embolization was quantified
by calculating the PCS values and counting the number
of embolized vessels within a selected cross-section
through the sample. Figures 6 and 7 show the observed
cross-section of two samples (a Curly birch (C) and a
Area near the left edge of Figure 2 shown in greater detail. Images
d) after two days at room temperature. Images a) and b) show axial
ss-section is shown. In a) and b), the position of the longitudinal cross
nels a) and b), 200 �m in panels c) and d). In each panel, the white
he red-green compass arrow is intended as a visual aid to



Figure 4 Refilling of embolized fibers due to changes in lighting conditions. XMT images showing refilling of embolized wood fibers in the
shoot tip of a young Silver birch (sample B). a) Image taken immediately after excision in the afternoon, and b) the same tissue after maintaining
the sample in darkness for one hour. To guide the eye, the white arrows point to the same sclereids in both images. Green arrows indicate areas
where refilling of fibers occurred between the scans. Scale bars 350 �m. The single embolized vessel observed in the sample is near the upper-
right corner of the images (red arrow).
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Silver birch (D) sapling) at different stages of the experi-
ment, Figures 8 and 9 the corresponding PCS values and
the embolized vessel counts.

Even in the well-watered state, most wood fibers in a
large portion of the stem (up to 46%) were found to be
embolized. This percentage also started to increase im-
mediately after watering was stopped. However, only iso-
lated vessels were embolized in the initial state, and it
was only after several days into the drought that a sig-
nificant increase in the number of embolized vessels was
observed.

Surprisingly, we did not observe reversal of embolisms
when watering of the plants was resumed after the
Figure 5 Partial refilling of a vessel element. The images show the surr
images a) and c) corresponding to Figure 4a, and b) and d) corresponding
approximately 300 × 600 �m2. c) and d) also depict a longitudinal section,
between the two scans. As a common point of reference, the white arrow
drought. After re-watering, however, both the PCS value
and the number of embolized vessels were increased
considerably slower than during drought conditions.
Despite this, our samples did not make a full recovery
from the drought, beginning to wilt some weeks after
the start of the experiment. Whether this was caused by
the ionizing radiation dose, or the prevailing particularly
adverse weather conditions, is unknown.

Discussion
Applicability of desktop XMT to studying xylem embolism
With the presented results, we have aimed to demon-
strate that also desktop x-ray microtomography systems
oundings of the embolized vessel in Figure 4 in greater detail, with
to Figure 4b. The axial cross-section shown in all panels is

with green arrows indicating where the vessel was partially refilled
points to the same sclereid in each image.



Figure 6 XMT time series of a Curly birch sapling. Axial cross-sections of sample C, imaged a) in the initial (well-watered) state and b) the
following day, c) 5 days, d) 6 days, e) 8 days and f) 42 days after the initial scan. Watering of the sample was stopped after the initial scan, and
resumed 6 days later, after taking image d). Scale bars are 500 �m. The white arrows point to the same two sclereids in each image, red arrows
indicate xylem conduits which have been embolized since the previous image was taken. The highly attenuating (white) object in the upper-
right corner of images c-f is a Blu-Tack marker which was attached to the sample to aid re-positioning the sample for imaging.

Suuronen et al. Plant Methods 2013, 9:11 Page 6 of 13
http://www.plantmethods.com/content/9/1/11
can provide valuable additional information to complement
the conventional methods used for xylem embolization
studies. Based on the reconstructions, the cavitation of
xylem conduits in a water-stressed sapling can be observed
and quantified with minimal interference with the sample.
Figure 7 XMT time series of a Silver birch sapling. Axial cross-sections
c) 8 days, d) 13 days and e) 14 days after the initial scan. Watering of the s
after taking image d). Image f) shows the same stem cross-section after th
are 1 mm.
Even refilling of embolized conduits can be observed, under
favorable conditions.

The XMT system described here is fairly simple to op-
erate even for the inexperienced user, and requires only
limited knowledge of the physics or mathematical
of sample D, imaged a) in the initial (well-watered) state and b) 6 days,
ample was stopped after the initial scan, and resumed 14 days later,
e sample has been dried in room temperature for 4 months. Scale bars
















