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Carbon transport processes in plants can be followed non-invasively by repeated
application of the short-lived positron-emitting radioisotope "C, a technique which has
rarely been used with trees. Recently, positron emission tomography (PET) allowing
3D visualization has been adapted for use with plants. To investigate the effects of
stem girdling on the flow of assimilates, leaves on first order branches of two-yearold
oak (Quercus robur L.) trees were labeled with "C by supplying ""CO5-gas to a leaf
cuvette. Magnetic resonance imaging gave an indication of the plant structure, while PET
registered the tracer flow in a stem region downstream from the labeled branches. After
repeated pulse labeling, phloem translocation was shown to be sectorial in the stem: leaf
orthostichy determined the position of the phloem sieve tubes containing labeled ' C. The
observed pathway remained unchanged for days. Tracer time-series derived from each
pulse and analysed with a mechanistic model showed for two adjacent heights in the
stem a similar velocity but different loss of recent assimilates. With either complete or
partial girdling of bark within the monitored region, transport immediately stopped and
then resumed in a new location in the stem cross-section, demonstrating the plasticity of
sectoriality. One day after partial girdling, the loss of tracer along the interrupted transport
pathway increased, while the velocity was enhanced in a non-girdled sector for several
days. These findings suggest that lateral sugar transport was enhanced after wounding
by a change in the lateral sugar transport path and the axial transport resumed with the

development of new conductive tissue.
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INTRODUCTION
Tree physiology studies have often used the radio-active carbon
isotope '#C (e.g., Lockhart et al., 2003; Sloan and Jacobs, 2008;
Bonhomme et al., 2010). But the short-lived tracer !'C has a high
scientific potential, since tracer dynamics can be observed non-
invasively in a plant for an unlimited period, provided the tracer
is available (Minchin and Thorpe, 2003). Yet it has been used
in very few tree studies (Lang and Minchin, 1986; Jahnke et al.,
1998; McQueen et al., 2005). Due to its short half-life time of
20.4 min, ''C must be produced close to the experimental site.
Hence, the reason for the scarcity of ''C experiments on living
trees is the necessity of a nearby cyclotron. The short half-life
time of ' C restricts the time-scales of processes that can be stud-
ied, but changes in those processes can be followed in consecutive
tests, since there is no build-up of the tracer with repeated label-
ing. The applicability of ' C tracer technique in plant research is
illustrated by the wide variety of studies that have used it in plant
physiology (e.g., Freckman et al., 1991; Jahnke et al., 1998; Gould
et al., 2004; McQueen et al., 2005; Thorpe et al., 2010).

The radionuclide ''C is mostly administered to plant leaves
as 'CO, which is fixed by photosynthesis. Upon decay, ''C

releases a positron (BT) which is subsequently annihilated to
give two y-rays (511 KeV photons) after collision with an elec-
tron. The path from decay to annihilation has a maximum of
about 4 mm in water, limiting the spatial resolution if detecting y
photons. The photons can be observed singly or by coincidence,
using scintillation detectors. If singly, the regions of interest are
defined by suitable radiation shielding, giving ''C tracer time-
series for the radioactivity in each region (Minchin and Thorpe,
2003). Recently, a positron emission tomography (PET) system
was developed for plants at Forschungszentrum Jiilich, the Plant
Tomographic Imaging System (PlanTIS) (Beer et al., 2010). In
contrast to single-photon detectors, this system counts events
only when two annihilation y-rays coincide in time. Due to this
specific characteristic, PlanTIS can provide three-dimensional
(3D) images of ' C labeled assimilates without the need for radi-
ation shielding (Jahnke et al., 2009). Additionally, a much more
flexible examination of tracer flow is possible because ''C tracer
time-series for any region of interest can be extracted from these
images after the experiment. The tracer profiles can be anal-
ysed with a semi-mechanistic compartmental model describing
long-distance tracer-transport (Biihler et al., 2011). Parameter
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optimization by fitting modeled data to experimental data gives
physiological information on translocation velocity and tracer
exchange between the pathway and adjacent tissues.

We observed that PlanTIS, with its expected spatial resolution
of about 2 mm, could portray useful three-dimensional images of
1C distribution during translocation in the stem of young oak
trees with a stem diameter of only 13 mm. This capability was
needed to study the influence of girdling on the assimilate flow in
the stem of oak trees, which was the main objective of this work.
More specifically, this study aimed to reveal the effect of girdling
on the tracer’s pathway within the stem cross-section, on its axial
velocity, and on its loss (unloading) into tissues adjacent to its
pathway. 3D images obtained with PlantTIS gave the position of
'1C in the plane of the stem cross-section, and model analyses
of temporal !'C tracer profiles provided information about the
tracer’s velocity and loss along the transport pathway. In order
to illustrate the location of the tracer pathway within the stem,
the anatomy of the oak stem was obtained by magnetic resonance
imaging (MRI)

MATERIALS AND METHODS

PLANT MATERIAL AND EXPERIMENTAL TREATMENTS

Measurements were conducted on two-year-old oak trees
(Quercus robur L.). On 15 March, these trees were planted in 10-
liter containers filled with a potting mixture (LP502D, Peltracom
nv, Belgium) and fertilized with a slow releasing NPK plus magne-
sium mix (Basacote Plus 6M, COMPO, Benelux). The trees were
irrigated every 2—-3 days to ensure the potting mixture remained
well-watered. At the time of measurements in October, the trees
had a stem diameter of approximately 1.3cm and a height of
approximately 110 cm (Figure 1). Two types of girdling were per-
formed. In one case, a 1 cm strip of bark was removed around
the complete outer circumference of the oak stem, henceforth

referred to as the complete girdling treatment (Figure 1A). In
a second case, a strip of bark was removed around half of the
stem outer circumference, henceforth referred as partial girdling
(Figure 1B). At planting, the lower branches of these trees were
removed so no branches were present below the girdle.

PET DATA COLLECTION

PlanTIS is a high-resolution PET scanner which allows in vivo
visualization of positron emitters like !'C in plants by creating
3D-images (Jahnke et al., 2009). Its detectors, front-end electron-
ics and data acquisition architecture are based on the ClearPET™
system (Streun et al., 2006). Two groups of four detector modules
stand face-to-face and rotate around a vertical axis so plants can
be placed in their natural upright position. More details about
this PET system can be found in Beer et al. (2010). The oak trees
were placed in the PET system (Figure 1C) at least 1 day before
the measurements to allow acclimatization of physiological plant
processes, especially photosynthesis and translocation. The cylin-
drical field of view (FOV) contained an 11-cm-long region of the
main stem and three reference sources (glass capillaries filled with
liquid [M'CINaHCO3) placed around the stem for co-registration
of images from repeated runs. By supplying ' CO,-gas to a leaf
cuvette connected to a closed gas-exchange system, approximately
85 cm? of leaves on first order branches inserted at nodes between
30 and 40 cm above the FOV became radioactively labeled as
schematically illustrated in Figure 2A. The signal of the ! C tracer
was measured every 5min for about 2.5h after labeling. One
branch was pulse-labeled at 10:30 in the morning, the other
at 14:00 in the afternoon when tracer from the first pulse had
become negligible due to decay. During the daytime (from 7:30
till 19:30), the plants in PlanTIS were subjected to PAR ranging
from 200 to 480 pmol m~2 s~! (approximately 350 ;Lmol m~2
s~! at the labeled leaf). The imposed temperature and relative

system “PlanTIS" at the Forschungszentrum Julich.

FIGURE 1 | The experimental system. Photographs of (A) complete girdling, (B) partial girdling, and (C) experimental setup of a potted oak tree in the PET
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FIGURE 2 | The location of "'C tracer flow in the stem of an oak tree
depended on the position of the branch which was labeled. (A)
Schematic presentation of how the tree's structure related to the PET images
from labeling two branches. (B,C) PET 3D-images from two trees, showing

11 C distribution along the stem from two different branches. The branches,

(] 0° ~90Q°

labeled in consecutive experiments (gray and red), were inserted at angles
(B) ~180° and (C) ~90°. Dotted lines indicate the positions of the
cross-sections in (D) and (E). (D,E) The respective cross-sections of the PET
images (gray, red) overlaid with MRI (gray scale) water content images not of
the same, but a similar oak tree for illustration.

humidity fluctuated according to room conditions: night-day
temperatures were 18-24°C and night-day relative humidity was
30-60%.

PET DATA ANALYSES

The PET data were converted by specific image reconstruction-
tools to 3D-images (Beer et al., 2010). The reconstructed PET
data were additionally converted by an image processing envi-
ronment (MeVisLab, version 2.1; MeVis Medical Solutions AG,
Bremen, Germany) to temporal profiles of '' C tracer (Figure 3C),
which mimicked the output of ten virtual detectors along the
measured stem segment with a thickness of approximately 1.1 cm
(Figures 3A,B). Detectors 0 and 9 were omitted from further
analyses as they extended beyond the upper and lower edge of
the PlanTIS FOV. The conversion was performed in a similar way
as in Biihler et al. (2011): the spatial 3D-data were integrated over
the FOV of each virtual detector in such a way the ! C profiles rep-
resent projections of transported ! C tracer on a one-dimensional
pathway through the stem (Figures 3A,B).

Temporal ' C tracer profiles (Figures 3C,D) measured along
the stem were analysed with the mechanistic model of Biihler
etal. (2011). This model describes tracer transport, exchange and
decay within three compartments using only a few transport and
exchange parameters and containing no details on spatial scales
or anatomy. The three model compartments represent a con-
duit in which tracer is carried, a transient storage compartment
(e.g., parenchyma) exchanging tracer with the local pathway, and
a compartment where tracer becomes immobilized. The numeri-
cal solution of the partial differential model equations was fitted
to the ' C tracer profiles (Figures 3C,D), resulting in estimates of
tracer transport properties, namely the speed of the radiotracer

[mm min~'] and the fractional net loss of tracer [% cm™!] by
steady fixation along the transport pathway (Biihler et al., 2011).
The modeled loss is calculated as the amount of tracer fixed in
the region of interest relative to the amount of tracer entering
this region (of each virtual detector, Figure 3). Hence, the loss is
the unloaded tracer at a location, as a fraction of the tracer that
has entered that region. The 90% confidence intervals were calcu-
lated using a bootstrapping approach (Biihler et al., 2011) to show
uncertainty of the estimates.

In order to estimate the transport properties at different loca-
tions in the partially girdled oak stem, two model analyses were
performed. The first model analysis was based on ! C-radiotracer
profiles provided by three consecutive virtual detectors above
(upstream) the girdle, namely detectors 1, 2, and 3 in Figure 3D.
The second analysis was based on two remote detectors: one
detector above the girdle comprised of detectors 1, 2, and 3 and
one below the girdle comprised of detectors 7 and 8 (Figure 3D).
These specific detectors were selected because only they provided
data consistent with the model assumption of an uniform system
for all data sets.

MRI IMAGE OF STEM CROSS-SECTION

PET images of successive !! C runs were overlayed on a MRI water-
content image of the oak tree used for partial girdling. It should
be noted that these MRI images are used here as illustration of
vascular stem anatomy and that they were not co-registered with
the PET images. The water content images were obtained in a
MRI system at Forschungszentrum Jiilich (IBG-2) (De Schepper
et al., 2012). A 1.5T MRI system was used consisting of a split-
coil magnet (Magnex/Agilent, Oxford, UK) and a NMR imaging
spectrometer (Varian/Agilent, Alto Palo, USA). Parallel magnetic
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FIGURE 3 | Time series were generated for analysis from PET images of
tracer in the stem of an oak tree by using ten virtual detectors. (A) The
centers of the virtual detectors are indicated by red dots. (B) Regions of
signal detection within the PET image are indicated by white squares. The
white rods show the three reference sources (glass capillaries filled with

c 80
—— 1
S 60 2
o, —— 3
= 4
(=]
g 40 =5
k7 —— 86
§ —— 7 8
% 20 A 8
0 2RNDLDALDDNARINE . : . .
0 20 40 60 80 100 120 140 160 180
time [min]
D model model
‘ _analysis 1 analysis 2
10 virtual | 3vitual | | 2virtual |
dete(c):tors | detectors | | detectors |
I I
1 | w
2 2 B B
3 i 3 I |
g I L !
. | [ I
girdle 5 ] } i }
7 I |
I I
g |
9 b e L |
liquid [""CINaHCO3) needed for co-registration of images from repeated runs.
(C) Temporal "' C tracer profiles measured at the virtual detectors 1-8,
respectively. (D) Schematic presentation of the virtual detectors that were
selected for analyses of phloem transport above the girdle location (model
analysis 1) or spanning the girdle location (model analysis 2).

field gradient-inserts at a separation of 120 mm were used (plate
diameter 40 cm, gradient strength up to 800 mT/m). In between
these two inserts a part of the oak stem was placed. A small radio-
frequency (RF) coil was wound around the stem prior to the
measurements, giving a much higher signal to noise ratio com-
pared to a standard whole body RF coil. Images were acquired
using (multiple) spin echoes (Haacke et al., 1999). MRI images
can serve as a good approximation of the local water amount
when the delay (the so-called echo time) between signal excita-
tion and detection is minimized, in this case to 5.4 ms. A slice
thickness of 2.5 mm was used with a fixed in-plane resolution
(pixel size) of 100 wm. FOV was adapted according to the stem
diameter.

RESULTS

VASCULAR ARCHITECTURE

Images of !'C distribution in the measured stem segment showed
that when different branches above the field of view were labeled,
1C flow occurred in distinct regions of the stem cross-section
(Figures 2B—E). Figure 2A illustrates schematically the sectorial
flow of assimilates in the stem. Figures 2B,C depict PET images
from two different oak trees, shown as isosurfaces of !'C radioac-
tivity integrated over the time of the experiments. The angle
between the insertions of the two labeled branches was approxi-
mately 180° (Figures 2B,D) and 90° (Figures 2C,E). In Figure 2B
the round gaps in the tracer flow are where a branch had been
removed at planting. Cross-sections of the PET images overlaid
on the MRI image of a similar oak tree (Figures 2D,E) illustrate

that the tracer was located in the phloem region of the stem,
which is represented by the peripheral white band in the MRI
image (De Schepper et al., 2012). The spatial resolution of PET
images in biological tissues is about 2 mm for ' C due to the path
length of positrons (with a maximum energy of 1 MeV) in tissues.
For that reason, the visualized ' C flow appears as a cloud around
any source (Figures 2D,E).

POSITION OF CARBON FLOW IN THE STEM BEFORE AND AFTER
GIRDLING

Before treatment, the labeled carbon flow did not change position
in time. Figure 4 compares the distribution of radiotracer in oak
stems derived from the same branches labeled at different times,
showing that the position of the transport paths remained the
same. For the two trees presented, the time difference between two
depicted tracer profiles of the same branch was 4 h (Figures 4A,C)
or 5 days (Figures 4B,D).

When the trees were girdled, the position of radiotracer near
the girdle changed from its initial position. Figure 5 visualizes
the flow of !'C radiotracer before and after complete girdling
(Figures 5A,C; cf. Figure 1A) or partial girdling (Figures 1B,
5B,D). The time difference between the two ''C labelings of
Figures 5A,C (complete girdling experiment) was 13 days while
in Figures 5B,D (partial girdling experiment) it was 2 days. In
case of partial girdling (Figures 5B,D), the depicted transport
route originally passed through the girdled sector. These images of
radiotracer distribution show that the path of !' C transport in the
girdled pathway changed its position to a different sector in the
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FIGURE 4 | The position of 'C flow in the stems of oak trees did not
change when the same branch was repeatedly labeled. In the tree
shown in (A,C) a branch was labeled with '"CO, at different times on the
same day (10:00 red, 14:00 gray) while the tree shown in (B,D) was labeled
at different days [Day Of the Year (DOY) 279 gray, DOY 283 red]. (A,B) Show
3D-PET images of ' C distribution along the stems and (C,D) cross-sections
of the PET images at the positions marked by the dotted lines in (A,B)
overlaid on an MRI image of a similar oak tree for illustration (cf. Figure 2).

cross-section of the stem at latest 1 day after the (partial) girdling.
The ''C distribution after girdling (Figures 5A,B, red) appears to
be interrupted at the girdle, because the signal density dropped
below the image-threshold chosen to eliminate noise from the
displayed PET-data. This local decrease in signal density (amount
of signal per volume) at the girdle can be attributed to (i) a
local increased velocity or/and (ii) a local increased phloem cross-
section containing radio-active assimilates. An increased cross-
section would indicate that the radio-active assimilates are spread
over more phloem vessels/sectors. However, the latter seems
unlikely because the phloem cross-section is largely reduced after
girdling and wound tissue grows in a non-evenly distributed way
at the girdle (De Schepper et al., 2010). Due to the low sig-
nal to noise ratio, the actual assimilate pathway at the girdles
could not be depicted. Partial girdling did not alter the position
of transport routes that did not originally pass the girdle (data
not shown).

MODEL ANALYSIS

Before girdling, the estimated transport velocity and loss of differ-
ent oak trees calculated above the prospective girdling zone were
very similar: the transport velocity (£standard deviation) was
10.9 & 4.2 mm min~! (data not shown) before complete girdling

before

after

before after

FIGURE 5 | The position of "'C flow pathway in oak stems changed
after the complete or partial girdling shown in Figure 1. 3D-Images of
tracer pathways are shown for (A) complete girdling, and (B) partial
girdling. With partial girdling, bark was excised from the labeled sector. The
cross-sections in (C) and (D) (at the dotted lines in A,B) are overlaid on MRI
images of a similar untreated oak tree for illustration. The radiotracer
images were before (dark gray) or after (red) girdling. In (A), the red image
was 13 days after complete girdling when new phloem tissue was grown,
and in (B) 2 days after partial girdling. The two solid lines indicate the
girdled region.

and 8.0 £ 0.7 mm min~! before partial girdling (Figure 6A); the
loss of radiotracer was 9.2 & 3.2% cm ™! (data not shown) before
complete girdling while it was 11.8 & 1.6% cm™! before par-
tial girdling (Figure 6B). The complete girdled tree was excluded
from further model analyses, because only one measurement after
girdling was available for this tree (13 days after girdling; cf.
Figure 5A).

The effect of girdling on the transport velocity and radio-
tracer loss was investigated for 3 days after partial girdling. We
analysed radiotracer flow emanating from two different branches
(Figure 6): for branch 1 the transport route originally passed
through the girdled sector and was thus interrupted by girdling,
whereas for branch 2 it was outside of the girdled sector and not
interrupted. After partial girdling, the transport velocities of both
flows (branches 1 and 2) changed: there was a decrease in the flow
from branch 1 and an increase in the flow from branch 2, cal-
culated either from three detectors above the girdle (Figure 6A),
or from two detectors with one above and one below the girdle
(Figure 6C).

The tracer loss along the stem calculated from the three detec-
tors above the girdle (Figure 6B) was much larger than that from
the two detectors spanning the girdle (Figure 6D). Initially tracer
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FIGURE 6 | Effect of partial stem girdling on phloem transport in an oak detectors located above and below the girdle (model analysis 2, Figure 3D).
stem. Velocity and tracer loss were estimated with a mechanistic tracer Original flow from branch1 was in the girdled sector. The dotted vertical lines
model based on temporal "' C profiles of (A,B) three virtual detectors above represent the time of partial girdling. Error bars indicate 90% confidence
(upstream) the girdle (model analysis 1, Figure 3D) or of (C,D) two virtual intervals. Note that scaling is more sensitive in (D) than in (B).

loss of branch 1 was ~10 % cm™! for the upstream region
(Figure 6B) and ~5% cm ™! for the entire stem zone (Figure 6D).
In both cases the loss increased substantially during 2 days after
partial girdling: up to values of ~30% cm™! for the upstream
region (Figure6B) and ~11% cm™! for the entire stem zone
(Figure 6D). In contrast, for branch 2 the loss (~12% cm™! for
the upstream region and ~3-5% cm™! for the entire stem zone)
was much less affected by the partial girdle compared to branch 1
(Figure 6B).

DISCUSSION

ASSIMILATE FLOW IN OAK STEM IS SECTORIAL

Young oak trees showed a sectoriality of assimilate flow, with
radiotracer distribution in the stem depending on the node of
the labeled branch (Figure 2). Similar sectoriality of flow between
shoot and roots has been reported earlier in herbaceous species
and trees (Stieber and Beringer, 1984; Watson and Casper, 1984;
Marshall, 1996; Vuorisalo and Hutchings, 1996; Jahnke et al.,
2009). In general, sectoriality arises when the vascular connec-
tions between sources and sinks restrict the movement of assim-
ilates in such a way that carbon fixed by a leaf remains primarily
within its orthostichy (Fetene et al., 1997; Preston, 1998). Sources
preferentially support sinks located above or below the respec-
tive insertion node, according to their vascular connections (Taiz
and Zeiger, 2002). Therefore, the allocation pattern of assimilates
from a source leaf to a particular sink becomes quite predictable
from basic information on the geometry of the leaf arrange-
ment on the stem (Marshall, 1996) which is useful for modeling
purposes.

SECTORIAL PLASTICITY OF ASSIMILATE TRANSLOCATION

On the days following complete girdling, !'C transport in the
downward direction was not detected directly above or below the
girdle (data not shown), showing that the physical interruption
of the phloem pathway had completely disturbed the downward
transport of assimilate from that branch. The observation of a
new location of assimilate flow 13 days after complete girdling
was related to the formation of new phloem tissue spanning
the girdle (Figure5A). It is known for oak that newly formed
phloem tissue, or wound tissue, can reconnect the stem zone
above and below a similar girdle and that this wound tissue grows
in a non-evenly distributed way (De Schepper et al., 2010). The
downward flow of radiotracer also stopped immediately after the
partial girdling; however, it already recovered after only 1 day
(Figure 5B). This fast recovery indicates that the downward flow
of assimilates probably found its way to the roots by changing its
normal position toward undamaged phloem tissue.

Because the spatial pattern of phloem transport in the stem
above the manipulated bark changed after partial girdling (or
even complete girdling as soon as new transport tissue was avail-
able) translocation is clearly not absolutely determined by the
vascular architecture of a tree stem (Preston, 1998). The pathway
of assimilates delivered from a certain branch to the related sinks
was markedly altered after partial girdling (Figure5) possibly
causing a branch to nourish another sink and changing its orig-
inal sectoriality. Other studies (Gent, 1982; Aloni and Peterson,
1990; Preston, 1998) have observed a similar breakdown of secto-
riality after manipulation of source-sink relations. These findings
suggest that the barriers to lateral flow in the sieve tubes are
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not absolute and that sectoriality in the stem phloem is plastic
(Preston, 1998; Orians et al., 2005).

Several hypotheses can explain this observed lateral trans-
port and the altered movement of the assimilate flow following
girdling. The first one is based on the leakage-retrieval mech-
anism happening in the transport phloem. According to this
mechanism, a cycle of assimilate leakage out of the sieve tubes
would exist, followed by retrieval back into the phloem (e.g.,
Minchin and Thorpe, 1987; Ayre et al., 2003; van Bel, 2003).
Due to this leakage-retrieval mechanism, a certain sieve tube may
retrieve substances leaking from another one at the same height
in the tree. Such an exchange of content amongst sieve tubes is
very likely in trees and woody plants where the winding nature of
the phloem tissues results in periodic contact between sieve tube
elements (Orians et al., 2005). Secondly, wounding could have
induced lateral vascular interconnections between different vas-
cular bundles, called anastomoses, which were not functioning
under normal circumstances (Grusak and Lucas, 1984; Aloni and
Peterson, 1990). In addition, in response to wounding, existing
plasmodesmata can increase their size-exclusion-limit allowing
larger openings between adjacent sieve elements (Schulz, 1995;
Roberts and Oparka, 2003; Orians et al., 2005). Moreover, sap
exchange between adjacent sieve tubes in a vascular bundle is
possible, as lateral sieve areas exist in angiosperms (Walsh and
Melaragno, 1976; Gattolin et al., 2008).

PHLOEM SPEED CAN BE INDEPENDENT OF ASSIMILATE UNLOADING
In the un-perturbed plant, phloem transport velocities of
8-10mm min~! (Figure 6) were at the lower range of the those
observed in poplar trees with MRI (12-24 mm min~!, Windt
et al., 2006) but were similar to velocities measured with 'C
in stems of Fraxinus excelsior (2.5-10mm min~') and Sorbus
aucuparia (5.4-9.5mm min~') for which measured transport
velocities were dependent on both the position of the source
leaves along the stem and the time of the season (Jahnke et al,,
1998). In the absence of treatment, the velocity was more or
less the same for the two labeled branches, and in both regions
of the stem, suggesting that the velocity varied little within a
cross-section, and was similar at the two observed heights. In con-
trast, although the loss was similar for both branches, it did vary
with height. Clearly the carbon status of this stem varied with
height, even without treatment. There was no externally obvious
change in the stem anatomy over that region, such as a devel-
oping bud or wound. It may be that handling the plant was a
cause, although that is unlikely since it was left un-moved for
the 4 days between the similar results. Therefore it seems that the
assimilate consumption, e.g., by phloem parenchyma for storage
or by cambium cells for growth, differed along the axial transport
pathway.

Whatever caused the axial difference in unloading, the dif-
ference of assimilate loss from the transport pathway could be
expected to affect the axial osmotic gradient in the phloem. Thus
if the transport followed a “simple” Miinch mechanism (Miinch,
1930), we would expect a roughly similar change in velocity to
that in unloading (loss) assuming all other conditions (e.g., flow
cross-sectional area) being equal along the transport path. Hence,
it seems that plants tend to regulate their translocation in such a

way that the translocation velocity is constant along the pathway.
NMR measurements of several species showed a similar behavior
over time: the phloem velocity was remarkably constant over the
diel cycle (Peuke et al., 2001; Windt et al., 2006). A possible mech-
anism that can regulate phloem velocity is the leakage-retrieval
mechanism (Gould et al., 2004; Thorpe et al., 2005; van Bel and
Hafke, 2005). In the stem zone where the loss was higher, an
active retrieval of older unlabeled carbon could have restored the
sieve tube hydrostatic osmotic potential and hence pressure. In
addition, other osmotica, such as potassium could play a role
in regulating the phloem pressure (Thompson and Zwieniecki,
2005; Pritchard, 2007).

PARTIAL GIRDLING CHANGES THE VELOCITY AND LOSS OF
ASSIMILATES

The decreased velocity of radiotracer flow from branch 1 after
partial girdling (Figures 6A,C) can be explained by an increase
in axial transport resistance caused by (enforced) lateral translo-
cation. It is likely that the resistance of the lateral transport mech-
anism was higher than the resistance of the sieve tubes which were
destroyed by the bark cutting. The temporary increase in velocity
of flow from branch 2 after partial girdling (Figures 6A,C) could
be due to a temporary higher sink demand, since the root system
received less assimilates from all of the branches delivering assim-
ilates via the girdled zone (including branch 1). The observed
higher loss of radiotracer flow produced by branch 1 after partial
girdling (Figures 6B,D) suggests that a smaller fraction of assim-
ilates produced by this branch reached the lower stem and roots
shortly after partial girdling. A similar compensatory increase in
phloem flow of both water (Thorpe and Lang, 1983) and assim-
ilate (Thorpe et al., 2011) has been observed when other sources
are reduced, as by cold-girdling.

If the leakage-retrieval mechanism was responsible for the lat-
eral transport then the loss for the pathway from branch 1 should
have increased and remained high after partial girdling, because
processes inducing the higher loss (e.g., increased energy demand
for enhanced retrieval) would have not altered. In the case of an
active change in the lateral translocation pathway (e.g., modifica-
tion of plasmodesmata, activation of anastomoses), the amount
of energy delivered by assimilates should temporarily increase to
fuel the vascular changes. Hence, once these vascular changes are
completed the required amount of energy delivered by branch 1
should reduce again. However, due to the large variability of the
loss of branch 1 and the discrepancy of loss changes between the
selected detectors at 3 days after girdling (Figures 6B,D), it is hard
to distinguish between the suggested processes.

The modeled velocities appear to return to the initial veloc-
ity by 3 days after treatment (Figures 6A,C). A similar return
to initial conditions (of phloem hydrostatic and osmotic pres-
sure) was observed by Gould et al. (2004; 2005). The applied
temperature treatment (Gould et al., 2004) increased the phloem
pathway resistance; hence, it had a similar effect as the girdling
treatment in our study. The restored velocity values in our study
may therefore indicate that the increased pathway resistance was
countered.

In conclusion, the PET system was successful in visualizing
in vivo the ''C flow in the stems of young oak trees and in
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determining the vascular sectoriality of phloem transport in
stems. The PET visualization supports the view that bark cut-
tings, which restricted normal phloem translocation, induced
lateral translocation and altered sectoriality. Analysis of the tem-
poral ' C-tracer profiles revealed that the fraction of transported
assimilates lost along the transport pathway increased above the
girdle, and that the velocity of the transported assimilates altered
in response to girdling. In untreated trees, the transport velocity
was constant along the transport pathway, while the loss could be

variable.

REFERENCES

Aloni, R., and Peterson, C. A. (1990).
The significance  of
phloem anastomoses in stems of
Dahlia Pinnata Cav. Planta 182,
583-590. doi: 10.1007/BF02341035

Ayre, B. G., Keller, E, and Turgeon,
R. (2003). Symplastic continuity
between companion cells and the
translocation stream: long-distance
transport is controlled by reten-
tion and
in the phloem. Plant Physiol.
131, 1518-1528. doi: 10.1104/
pp.012054

Beer, S., Streun, M., Hombach, T,
Buehler, J., Jahnke, S., Khodaverdi,
M., et al. (2010). Design and ini-
tial performance of planTIS: a high-
resolution positron emission tomo-
graph for plants. Phys. Med. Biol.
55, 635-646. doi: 10.1088/0031-
9155/55/3/006

Bonhomme, M., Peuch, M., Ameglio,
T, Rageau, R., Guilliot, A,
Decourteix, M., et al. (2010).
Carbohydrate uptake from
xylem vessels and its distribu-
tion among stem tissues and
buds in walnut (Juglans regia
L.). Tree Physiol. 30, 89-102. doi:
10.1093/treephys/tpp103

Biihler, J., Huber, G., Schmid, E, and
Blumler, P. (2011). Analytical model
for long-distance tracer-transport in
plants. J. Theor. Biol. 270, 70-79.
doi: 10.1016/j.jtbi.2010.11.005

De Schepper, V., Steppe, K., Van
Labeke, M. C., and Lemeur,
R.  (2010). Detailed analysis
of double girdling effects on
stem diameter variations
sap flow in young oak trees.
Environ. Exp. Bot. 68, 149-156. doi:
10.1016/j.envexpbot.2009.11.012

De Schepper, V., Van Dusschoten, D.,
Copini, P, Jahnke, S., and Steppe,
K. (2012). MRI links stem water
content to stem diameter variations
in transpiring trees. J. Exp. Bot. 63,
2645-2653. doi: 10.1093/jxb/err445

Fetene, M., Benker, C., and Beck, E.
(1997). The pathway of assimi-
late flow from source to sink in
Urtica dioica L, studied with C-14

functional

retrieval mechanisms

and

under ambient atmospheric condi-
tions. Ann. Bot. 79, 585-591. doi:
10.1006/anbo.1996.0392

Freckman, D. W., Barker, K. R,
Coleman, D. C., Acra, M., Dyer, M.
1., Strain, B. R., et al. (1991). The use
of the C-11 technique to measure
plant-responses to herbivorous soil
nematodes. Funct. Ecol. 5, 810-818.
doi: 10.2307/2389545

Gattolin, S., Newbury, H. J., Bale, J.
S., Tseng, H. M., Barrett, D. A.,
and Pritchard, J. (2008). A diur-
nal component to the variation in
sieve tube amino acid content in
wheat. Plant Physiol. 147, 912-921.
doi: 10.1104/pp.108.116079

Gent, M. P. N. (1982). Effect of
defoliation and depodding on
long distance translocation
and yield in Y-shaped soybean
plants. Crop Sci. 22, 245-250.
doi: 10.2135/cropscil1982.0011183X
002200020011x

Gould, N., Minchin, P. E. H., and
Thorpe, M. R. (2004). Direct
measurements of sieve element
hydrostatic pressure reveal strong
regulation after pathway blockage.
Funct. Plant Biol. 31, 987-993. doi:
10.1071/FP04058

Gould, N., Thorpe, M. R., Koroleva,
0., and Minchin, P. E. H. (2005).
Phloem hydrostatic pressure relates
to solute loading rate: a direct test of
the Munch hypothesis. Funct. Plant
Biol. 32, 1019-1026. doi: 10.1071/
FP05036

Grusak, M. A, and Lucas, W. J.
(1984). Recovery of cold-inhibited
phloem translocation in sugar-
beet.1. Experimental-analysis of
an existing mathematical recovery
model. J. Exp. Bot. 35, 389-402. doi:
10.1093/jxb/35.3.389

Haacke, E. M., Venkatesan, R., Wang,
Y., and Yu, Y. (1999). “Three dimen-
sional gradient echo imaging,” in
Proceedings of the International
Symposium on Ultrafast Magnetic
Resonance Imaging in Medicine, eds
S. Naruse and H. Watari (Elsevier
Science), 39-47.

Jahnke, S., Menzel, M. I, Van
Dusschoten, D., Roeb, G. W,

ACKNOWLEDGMENTS
We are indebted to

Marco

Dautzenberg of IBG-2

(Forschungszentrum Jiilich) for his technical support. We thank
the Research Foundation — Flanders (FWO) for the PhD funding
granted to Veerle De Schepper, the scientific research commit-
tee (CWO) of the Faculty of bioscience engineering (UGent)
to support the research visit of Veerle De Schepper at the
Forschungszentrum Jiilich and the Special Research Fund (B.O.F.)
of Ghent University for the post-doc funding granted to Veerle

De Schepper.

Buhler, J., Minwuyelet, S., et al.
(2009). Combined MRI-PET dis-
sects dynamic changes in plant
structures and functions. Plant J.
59, 634-644. doi: 10.1111/j.1365-
313X.2009.03888.x

Jahnke, S., Schlesinger, U., Feige, G. B.,
and Knust, E. J. (1998). Transport
of photoassimilates in young trees of
Fraxinus and Sorbus: measurement
of translocation in vivo. Bot. Acta
111, 307-315.

Lang, A., and Minchin, P. E. H.
(1986). Phylogenetic distribution
and mechanism of translocation
inhibition by chilling. J. Exp. Bot. 37,
389-398. doi: 10.1093/jxb/37.3.389

Lockhart, B. R., Hodges, J. D., Gardiner,
E. S, and Ezell, A. W. (2003).
Photosynthate distribution patterns
in cherrybark oak seedling sprouts.
Tree Physiol. 23, 1137-1146. doi:
10.1093/treephys/23.16.1137

Marshall, C. (1996). Sectoriality and
physiological organisation in herba-
ceous plants: an overview. Vegetatio
127, 9-16. doi: 10.1007/BF00054842

McQueen, J. C., Minchin, P. E. H,,
Thorpe, M. R., and Silvester, W. B.
(2005). Short-term storage of car-
bohydrate in stem tissue of apple
(Malus domestica), a woody peren-
nial: evidence for involvement of
the apoplast. Funct. Plant Biol. 32,
1027-1031. doi: 10.1071/FP05082

Minchin, P. E. H., and Thorpe,
M. R. (1987). Measurement of
unloading and reloading of photo-
assimilates within the stem of
bean. J. Exp. Bot. 38, 211-220. doi:
10.1093/jxb/38.2.211

Minchin, P. E. H., and Thorpe, M.
R. (2003). Using the short-lived
isotope C-11 in mechanistic stud-
ies of photosynthate transport.
Funct. Plant Biol. 30, 831-841. doi:
10.1071/FP03008

Miinch, E. (1930). Die Stoffbewegunen
in der Pflanze. Jena: Verlag von
Gustav Fischer.

Orians, C. M., Babst, B., and Zanne,
A. E. (2005). “Vascular constraints
and long distance transport in
dicots,” in Vascular Transport in
Plants, eds N. M. Holbrook and

M. A. Zwieniecki (Burlington, VT:
Elsevier), 355-371. doi: 10.1016/
B978-012088457-5/50019-8

Peuke, A. D, Rokitta, M,
Zimmermann, U., Schreiber, L.,
and Haase, A. (2001). Simultaneous
measurement of water flow velocity
and solute transport in xylem and
phloem of adult plants of Ricinus
communis over a daily time course
by nuclear magnetic resonance
spectrometry. Plant Cell Environ.
24, 491-503. doi: 10.1046/j.1365-
3040.2001.00704.x

Preston, K. A. (1998). The effects
of developmental stage and source
leaf position on integration and
sectorial patterns of carbohydrate
movement in an annual plant,
Perilla frutescens (Lamiaceae). Am.
J. Bot. 85, 1695-1703. doi: 10.2307/
2446503

Pritchard, J. (2007). “Solute trans-
port in the phloem,” in Plant
Solute Transport, eds A. R. Yeo and
T. J. Flowers (Oxford: Blackwell
Publishing), 235-274.

Roberts, A. G., and Oparka, K. J.
(2003). Plasmodesmata and the
control of symplastic transport.
Plant Cell Environ. 26, 103-124. doi:
10.1046/j.1365-3040.2003.00950.x

Schulz, A. (1995). Plasmodesmal
widening accompanies the short-
term increase in symplastic phloem
unloading in pea root-tips under
osmotic-stress. Protoplasma 188,
22-37. doi: 10.1007/BF01276793

Sloan, J. L., and Jacobs, D. E (2008).
Carbon translocation patterns asso-
ciated with new root proliferation
during episodic growth of trans-
planted Quercus rubra seedlings.
Tree Physiol. 28, 1121-1126. doi:
10.1093/treephys/28.7.1121

Stieber, J., and Beringer, H. (1984).
Dynamic and structual relation-
ships among leaves, roots, and stor-
age tissue in the sugar-beet. Bot.
Gaz. 145, 465-473. doi: 10.1086/
337480

Streun, M., Brandenburg, G., Larue, H.,
Parl, C., and Ziemons, K. (2006).
The data acquisition system of clear-
PET neuro - a small animal PET

Frontiers in Plant Science | Plant Physiology

June 2013 | Volume 4 | Article 200 | 8


http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive

De Schepper et al.

1 C-translocation in girdled trees

scanner. IEEE Trans. Nucl. Sci. 53,
700-703. doi: 10.1109/TNS.2006.
875051

Taiz, L., and Zeiger, E. (2002). Plant
Physiology. ~ Sunderland, = MA:
Sinauer.

Thompson, M. V., and Zwieniecki, M.
A. (2005). “The role of potassium in
long distance transport in plants,” in
Vascular Transport in Plants, eds N.
M. Holbrook and M. A. Zwieniecki
(Burlington, VT: Elsevier), 221-240.
doi:  10.1016/B978-012088457-5/
50013-7

Thorpe, M. R., Furch, A. C. U,
Minchin, P. E. H., Foller, J., Van Bel,
A. J. E., and Hafke, J. B. (2010).
Rapid cooling triggers forisome dis-
persion just before phloem trans-
port stops. Plant Cell Environ. 33,
259-271. doi: 10.1111/j.1365-3040.
2009.02079.x

Thorpe, M. R., Lacointe, A., and
Minchin, P. E. H. (2011). Modelling
phloem transport within a pruned
dwarf bean: a 2-source-3-sink sys-
tem. Funct. Plant Biol. 38, 127-138.
doi: 10.1071/FP10156

Thorpe, M. R., and Lang, A. (1983).
Control of import and export of
photosynthate in leaves. J. Exp. Bot.
34, 231-239. doi: 10.1093/jxb/34.
3.231

Thorpe, M. R., Minchin, P. E. H,,
Gould, N., and McQueen, J. C.
(2005). “The stem apoplast: a
potential communication channel
in plant growth regulation,” in
Vascular Transport in Plants, eds N.
M. Holbrook and M. A. Zwieniecki
(Burlington, VT: Elsevier), 355-371.

van Bel, A. J. E. (2003). Transport
phloem: low profile, high impact.
Plant Physiol. 131, 1509-1510.

van Bel, A. J. E., and Hafke, J. B.
(2005). “Physiological determinants
of phloem transport,” in Vascular
Transport in Plants, eds N. M.
Holbrook and M. A. Zwieniecki
(Burlington, VT: Elsevier),
19-43.

Vuorisalo, T., and Hutchings, M. J.
(1996). On plant sectoriality, or how
to combine the benefits of auton-
omy and integration. Vegetatio 127,
3-8. doi: 10.1007/BF00054841

Walsh, M. A., and Melaragno, J. E.
(1976).  Ultrastructural features
of developing sieve elements in
Lemna minor, L. - sieve plate
and lateral sieve areas. Am. J.
Bot. 63, 1174-1183. doi: 10.2307/
2441735

Watson, M. A., and Casper, B. B.
(1984). Morphogenetic constraints
on patterns of carbon distribution
in plants. Annu. Rev. Ecol. Syst.
15, 233-258. doi: 10.1146/annurev.
es.15.110184.001313

Windt, C. W,, Vergeldt, F. J., De Jager,
P. A., and Van as, H. (2006). MRI
of long-distance water transport:
a comparison of the phloem
and xylem flow characteristics
and dynamics in poplar, castor
bean, tomato and tobacco. Plant
Cell  Environ. 29, 1715-1729.
doi: 10.1111/j.1365-3040.2006.
01544.x

Conflict of Interest Statement: The
authors declare that the
was conducted in the absence of any

research

commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 07 March 2013; accepted: 29
May 2013; published online: 18 June
2013.

Citation: De Schepper 'V, Biihler ],
Thorpe M, Roeb G, Huber G, van
Dusschoten D, Jahnke S and Steppe K
(2013) " C-PET imaging reveals trans-
port dynamics and sectorial plasticity of
oak phloem after girdling. Front. Plant
Sci. 4:200. doi: 10.3389/fpls.2013.00200

This article was submitted to Frontiers in
Plant Physiology, a specialty of Frontiers
in Plant Science.

Copyright © 2013 De Schepper, Biihler,
Thorpe, Roeb, Huber, van Dusschoten,
Jahnke and Steppe. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License, which permits use, distribution
and reproduction in other forums, pro-
vided the original authors and source
are credited and subject to any copy-
right notices concerning any third-party
graphics etc.

www.frontiersin.org

June 2013 | Volume 4 | Article 200 | 9


http://dx.doi.org/10.3389/fpls.2013.00200
http://dx.doi.org/10.3389/fpls.2013.00200
http://dx.doi.org/10.3389/fpls.2013.00200
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive

	11C-PET imaging reveals transport dynamics and sectorial plasticity of oak phloem after girdling
	Introduction
	Materials and Methods
	Plant Material and Experimental Treatments
	PET Data Collection
	PET Data Analyses
	MRI Image of Stem Cross-Section

	Results
	Vascular Architecture
	Position of Carbon Flow in the Stem Before and After Girdling
	Model Analysis

	Discussion
	Assimilate Flow in Oak Stem is Sectorial
	Sectorial Plasticity of Assimilate Translocation
	Phloem Speed Can be Independent of Assimilate Unloading
	Partial Girdling Changes the Velocity and Loss of Assimilates

	Acknowledgments
	References


