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NMR experiments using 13C-labeled compounds offer the possi- ized cells, the sieve tubes of the phloem, in which the trans-
bility of noninvasive monitoring of carbohydrate transport and port takes place. Compounds such as sucrose or amino acids
metabolism in living plants, but are usually hampered by the low are loaded by carriers into the sieve tubes within the source
sensitivity of the 13C nucleus. The problem of low sensitivity can be organs, thus creating a difference in osmotic pressure across
overcome by using the cyclic J cross polarization (CYCLCROP) the semi-permeable membrane. Water enters the sieve tubes
technique, which allows the indirect detection of 13C nuclei coupled

through the membrane because of the difference in osmoticto 1H nuclei with the high NMR sensitivity of protons. We report
pressure. Within the sink region compounds are unloadedhere on methods for imaging and spectroscopy based on the
from the sieve tubes, and water simultaneously exits theCYCLCROP technique, and their use in the first in vivo NMR
phloem pathway, a process which leads to differences instudy of carbohydrate transport and metabolism in castor bean
hydrostatic pressure between the sources and the sinks. Theseedlings (Ricinus communis L.) . Comprehensive acquisition

strategies for the various NMR methods are given, including the pressure gradient creates a water flow within the sieve tubes
procedure for setting up the experiments. In addition, a full analy- and the compounds of the phloem sap are carried passively
sis of the effect of relaxation on the signals generated from small from sources to sinks.
J-coupled spin systems by the CYCLCROP sequence is given, and Since sieve tubes are embedded in parenchymatic tissue,
the high sensitivity of the sequence is demonstrated. In the in vivo the direct determination of their contents is difficult and
study of six-day-old castor bean seedlings, we were able to measure

consequently a quantitative characterization of transport isthe uptake of labeled hexoses, supplied in solution to the cotyle-
a demanding problem. Indirect techniques such as labelingdons, and their conversion to sucrose, as well as the transport of
of the transported compounds by radioactive tracers, suchthis sucrose in the vascular bundles. Images of the actual distribu-
as 14C or 11C, or injection of dyes, which are transportedtion of labeled sucrose in the hypocotyl of the seedling have also

been obtained. The resulting data show some evidence for a prefer- within the phloem, have previously been used to characterize
ential incorporation of labeled fructose in the process of sucrose transport. After the application of 14C, plants must be har-
synthesis, which decreases with the time of incubation. q 1998 vested to allow measurement of the accumulated radioactiv-
Academic Press ity in the different parts. One disadvantage of this technique

Key Words: cyclic cross polarization; indirect 13C NMR imaging; is that it is destructive and therefore does not allow repetitive
sucrose metabolism; transport in plants. measurements to be performed on one plant. Such repeated

measurements are valuable since they allow the investigation
of changes in transport as a response to alterations in the

INTRODUCTION environment of the plant. Transport of the tracer 11C between
different parts of an intact plant can be observed by an

The products of photosynthesis and CO2 assimilation in appropriate positioning of monitors, and therefore this tech-
plants are energy-rich compounds (mainly carbohydrates) , nique is nondestructive. However, since 11C is supplied to
which must be transported over long distances from the site plants as 11CO2, the chemical nature of the compound which
of their synthesis (source) to their consumption sites (sinks) carries the label after assimilation cannot easily be identified.
such as growing tissues, storage organs, and roots. The major Movement of dyes in the sieve tubes indicates water flow
transport form of carbohydrates in plants is the disaccharide in the phloem, but represents only an indirect estimation of
sucrose. Plants possess within their vascular bundles special- solute transport.

Recently it has been demonstrated that MRI techniques
are versatile tools for studying transport processes in plants.1 To whom correspondence should be addressed.

2 On leave from the Central Leather Research Institute, Madras, India. These techniques are noninvasive, and in addition they allow
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110 HEIDENREICH ET AL

the spatially resolved measurement of a variety of physical In order to understand the principle of the editing se-
quence, let us consider a small spin system INS of J-coupledand chemical parameters within the plant. Pulsed gradient

spin-echo techniques have been used to measure the velocity spins I and S , such as the CH2 group of a sucrose molecule
in solution, for example. Here, S spins correspond to theof water flow in xylem vessels (1, 2) or in both xylem ves-

sels and phloem sieve tubes of intact plants (3) . A chemical 13C nuclei, I spins to protons. In the first step, the Zeeman
polarization of the low sensitivity nuclei S is maximized byshift imaging technique has also been used to quantify the

concentration of sucrose in the intact phloem of castor bean an initial polarization transfer from the directly coupled I
spins to the S spins. This S magnetization is subsequentlyseedlings (4) .

NMR experiments using 13C-labeled compounds offer the stored along the z direction. A number of consecutive pulses
at the resonance frequency of the I spins in combinationpossibility of noninvasive monitoring of carbohydrate trans-

port, but are usually hampered by the low sensitivity of the with spoiler gradient pulses ensures complete saturation of
all residual I spin resonances. Thereafter, the second polar-13C nucleus (5) . We report here on experiments in which

we used indirect 13C detection by cycl ic J cross polarization ization transfer from S spins to the directly coupled I spins
of the INS system brings back the coherence to the I spins,(CYCLCROP) (6–8) to overcome the sensitivity problem,

thus allowing studies of the transport and metabolism of where it can be used further for imaging or spectroscopic
applications. The only contribution to the detected signalsucrose in plants in vivo. The experimental protocol offers

several advantages. ( i ) Noninvasive measurements of the comes from I spins which are coupled to the S spins within
the selected molecular group. This process of two consecu-undisturbed situation in the intact plants can be performed.

( ii ) The transported compound is unambiguously identified tive polarization transfers between the I and S spins com-
bines the high spectral selectivity of the S spins with theby its characteristic resonance lines. ( iii ) Transport can be

studied by observing changes of the signal intensity of 1H maximum NMR sensitivity given by detection of the I spins.
Two major advantages make polarization transfer tech-nuclei coupled to 13C. ( iv) Spatially resolved information

about the distribution of the compound within the plant can niques operating in the rotating frame (as compared with
techniques employing polarization transfer in the laboratorybe obtained by combining CYCLCROP with imaging tech-

niques. frame, like INEPT (11)) particularly appropriate for in vivo
applications: ( i) They result in a direct production of in-We carried out the experiments with six-day-old castor

bean seedlings because (i) seedlings have been used exten- phase coherences, and (ii) they are relatively insensitive to
sample movements during the measurement (7) . Polariza-sively as a model system for the investigation of phloem

transport, both with standard (9) and with NMR techniques tion transfer between two nuclei I and S in the rotating
frame can be achieved by a number of techniques. The basic(3, 4, 10) . Consequently a large amount of information on

the physiology of the seedlings is readily available. ( ii ) The technique, J cross polarization (JCP), was originally pro-
posed by Hartmann and Hahn in 1962 (12) . The transfercotyledons take up sugars from the incubation medium, and

therefore labeled compounds can easily be introduced into starts with an excitation pulse followed by a spin lock pulse
(SL) on the primary side (nuclei I) and a contact pulsethe plant without affecting the natural concentration of the

compound within the plant. ( iii ) The small size and the (CP) applied on the secondary side (nuclei S) . Polarization
transfer takes place if SL and CP are matched according toindependence of the seedlings from lighting mean that they

can easily be grown in the bore of a superconducting magnet. the Hartmann/Hahn condition

THEORETICAL BACKGROUND gIB1,eff,I Å gSB1,eff,S , [1]

The CYCLCROP Editing Sequence
where gI and gS are the gyromagnetic ratios of the nuclei
under consideration and B1,eff,I and B1,eff,S are the magneticThe basic pulse sequence for indirect detected 13C imaging

by cyclic cross polarization consists of two parts, the editing flux densities effective in the doubly rotating frame.
The duration of the optimum contact time depends on thepart and the imaging part (Fig. 1) (8) . The editing part of

the sequence serves to select a single resonance from a spe- size of the spin system, the J coupling constant, possible
Hartmann/Hahn mismatch conditions with respect to RFcific site of a molecule while suppressing all other reso-

nances from the sample. The imaging part provides spatially amplitudes and/or deviations from resonant irradiation, and
relaxation effects as will be pointed out in the followingresolved information about the density of the selected molec-

ular species within the sample. In conventional proton NMR section. The disadvantage of the basic JCP technique is its
small tolerance of Hartmann/Hahn mismatch which is onimaging, contrast is mainly created by the spatial dependence

of relaxation parameters. In contrast, in the CYCLCROP the order of the J coupling constant, with typical values
of 120 to 170 Hz for 1H– 13C spin pairs. However, thisimaging experiment one is interested in minimizing the ef-

fects of relaxation to obtain maps of the spin density of a disadvantage can be overcome by using the MOIST modifi-
cation (13, 14) of polarization transfer. In this variant, themolecular species.
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111CYCLCROP IMAGING AND SPECTROSCOPY

FIG. 1. Radiofrequency and field gradient pulse sequence for the CYCLCROP imaging technique yielding indirect 13C images via proton signals.
The first part of the sequence serves the editing of resonance lines of protons (I spins) coupled to 13C nuclei (S spins) . The principle of the technique
is cyclic polarization transfer in the rotating frame which is performed in a forward, I r S , and a backward step, S r I . In each of these steps, a spin-
locking pulse (SL) on the primary side and a contact pulse (CP) on the secondary side are applied and matched according to the Hartmann/Hahn
condition. For ease of adjustment, the MOIST modification of the Hartmann/Hahn sequence is employed. During SL and CP pulses, the phases are
inverted simultaneously. For maximal signal strength, the JCP is optimized according to the NMR properties of the hydrocarbon group of interest
(chemical shifts, J couplings, and size of the spin system) as described in the text. After the first polarization transfer, the selected coherence is stored
along the z axis, and a comb of adiabatic half passages, each followed by spoiling gradients, is used to saturate all I spin coherences. The second part
of the sequence with slice selection (GSlice ) , read (GRead) , and phase encoding (GPhase ) gradients produces spin echo NMR images of the distribution of
protons which are coupled to 13C nuclei in the selected hydrocarbon group.

SL and CP pulses are divided into consecutive segments sisting of nuclei I and S . In order to establish a relation
between the detectable signal strength and the S spin densitywhich have p-shifted phases. Under ideal Hartmann/Hahn

conditions, the contact times are the same as those for the distribution, we will examine the evolution of the density
matrix during the editing part of this sequence for the mostoriginal JCP sequence. However, the mismatch behavior of

the MOIST sequence is determined by the number of phase common spin systems in this context (IS , I2S and I3S) . For
the sake of simplicity, we assume in all cases ideal Hart-inversions and the applied B1 field strengths during SL and

CP. Both these parameters are under the control of the exper- mann/Hahn matching. The influence of Hartmann/Hahn
mismatch on the evolution of the density matrix for theimenter.
single polarization transfer has been treated elsewhere

Signal Strength of Indirect S Spin Detection (15, 16) and is straightforward enough to apply to the cyclic
In the following section we treat the general case of cyclic case.

Assuming presaturation of the S spins (which can bepolarization transfer within a J-coupled spin system con-
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112 HEIDENREICH ET AL

achieved either by S spin saturation pulses or indirectly by with skJ Å sin(kpJt) and ckJ Å cos(kpJt) . For the I3S
system, only the relevant terms have been taken into account.the use of an appropriate phase cycling scheme), the reduced

density matrix after the first excitation pulse ((p /2)y(I)) A complete treatment of all terms can be found in (17–19) .
Equations [4] , [5] , and [6] describe the time depen-can be written as

dences of the density matrices sINS(t) for the single polariza-
tion transfer I r S . Note that only for the IS system is the

s i
INS Å ∑

N

kÅ1

Ix ,k N Å
1 for the IS system
2 for the I2S system
3 for the I3S system,

[2] complete initial I spin polarization transfered to the S spins.
For larger spin systems, only a partial polarization transfer
is possible, in conformity with bounds on unitary evolution
(20, 21) . For the I2S system the efficiency of the JCP experi-where the spin operators of the nuclei I and S are denoted
ment reaches this upper bound while the transfer in the I3Sby S Å (Sx , Sy , Sz) and I Å (Ix , Iy , Iz) , respectively. The
system is below. During saturation of the I spins, the Sinfluence of the effective Hamiltonian HH eff in the doubly
polarization is stored along the z axis and is therefore unaf-rotating frame caused by the simultaneous application of RF
fected by I spin radiofrequency pulses or spoiler gradientfields along the x axis can be calculated by using the Liou-
pulses. The saturation of all coherences represented by I spinville/von Neumann equation. This yields a time-dependent
operators will result in an initial state of the density matrixpolarization transfer from I to S spins driven by
for the back-transfer S r I which contains only pure in-
phase Sx coherences. To calculate the time dependence of

HH eff Å
J

2
∑
N

iÅ1

(Iz ,i Sz / Iy ,i Sy) . [3] the final state of the density matrix, it is useful to apply the
commutation relation

We thus find for the IS system
[ HH eff , ∑

N

kÅ1

(Ix ,k) / Sx] Å 0 for N Å 1, 2, 3. [7]

sIS Å
1
2

Ix(1 / cJ) / 1
2

Sx(1 0 cJ) / (IySz 0 IzSy)sJ ,

This leads to the final density matrix containing the same
[4] operators as described in Eqs. [4] , [5] , and [6]. If a readout

gradient is applied during acquisition or if the signal is de-
coupled or a p /2 termination pulse is applied to the S spinsfor the I2S system
at the end of the contact period, antiphase I coherences do
not contribute to the final density matrix representing the

sI2S Å
1
4

(Ix ,1 / Ix ,2 ) (3 / c√
2J) /

1
2

Sx(1 0 c√
2J) coherences to be observed, and therefore it can be written

as
/ (Iz ,1Iz ,2 / Iy ,1Iy ,2 )Sx(1 0 c√

2J)

IS : s f
IS(2t) Å 1

4
(1 0 cJ)2s i

IS/ 1√
2

((Iy ,1 / Iy ,2 )Sz 0 (Iz ,1 / Iz ,2 )Sy)s√
2J , [5]

I2S : s f
I2S(2t) Å 1

8
(1 0 c√

2J)
2 s i

I2S

[8]

and for the I3S system

I3S : s f
I3S(2t) Å S 5

24
0 1

12 ScJ / c√
3J /

1
2

c2JDD
[9]

sI3SÅ (Ix ,1/ Ix ,2/ Ix ,3 ) S19
24
/ 1

12 ScJ/ c√
3J/

1
2

c2JDD
1 S5

8
0 1

4 ScJ / c√
3J /

1
2

c2JDDs i
I3S/ SxS5

8
0 1

4 ScJ/ c√
3J/

1
2

c2JDD
[10]

/ 1
3

Sx(Iy ,1Iy ,2/ Iy ,2Iy ,3/ Iy ,1Iy ,3/ Iz ,1Iz ,2

Neglecting relaxation effects for the moment, the optimum
/ Iz ,2Iz ,3/ Iz ,1Iz ,3 ) (1/ cJ0 c√

3J0 c2J) contact times t0 for the cyclic polarization transfer can be
derived as

/ 1
6

((Iy ,1/ Iy ,2/ Iy ,3 )Sz

0 (Iz ,1/ Iz ,2/ Iz ,3 )Sy) (sJ/
√
3s√

3J/ s2J)
t0 Å

J01 for the IS system
(

√
2J)01 for the I2S system

É0.61J01 for the I3S system.
[11]

/ (Iz ,1Iz ,2Iz ,3Sy0 Iy ,1Iy ,2Iy ,3Sz) (2sJ0 s2J) [6]
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113CYCLCROP IMAGING AND SPECTROSCOPY

Finally, the time-dependent coefficients of Eqs. [8] to [10] the magnetization remains spin locked (sÉ (Ix/ Sx) , decay
can be evaluated by using the contact times t0 in Eq. [11]: rate T01

1r ) while the other half nutates under the effective
coupling (s É (Ix 0 Sx) , decay rate T01

2r É T01
2 ) . The actual

relaxation behavior during this part of the sequence dependsIS : s f
IS Å s i

IS [12]
on the type of polarization transfer and on possible cross

I2S : s f
I2S Å 0.5 s i

I2S [13]
relaxation processes, and hence, our assumption will be an
oversimplification. In the second part of the sequence, duringI3S : s f

I3S É 0.37 s i
I3S . [14]

the period of the proton saturation (TSat. ) , the desired coher-
ence is stored along the positive (or negative) z axis and isFrom Eqs. [12], [13], and [14], the I spin magnetization
relaxing longitudinally toward the S spin equilibrium magne-M and therefore the signal strength can be calculated with
tization with the time constant T1,S of the 13C nucleus. In theMx } Tr[s f

INS Ix] . Note that for the IS and the I2S spin sys-
third and last part, during the repetition delay TR, longitudi-

tems, the detected I spin signal strength depends entirely on
nal proton relaxation takes place with the time constant T1,I .the spin density of the low sensitivity S nuclei. The signal

Therefore, the time-dependent evolution of the density
arising from I3S spin systems is only 11% higher than the

matrix, including relaxation processes, can be written as
signals arising from the IS or I2S spin system. Therefore, in
contrast to conventional proton spectroscopy or spectro-
scopic imaging, the observed proton signal in the sINS(2t, TSat. , TR) Å s f

INS(2t)expS0 2t
Tr,eff

D
CYCLCROP experiment is almost independent of the size
of the spin system under consideration. Rather, it depends
on the actual (spin S) density of the coupling partners, giving 1 SgS

gI

/
(0) S1 0

(/)
gS

gI
DexpS0 TSat

T1,S
DD

the same dependence as if the S spin were detected directly
(this justifies the term indirect 13C imaging) . The maximal

1 S1 0 expS0 TR

T1,I
DD [15]signal enhancement for all different spin systems which can

be achieved using the CYCLCROP experiment is given by
a factor of (gI /gs)

3 , compared to single-pulse S spin detec-
using the expressions for s f

INS(2t) given in Eqs. [8] , [9] ,tion with I spin decoupling and without taking any effects
and [10]. TSat. is the required duration for the complete satu-of possible NOE enhancement or noise into account (for the
ration of proton spins, and the selected coherence is assumed1H– 13C spin pair, this factor would be É64). However,
to be stored along the positive (negative) z axis. Typicallyrelaxation processes have a strong influence during the se-
TSat. is much smaller than T1,S . TR is the repetition timequence, and therefore the actual signal enhancement which
between two successive transients.is produced by the cyclic polarization transfer can be consid-

Equation [15] can be used to calculate the optimum con-erably smaller than this theoretical factor.
tact times for the three different spin systems. For the IS

Effects of Relaxation on the Signal Strength and the I2S systems analytical solutions exist

In order to evaluate the effects of relaxation, it is instruc-
tive to consider in the following section the particular nuclei topt Å t0

2
p

arctanSp Tr,eff

t0
D [16]

under investigation in this study, protons which are scalar
coupled to 13C nuclei. If the experiment is repeated, longitu-
dinal proton relaxation processes limit the achievable in- and t0 given by Eq. [11]. For the I3S spin system the solution
crease in signal-to-noise ratio by restricting the number of must be calculated numerically.
repetitions for a given time interval. Since T1 relaxation By using Eqs. [15] and [16], the resulting signal strength
times of 1H nuclei are in general considerably shorter than for the three different spin systems can be obtained. Figure
those of 13C nuclei, the CYCLCROP sequence favors repeti- 2 shows the signal strength as a function of Tr,eff and T1,I .
tion rates faster than those of direct 13C detection, and hence, Values of Tr,eff have been chosen in the range of T2,I ° Tr,eff

an increase in the signal-to-noise ratio per unit time can be ! T1,I . TR was kept constant at 500 ms, a fixed ratio of TSat /
obtained. T1,S Å 0.2 was assumed, and J values were set to 169, 144,

To investigate the different effects of relaxation processes and 120 Hz for the IS , I2S , and the I3S system, respectively.
on the detected signal, three different segments are distin- This choice of parameters corresponds to typical values
guished within the sequence: During the forward and back- which we encountered in our experiments.
ward polarization transfers, relaxation takes place in the dou- From Fig. 2 it is obvious that short values of Tr,eff have
bly rotating frame. For the sake of simplicity we assume a a strong attenuating effect on the signal. This is most pro-
single time constant T01

r,eff Å 1
2 (T01

1r / T01
2 ) for both the nounced for small spin systems due to the longer contact

times required. The dependence of the signal strength onforward and the backward transfer. The reasoning of this
representation of Tr,eff originates from the fact that half of T1,I and TR is the same for conventional proton spectroscopy
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114 HEIDENREICH ET AL

or imaging, apart from the fact that the Ernst angle (22)
cannot be used to increase the signal-to-noise ratio per time
interval because of complete proton saturation between the
forward and backward polarization transfer.

Our considerations demonstrate that the full signal en-
hancement can only be achieved for long TR and Tr,eff . In
most cases, the dependence of the signal strength on the
contact times topt as a function of the spin system size makes
larger spin systems more favorable. For quantitative studies,
precise knowledge of the various relaxation times is there-
fore indispensable.

In the imaging experiment, Eq. [15] must be extended by
an additional relaxation factor of e0TE/T2,I , arising from trans-
verse relaxation of the selected coherence during the intervall
TE of the spin echo. Hence, image contrast depends (i) on
the local concentration of the selected molecule and (ii) on
spatial variations of the relaxation parameters of the mole-
cule, namely T1,I , T2,I , Tr,eff , and T1,S . By an appropriate
choice of the imaging parameters, the influence of T1,I and
T2,I relaxation on the image contrast can be kept low. How-
ever, significant contrast created by relaxation processes in
the doubly rotating frame cannot be avoided whenever the
spatial variation of Tr,eff within the sample is high and when
Tr,eff itself is of the order of the required contact time topt .
Note that in principle the dependence of the signal strength
on T1,S , the longitudinal relaxation time of the 13C nucleus,
offers the possibility of creating contrast caused by spatial
variations of molecular dynamics at four times lower than
the detection frequency. In most cases, the duration which
is required for the saturation of nonselected proton coher-
ences is typically much smaller than T1 values of the 13C
nucleus, and therefore this image contrast can easily be kept
negligible.

The precise knowledge of relaxation times enables the
correction of the CYCLCROP imaging data to obtain quanti-
tative maps of the concentration of a single molecule within
the sample.

EXPERIMENTAL

All in vivo experiments were carried out using a Bruker
Avance DSX 400 digital spectrometer, equipped with a 9.4-
T superconducting wide-bore magnet and actively screened
gradients. For excitation and signal detection, a custom-built
double resonant saddle coil was used, with the two reso-
nances tuned to proton and carbon frequencies, which are
400 and 100 MHz, respectively. The coil has a diameter of
7 mm and is 15 mm long. Typically, the lengths of the p /FIG. 2. Simulated signal strength produced by CYCLCROP for IS ,
2 pulses were 19 ms for proton excitation and 45 ms forI2 S , and I3 S spin systems as a function of relaxation times. T 1,I is

the longitudinal relaxation time for protons, and Tr,eff the effective carbon excitation. The region within the coil in which the
relaxation time during polarization transfers ( see text ) . The values polarization transfer is effective is 5 mm in diameter and 12
given in the figures are normalized to the maximum signal which can mm in length, as measured by test samples consisting of
be obtained for the IS system. J coupling constants have been chosen 13C-enriched methanol in water (25% v/v).as 169, 144, and 140 Hz for the IS , I2 S , and the I3 S spin system,

The probehead accommodated a glass tube, 14 mm inrespectively. The repetition time TR is 500 ms, a typical value used in
our experiments. diameter and 180 mm length, containing the seedling’s roots
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115CYCLCROP IMAGING AND SPECTROSCOPY

tion for saturation of 40 ms. The CYCLCROP sequence was
followed either by a selective p pulse with a slice gradient
to produce slice selective spin echoes or by a spin echo
imaging sequence without any slice selection.

In the case of slice selective edited spectra, the echo time
was TE Å 2 ms, and only the second half of the echo was
acquired. Slice selection can also be achieved by applying
gradients during the periods of the polarization transfers
(7, 15, 16) . The advantage of the variant which we used
here is an easy verification of the position and the shape of
the selected slice by conventional proton slice profiles using
the same soft pulses and gradient strength. In the case of
imaging experiments, the slice thickness is set by the effec-
tive volume for polarization transfer in the coil (12 mm).
The echo time for imaging was set to TE Å 4 ms and the
complete echo was acquired.

Cleavage of sucrose within the plant results in the produc-
tion of the two hexoses, fructose and glucose. High resolu-
tion spectra of these compounds show that only the reso-
nance of the C1 molecular group of free fructose is in close
proximity to the C1 * resonance of the sucrose (the C1 of
the fructose moiety within the sucrose molecule, termed as
F1 in the following, see Fig. 4) . To demonstrate that these
two resonances are distinguishable in our experiments, a 5-
mm NMR sample tube divided into two compartments was

FIG. 3. Experimental setup for indirect 13C NMR observation of uptake
and transport of labeled hexoses in plants. Castor bean seedlings have been
grown on top of a glass tube outside the magnet for six days in darkness.
The glass tube can be inserted into the probehead. During the experiment,
the root system of the plants was aerated from below by a gentle stream
of air bubbles. At the beginning of the experiment, the endosperm of the
cotyledons was removed. During the experiment, the cotyledons were incu-
bated in a small nutrient depot containing 50 mM 13C1 glucose and 50 mM
13C1 fructose in 5 mM HEPES buffer of pH 5.5. The shaded region within
the hypocotyl indicates the position of the NMR RF coil.

(Fig. 3) . Castor bean seedlings were grown hydroponically
on top of such tubes outside the RF coil for six days in
darkness. The germination and conditions for growth are as
described in (3) . During the experiment, the root system of
the plants was aerated from below by a gentle stream of air
bubbles. The temperature of the probehead could be mea-
sured and controlled from outside the magnet and was kept
constant at 300 K. Before the beginning of the experiment,
the endosperm of the cotyledons was removed. Throughout
the experiment, the cotyledons were incubated in a small
nutrient vessel containing a solution of 13C-labeled hexoses,
namely 50 mM 13C1 glucose and 50 mM 13C1 fructose in 5
mM HEPES buffer of pH 5.5.

Polarization transfer was achieved by using the MOIST
sequence. The spin lock and contact pulse radiofrequency

FIG. 4. The sucrose molecule. NMR resonances which arise from pro-field strengths were matched at v1 /2p Å 4 kHz, and we
tons J coupled to 13C nuclei at the C1* position of sucrose (fructose moiety)

choose 12 phase inversions for each transfer. Proton spins will be termed the F1 resonance of sucrose, and resonances from protons
were saturated using four adiabatic half passages, each fol- which are coupled to 13C nuclei at the C1 position (glucose moiety) will

be termed the G1 resonance of sucrose.lowed by a single gradient crusher pulse, giving a total dura-
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116 HEIDENREICH ET AL

filled with solutions of sucrose and fructose in D2O (830 from 32 different total echo times between 10 and 330 ms
were measured. The resulting signals for the F1 and G1mM at natural 13C abundance). Profiles along the z axis of

this tube were recorded with the proton and 13C frequencies resonances of sucrose were integrated and fitted to single
exponential decays.set to the F1 resonance of sucrose and the C1 group of free

fructose. Each profile is the result of 1024 scans with a
repetition delay of 500 ms. RESULTS

The experimental protocol used to perform dynamic stud-
ies of sucrose metabolism and transport in the castor bean In order to obtain precise values of the carbon and proton

frequencies of the coupled spin pairs, a high resolutionseedling consisted of the following steps: ( i) Edited spectra
of the F1 resonance of sucrose and of the protons coupled heteronuclear correlation spectrum of a 100-mM sucrose so-

lution in 99.8% D2O was recorded (Fig. 5) . From this spec-to the C1 of the sucrose is recorded (the C1 of the glucose
moiety within the sucrose molecule, termed as G1 in the trum, the proton–carbon connectivity for the different mo-

lecular groups can be derived. With the residual water linefollowing, see Fig. 4) . These measurements were performed
with 13C nuclei in natural abundance. ( ii ) The incubation as a reference, this spectrum serves as a primary starting

point for correct frequency selection in the in vivo experi-of the plant is started using the 13C-labeled hexoses. ( iii )
Decoupled spectra of the F1 and G1 resonances of sucrose ment with the seedlings. Table 1 summarizes the chemical

shifts, J coupling constants and the relaxation times for thewith and without slice selection are alternately recorded over
a period of 8 h. Each of the spectra is the result of 256 two positions G1 and F1, measured in the sucrose solution.

The longitudinal relaxation times for the 13C nucleus areaccumulations which were taken within 3 min, interleaved
by a time interval of 30 min. A total of 1024 data points taken from (23) . We expect to observe enrichment of the

13C nuclei at both positions in the sucrose molecule if labeledwere acquired, the spectral width was 8 kHz, and the repeti-
tion time was set to 500 ms. hexoses (13C1 glucose and 13C1 fructose) are taken up by the

cotyledons and are used for sucrose synthesis.Before Fourier transformation, a 20-Hz exponential line
broadening was applied, followed by zero filling to 2k com- Figure 6 shows the in vivo proton spectrum from the hypo-

cotyl of the seedling. The magnetic field homogeneity wasplex data points. ( iv) Finally the spatial distribution of the
labeled sucrose is mapped via the F1 resonance. For this optimized over the whole sensitive volume of the coil, to

give a water linewidth at half-height of about 70 Hz. Thepurpose, a spin echo imaging sequence (TE Å 4 ms) was
added to the CYCLCROP editing sequence. Each of the G1 sucrose resonance at 5.30 ppm is not resolved and is

covered by the broad base of the water resonance line. Theimages is the result of the acquisition of a 128 1 16 complex
data matrix. The field of view is 7 mm for both transverse F1 sucrose resonance (3.56 ppm) is poorly resolved and

appears as a broad peak together with other sucrose reso-directions, and the slice width is given by the length of the
sensitive volume of the coil (12 mm). To achieve a suffi- nances between 3.0 and 4.5 ppm. In the region between 2

and 2.4 ppm, the overlapping resonances of the amino acidsciently high signal-to-noise ratio, 600 scans were accumu-
lated for each phase-encoding step. With a repetition time glutamine, glutamate, and arginine are detected.

Taking the water line as reference, the correct proton fre-TR set to 500 ms, this results in a total measurement time
of 1.5 h. The raw data were processed with a matched Han- quencies of F1 and G1 in the in vivo experiment with the

seedling can be selected by looking up the frequencies fromning filter and zero filled to 128 1 128 complex points prior
to 2D Fourier transformation. The digital resolution of these the heteronuclear correlation spectrum. The corresponding

carbon frequencies are measured from a standard 13C spec-images is 55 mm 1 438 mm.
High resolution heteronuclear correlation spectroscopy trum, recorded once from the hypocotyl of the seedling.

CYCLCROP spectra without slice selection of the F1 andwith a 100-mM sucrose solution in 99.8% D2O was per-
formed on a Bruker Avance DPX 400 NMR spectrometer. G1 resonances of sucrose were acquired with 240 scans

within 3 min (Figs. 7A and 7B). In each figure, threeThe high resolution probe consists of two orthogonal saddle
coils with typical p /2 pulse lengths of 10 ms for protons CYCLCROP spectra are provided: (1) the edited spectrum

with 13C continuous wave decoupling, (2) the J-coupledand 6.7 ms for the 13C nuclei.
Proton relaxation times of the 100-mM sucrose solution spectrum, and (3) a spectrum from an experiment in which

the 13C radiofrequency power of the spin lock and contactwere measured with the DSX 400 spectrometer. Saturation
recovery and inversion recovery techniques were used for pulses on the carbon side were Hartmann/Hahn mismatched

by attenuating the power level on the carbon RF channel byproton longitudinal relaxation time measurements. Both
techniques yield comparable results. T1 relaxation times 10 dB. The third spectra clearly demonstrate the absence of

any residual signals which could possibly arise from imper-were calculated from 32 data points which have been ob-
tained from different recovery times ranging between 10 ms fect saturation of the proton spins. Therefore, the signals in

spectra (1) and (2) of Fig. 7 are solely created by the cyclicand 4.8 s. Transverse proton relaxation times were measured
using the CPMG sequence with a fixed delay of 3.3 ms polarization transfer of the editing sequence. Note that this

method allows the complete suppression of unwanted signalsbetween two consecutive refocusing pulses. Signals arising
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FIG. 5. High resolution 2D heteronuclear correlation spectrum of a 100 mM sucrose solution in 99.8% D2O , recorded at 400 MHz. From this
spectrum, the proton and carbon connectivity of the different molecular groups of sucrose can be derived. The F1 and G1 resonance frequencies of
sucrose are indicated, and they serve as a starting point for the experiment in the living castor bean seedling.

arising from the water resonance, as well as signals from In our experiments on the castor bean seedlings we re-
corded spectra from three different slices in order to observeprotons not coupled to the selected 13C nucleus.

Figure 8 demonstrates the high frequency selectivity of transport of sucrose along the hypocotyl axis. Each slice is
2 mm thick, and adjacent slices are separated by 4 mm.the CYCLCROP sequence. It shows profiles generated from

a phantom consisting of two compartments, one containing This slice selection process causes almost no loss in signal
intensity, as a comparison of the edited profile along the axis830 mM fructose in D2O, the other a similar solution of

sucrose. The upper profile was recorded with the RF frequen- of the hypocotyl with the signal intensities of the three slice
profiles demonstrates (Fig. 9) . These profiles were recordedcies set to 62.3 ppm (13C) and 3.56 ppm (1H), the C1 * /F1

resonances of sucrose. For the lower profile, we used the after 8 h of incubation with labeled hexoses.
For the dynamic study of the uptake of the labeled hexosescorresponding frequencies of the C1 molecular group of free

fructose (64.8 and 3.63 ppm). Despite the small difference (13C1 glucose and 13C1 fructose), their conversion to sucrose
and the transport of sucrose along the hypocotyl of the seedling,in 13C frequencies, in both cases, only the selected compart-

ment was detected. the increase in intensities of the F1 and G1 resonances was
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TABLE 1
Summary of NMR Properties of C1 and C1* Hydrocarbon

Groups of Sucrose

d(1H) d(13C) J T1(1H) T2(1H) T1(13C)
(ppm) (ppm) (Hz) (ms) (ms) (s)

F1/C1* 3.56 62.3 144 352 248 1.75
G1/C1 5.30 93.1 169 778 182 1.03

observed for 8 h. The spectra were acquired without (Fig. 10)
and with (Fig. 11) slice selection. The three different positions
of the slices are the same as those indicated in Fig. 9. The
integrated and normalized (to maximum F1 intensity) intensi-
ties of the F1 and G1 resonances of sucrose are plotted in Fig.
11. In the acquisition of the F1 resonance of the central slice
(z Å 0), the proton frequency was misset deliberately and no
signal was detected due to Hartmann/Hahn mismatch. As with
spectra (3) of Fig. 7, this demonstrates that the signal in the
CYCLCROP sequence arises only from resonances of molecu-
lar groups which have followed the cyclic coherence pathway.
The enrichment of labeled sucrose in the observed region of
the hypocotyl, as calculated from the increase in signal intensi-
ties of the F1 and G1 resonances, is almost linear for the first

FIG. 7. In vivo CYCLCROP spectra from the hypocotyl of a 6-day-
old castor bean seedling with no explicit slice selection (the slice thickness
is set by the 12-mm length of the sensitive volume of the coil) . The
frequencies are set according to the F1 (A) and G1 (B) resonance frequen-
cies of sucrose. Each of the two sets shows three spectra. Spectrum (1)
was recorded with continuous wave decoupling, and spectrum (2) shows
the J splitting of protons which are coupled to the selected 13C nucleus. In
order to demonstrate the absence of any residual signals which do not
belong to the selected carbohydrate group, the SL and CP pulse power
levels on the carbon side have been attenuated (and therefore Hartmann/
Hahn mismatched) by 10 dB in spectrum (3). This proves that signals in
spectra (1) and (2) solely arise from coherences which have followed the
cyclic polarization transfer editing process. Note the complete suppression
of the water resonance line. The FID was recorded with 1024 data points
and a sweep width of 4 kHz. Prior to Fourier transformation, the FID was
processed with an exponential filter (20 Hz line broadening) and zero filled
to 2k complex data. A total of 240 scans were accumulated with a repetition
delay TR Å 400 ms.

FIG. 6. In vivo proton spectrum from the hypocotyl of a 6-day-old
castor bean seedling with no explicit slice selection (the slice thickness is six hours; afterward the rate decreases. The absolute intensities
set by the sensitive volume of the coil at 12 mm). The magnetic field

as well as the rate of increase differ at the three positions withinhomogeneity was optimized over the sensitive volume of the coil to give
the stem. This result was observed for both the F1 and the G1a water linewidth at half-height of about 70 Hz (acquisition parameters are

spectral width Å 8 kHz, number of points Å 2k, zerofilling to 4k complex resonances.
points, number of scans Å 4, TR Å 3 s) . The G1 resonance of fructose at In order to monitor the spatial distribution of the labeled
5.3 ppm is not resolved and is covered by the broad base of the water sucrose in the hypocotyl of the seedling, spin density maps
resonance line. The F1 resonance of sucrose is poorly resolved and appears

of the F1 resonance of sucrose were acquired and are shownas a broad peak together with other sucrose resonances between 3.0 and
in Fig. 12. We conclude from our experiment with the two-4.5 ppm. In the region between 2 and 2.4 ppm the overlapping resonances

of the amino acids glutamine, glutamate, and arginine are detected. compartment tube (Fig. 8) that the signal in this imaging
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tigation of sucrose metabolism and transport in six-day-old
castor bean seedlings. These noninvasive techniques enable
us to observe the undisturbed situation in the intact plant.
13C-labeled compounds are especially attractive for studies
of metabolic pathways and transport processes in living sys-
tems since (i) the low natural abundance of 13C nuclei favors
their use as tracers and (ii) the wide range of 13C chemical
shifts allows their easy identification. The drawback of direct
13C NMR detection is the relatively weak NMR sensitivity
of the 13C nucleus which requires either a large number of
13C nuclei within the sample or long experimental times. In
addition, the long spin–lattice relaxation times of the 13CFIG. 8. CYCLCROP profiles of a sample which contains a solution of
nucleus prevent rapid signal accumulation.fructose in D2O (right half) and a solution of sucrose in D2O (left half) ,

each of them 830 mM and at natural 13C abundance. The lower profile was CYCLCROP combines three advantages: ( i) the wide
recorded using the carbon and proton resonances of the C1 molecular group range of 13C chemical shifts enables high spectral selectivity,
of fructose (d(13C) Å 64.8 ppm, d(1H) Å 3.63 ppm), and the upper profile ( ii ) indirect detection of 13C nuclei provides the high sensi-
with frequencies set according to the F1 resonances of the sucrose molecule

tivity of proton NMR, and (iii ) complete suppression of(d(13C) Å 62.3 ppm, d(1H) Å 3.56 ppm). Both profiles were accumulated
all proton resonances which do not arise from the desired1024 times with a repetition delay of 500 ms.
molecular groups is achieved. The profiles in Fig. 8 as well
as the spectra of F1 and G1 shown in Fig. 10 provide strikingexperiment originates unambiguously from the F1 resonance
examples of the power of this technique. The first spectraof the synthesized sucrose and that any contributions of free
in these sets were acquired from the sucrose in the seedlingfructose can be excluded. The resolution of these maps is
(É100 mM) with 13C in natural abundance (É1.1%) within55 mm1 438 mm; the slice thickness is given by the sensitive
an experimental time of only 3 min. The high spectral selec-volume of the coil (12 mm).
tivity of the CYCLCROP sequence is demonstrated by theAs a reference, a conventional high resolution proton im-
profiles of Fig. 8. Despite the small differences of the 13Cage from a slice within the hypocotyl was taken using a T1-
and proton resonance frequencies between the C1 in the freeweighted spin echo NMR imaging sequence (echo time Å
fructose and the C1* of the fructose moiety of sucrose and8 ms, repetition time Å 300 ms). The use of 256 1 256
their attached proton, the distribution of both molecules cancomplex data points together with a 7-mm FOV gives a
be distinguished. Because of the high spectral selectivity, anominal resolution of 27 mm within the 1-mm slice. The
prerequisite for the application of the sequence is a preciseproton images and carbon spin density maps of the F1 reso-
knowledge about the nature of the chemical compound undernance of sucrose shown in Fig. 12 were taken from two

different seedlings, after 8 h of incubation. Figures 12A and
12B were generated from the first seedling, Figs. 12C and
12D from the second. In Fig. 12D the conventional proton
image has been overlaid on the carbon image as a contour
plot. Both edited carbon images show a comparable distribu-
tion of sucrose within the hypocotyl. The vascular bundles
cannot be resolved in detail in the 13C images, but these
images show higher intensity at positions which correspond
to the sites of the vascular bundles. The poor resolution
arises from imperfect longitudinal symmetry of the stem in
combination with the lack of slice selection.

As has been shown in the slice profiles above, slice selec-
tion is possible, but at the expense of a considerable increase
of measurement time. Differences in the signal intensities
within the hypocotyl might be a consequence of imperfect
centering of the plant within the coil, but this effect should
also have shown up in the normal proton images. They might

FIG. 9. In vivo positions of slices, monitored by F1-edited profilesalso indicate different local transport activity either within
along an axis parallel to the hypocotyl of the seedling. In the case of edited

the vascular bundles or the surrounding parenchyma. slice profiles, an additional slice gradient was applied during the frequency-
selective refocusing p pulse. All profiles were taken 8 h after the beginningDISCUSSION
of incorporation of 13C-labeled hexoses (13C1 fructose and 13C1 glucose) .

We have applied indirect 13C spectroscopy and imaging Acquisition parameters were FOV Å 30 mm, NS Å 512, TR Å 500 ms,
number of points Å 128, zero filling to 256 complex points, TE Å 4 ms.techniques, based on cyclic polarization transfer to the inves-
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FIG. 10. Enrichment of 13C-labeled sucrose as a result of uptake of 13C-labeled hexoses (13C1 fructose and 13C1 glucose) and their conversion to
sucrose which is 13C-labeled at the C1 * position of the fructose moiety (a) and at the C1 position of the glucose moiety (b) . The stacked plots show
the increasing intensities of the F1 and G1 resonances as a function of the incubation time. Each of these spectra is the result of 256 scans which were
accumulated within 3 min from the hypocotyl of 6-day-old castor bean seedlings without explicit slice selection (the slice thickness is given by the 12-
mm sensitive volume of the NMR coil) . Consecutive spectra are separated by a time interval of 30 min (spectral width Å 8 kHz, number of points Å
1024, TR Å 500 ms, 20 Hz exponential line broadening, zero filling to 2048 complex points) .

investigation. This information can be either obtained by ences arise from high concentrations of intercellular air
spaces. They lead to a spread of the local Larmor frequenciesdirect 13C spectroscopy or by 2D heteronuclear correlation

spectroscopy. and local variations of T*2 values through molecular diffusion
CYCLCROP offers the major advantage of allowing rapid between regions of different resonance frequencies. Rotating

acquisition of indirectly detected 13C spectra of the selected frame experiments may be affected by susceptibility effects
molecular groups. Because a high time resolution can be through two different kinds of processes: ( i) by local Hart-
achieved, the 13C-based technique can be used to follow the mann/Hahn mismatch which relates to both B0 and B1 ef-
tracer flux through metabolic pools in a time-resolved study. fects; and (ii) by local short values of Tr,eff . In the present
By combining CYCLCROP with frequency and phase-en- study, a comparison between the linewidth of edited and
coding NMR imaging techniques, highly specific informa- nonedited resonances suggests that with our single-coil
tion about the time-dependant evolution and distribution of probe selective J cross polarization efficiency bears no evi-
a single 13C label within a selected molecule can be visual- dence of Hartmann/Hahn mismatch effects. However, a lo-
ized in a spin density map. cal reduction of transverse relaxation times (T2 effect) (24)

In summary, CYCLCROP 13C spectroscopy or imaging through molecular diffusion in the presence of strong internal
of metabolites in plants relies on a tracer strategy. It permits field gradients will also reduce the local Tr,eff value and
visualization and quantification of specific metabolic and precaution must be paid in the quantitative interpretation of
transport activities which involve the 13C-labeled tracer and CYCLCROP images within regions which are known to be
which occur while the system under investigation itself is severely affected by susceptibility artifacts. From the refer-
in an almost unperturbed equilibrium state. This unique in- ence proton image of the hypocotyl of the castor bean seed-
formation content of the experiment makes it very distinct ling and given the somewhat coarse-grained resolution we
from the CSI or COSY-type experiments reported earlier achieved in our experiments we are unable to infer any strong
(4, 10) . In those experiments it is possible to create simulta- susceptibility influences.
neously images of a variety of different metabolites during In these experiments we supplied 13C1 fructose and 13C1

a static situation of the plant, assuming the required high glucose to the cotyledons of the castor bean seedling. We
spectral resolution can be achieved in vivo. observed uptake of the labeled hexoses supplied and their

By the correct choice of experimental parameters it is conversion to the disaccharide sucrose. Sucrose is the prod-
possible to create contrast in the image which depends uct of the enzymatically catalysed condensation between
mainly on the spatial variations of the spin density within fructose and uridine-diphosphate glucose (UDP glucose) .
the sample. However, it can be concluded from the simula- UDP-glucose is synthesized from glucose via phosphoryla-
tions of the signal strength (Fig. 2) that for Tr,eff values on tion and exchange of the phosphate group by UDP. Free
the order of the required contact times, signal attenuation fructose can be isomerized by the enzyme hexose isomerase
due to relaxation effects cannot be avoided. Even in this to free glucose (Fig. 3) . Both hexoses are taken up by carrier
case the technique can nevertheless be quantitative by post proteins which are located in the cell plasmamembrane.
processing based on the separately determined relaxation The analysis of the time course study of the increase in
times of the selected molecular groups. intensity of both the F1 and the G1 resonances in a selected

slice of the hypocotyl shows three notable features: ( i) theIn many plant species, large magnetic susceptibility differ-
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relaxation time of the F1 resonance is considerably shorter
than the corresponding G1 longitudinal relaxation time.
This allows faster repetition rates for the F1 resonance of
sucrose to achieve the optimum ratio of signal-to-noise
per time interval.

On the other hand, the transverse relaxation times of the
two resonances show opposite behavior with the G1 reso-
nance relaxing faster than the F1 resonance (Table 1). Since
we were using the same repetition delays for both observed
resonances of sucrose, the observed signal arising from the
G1 resonance is less intense than that arising from the F1
resonance of sucrose. In addition, relaxation losses during
the two polarization transfers are less important for the F1
resonance of sucrose than for the G1 resonance because (i)
the contact times for the F1 resonance are shorter and (ii)
the effective relaxation time Tr,eff ( F1) is longer than that
for the G1 resonance.

At present, no data for the relaxation times in vivo are
available and therefore no intensity ratio can be calculated
from Eq. [15]. However, we assume that the observed relax-
ation processes in the sucrose molecule are similar under in
vivo conditions. To give an order of magnitude estimate, the
relaxation times from Table 1 together with a repetition delay
of 500 ms indicate a ratio of 1:0.61 (Fig. 2) . This ratio has
been verified in the sucrose test solution.

It is at present uncertain whether relaxation effects can
fully explain the measured ratio ofÉ1:0.4 between the inten-
sities of the F1 and G1 resonances of sucrose in the seedling
at the end of the experiment. This observation might also
be explained by a preferential use of one of the supplied
hexoses for the synthesis of sucrose. This explanation is
also supported by the second effect we observed. The ratio

FIG. 11. The graphs show the time-dependent enrichment of 13C-labeled between the intensities of F1 and G1 of sucrose is not con-sucrose after uptake of 13C-labeled hexoses (13C1 fructose and 13C1 glucose) ,
stant during the time course of the experiment. We observedconversion to sucrose, and its transport to the hypocotyl. The synthesized
a ratio between the F1 and G1 intensities of sucrose of 1:0.2sucrose is labeled at the C1 * and C1 position, corresponding to the fructose

and glucose moieties, respectively. The resonances arising from protons at the beginning, whereas this ratio is 1:0.4 after 8 h of
which are J coupled to these sites give rise to CYCLCROP-edited signals, incubation with 13C-labeled hexoses. If the two hexoses (glu-
the F1 and G1 resonances of sucrose, respectively. Data points (j) repre- cose and fructose) are equally used for the synthesis ofsent the normalized integrals of the F1 and G1 resonances of sucrose without

sucrose, this ratio should not change in time. In our experi-slice selection. For both resonances, signals were also recorded from slices
ment the change in the time course can be explained by aperpendicular to the hypocotyl of the seedling at positions of 04 mm (m) ,

0 mm (l) and /4 mm (.) , see Fig. 9. In the acquisition of the F1 preferential use of the supplied 13C fructose for the synthesis
resonance of sucrose from the central slice, the 1H frequency was misset of sucrose at the beginning of the experiment. Toward the
deliberately, and therefore no signal was detected. end of the experiment, fructose and glucose are equally built

into the sucrose molecule.
The reason for the observed differential incorporation of

the two supplied hexoses into sucrose is at the moment un-absolute intensity of the F1 resonance is always higher than
that of the corresponding G1 resonance; ( ii ) the ratio of known. Kallarackal and Komor (25) described that fructose

is preferentially used for the synthesis of sucrose, since su-these intensities changes during the time course of the exper-
iment; and (iii ) the observed increase in intensities for the crose concentration in the phloem sap can be kept high by

a sufficiently high supply of fructose to the cotyledons. IfF1 and G1 resonances differs for each of the three selected
slices. glucose is supplied in a comparatively high concentration,

only the glucose concentration in the phloem sap increasesOne reason for the difference in absolute intensity is
the influence of relaxation on the detected CYCLCROP while the sucrose concentration remains low. Kallarackal

and Komor (25) suggested that fructose is not absorbed wellsignal strength. It can be seen from the relaxation time
measurements of sucrose in solution that the proton T1 by the phloem, but instead preferentially absorbed by the
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FIG. 12. In vivo indirect detected 13C NMR images of the distribution of C1*-labeled sucrose within the hypocotyl of two different castor bean
seedlings (A and C). C1 *-labeled sucrose has been synthesized by the seedling after incorporation of labeled hexoses, 13C1 fructose and 13C1 glucose
for 8 h. Acquisition and processing parameters of the edited images were 128 1 16 complex data points, TE Å 4 ms, number of scans Å 600, TR Å 600
ms. A centered Hanning filter was applied prior to zero filling to 128 1 128 complex points and 2D Fourier transformation. The resolution of the edited
images is 55 mm 1 438 mm within the transverse plane. For reference, high resolution T1-weighed spin echo proton image of the hypocotyl cross section
is shown in (B). The matrix size of 256 1 256 complex points results in a resolution of 27 mm within the 1-mm slice. TE was set to 8 ms and TR Å
300 ms. The pith parenchyma is inside the ring of meristematic tissue which connects the eight vascular bundles. The cortex parenchyma is outside this
ring. Each vascular bundle consists of xylem and phloem. In (D), the CYCLCROP image of (C) is overlaid on the corresponding contour plot of a
high resolution proton image.

mesophyll cells in the cotyledons, converted to sucrose, and decreased concentration of UDP in the phloem sap and an
increased concentration of inorganic phosphate. In theirthen loaded into the phloem. Geigenberger et al. (26) mea-

sured the levels of a range of metabolites in the phloem sap model, fructose is preferentially taken up in the phloem tis-
sue and partially isomerized to glucose which subsequentlyafter supplying fructose to the cotyledons. They observed a
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is metabolized to UDP-glucose. An equal incorporation of labeled sucrose within the plant stem could be obtained in
a short measuring time. We conclude from our analysis of13C into the fructose moiety and the glucose moiety of the

sucrose molecule would be expected from both models. relaxational influences on the CYCLCROP signal that con-
trast in these maps is mainly created by differences in theHowever, the use of labeled compounds and in vivo NMR

measurements has revealed a time-dependent use of the two concentration of the 13C nuclei. The relatively short acquisi-
tion times of these images makes it feasible to map dynami-hexoses in sucrose metabolism. This must be investigated

by further NMR experiments. cal processes within the plant tissue with a reasonable time
resolution on the order of less than one hour. The use ofSucrose is loaded into the sieve tubes of the phloem and

is transported through the hypocotyl toward the root system. 13C-labeled tracers in combination with indirect detection
methods therefore promises to become a versatile tool inUnloading occurs along the phloem pathway, but is higher

in the upper part of the hypocotyl where a metabolic conver- metabolic studies of living systems in general.
sion to starch occurs. It is highest at the site where cells
increase their volume by the uptake of water. This water ACKNOWLEDGMENTS
uptake is osmotically driven, and sucrose possibly plays a
role as an osmoticum which is either delivered by the phloem The authors are grateful to the BBSRC and the DFG for financial support
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