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Non-invasive histochemistry of plant materials by magnetic resonance microscopy
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Summary. We have combined nuclear magnetic resonance (NMR)
imaging on the microscopic scale with chemical shift selection to
demonstrate the application of magnetic resonance imaging (MRI)
to plant histochemistry. As an example of the method we have
obtained separate images of the distribution of reserve oil and aneth-
ole in dried fennel mericarps. The technique can be employed to
separately image the distribution of aromatics, carbohydrates, oils,
water and possibly fatty acids in suitable plant materials.
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Abbreviations: NMR nuclear magnetic resonance; MRI magnetic
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Introduction

The non-invasive nature of nuclear magnetic resonance
microiinagjng (Aguyao etal. 1986, Eccles and Cal-
laghan 1986, Harrison etal. 1988, Kuhn 1990, Walter
etal. 1989) combined with the chemical specificity of
the NMR method, suggests its application to histo-
chemistry. Spatial resolution down to 10 pm is currently
achievable in NMR microscopy (Walter etal. 1989),
while a number of methods for achieving selectivity on
the basis of chemical shift have been described (Dixon
1984, Rosen et al. 1984, Bottomley et al. 1984, Hall et al.
1984, Joseph 1985, Haase etal. 1985, Dumoulin 1985,
Hennig and Friedburg 1986). Plant materials such as
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fruit and seeds are particularly suited to such investi-
gations since they may contain a variety of chemical
constituents in well defined compartments. NMR spec-
troscopy can be used to identify the major constituents
and chemical shift imaging to spatially localize them.
Taking the dried umbelliferious fruit of fennel as an
example, we have applied the methodology of chemical
shift selective imaging to demonstrate, for the first time,
non-invasive histochemical localization of some of the
main chemical constituents.

Chemical shift imaging has previously been used to
discriminate between fat and aqueous phases in clinical
whole-body MR systems. We show here that NMR
microscopy at high field strength can exploit the par-
ticular spectral characteristics of plant materials to
achieve non-invasive histochemistry. The immobility
and stability of such materials also facilitates the use
of signal averaging to achieve an adequate signal to
noise ratio in the resulting images, even for chemical
constituents whose spectral contributions are relatively
weak.

Materials and methods

The experiments presented here were performed on a Bruker
MSL 400 spectrometer, equipped with a 9.4 Tesla, 89 mm-bore mag-
net and microimaging accessory. The probe-head contained coils for
the generation of constant magnetic field gradients for spatial de-
lineation. Gradient strengths of up to 55G/cm could be switched
within less than 100 us. A 10mm homebuilt solenoid was tuned to
400 MHz for radio-frequency excitation and reception of 'H-NMR
signals. The images were taken by means of the conventional “spin-
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warp” spin-echo method (Morris 1986) modified to provide a chem-
ical shift selective 90° excitation pulse with slice selection on the 180°
re-focussing pulse.

Sweet fennel mericarps (Foeniculum vulgare Mill. var. dulce) were
selected for imaging. The fruit of fennel is a schizocarp which splits
into two one-seeded mericarps upon drying at maturity. Fennel mer-
icarps contain reserve fat in the endosperm of the seed as well as
essential oil canals (vittae) in the adherent fruit wall. There are four
outer vittae in the mesocarp located in the grooves between the ribs
on the convex outer side and two larger vittae in the mesocarp on
the flat inner side. The endosperm contains fat droplets, aleurone
grains and oxalate crystals in its cells (Gassner et al. 1989, Melchior,
and Kastner 1974). The essential oil of the sweet fennel contains up
to 60% l-methoxy-4-(-1-propenyl)-benzene (transisomer), i.e., trans-
anethole (Wagner 1989).

Results and discussion

The 'H-NMR spectrum of the whole dried fennel read-
ily reveals four main signals of approximately 300 Hz
halfwidth each (Fig. 1a). For assignment a better re-
solved spectrum (Fig. 1 b) was achieved by pulverizing
the fennel seed and applying the magic angle spinning
technique (Yannoni 1982). This allowed resolution of
the methyl and methylene resonances in the range be-

tween 0.9-2.3 ppm and also of the aromatic and olefinic

protons of anethole. The spectrum of pure trans aneth-
ole (Aldrich) is shown in Fig.1c as a reference. The
signals in Fig. | a, are related to the main components,
reserve oil and anethole, as follows. The signal at
= 1.3ppm is due to the methylene groups of reserve
oil, overlapped (partially resolved on the low field
shoulder) by the styrene-sided methyl group of aneth-
ole. The methoxy! group of anethole appears at
& = 3.7 ppm, while the signals of the aromatic protons
and of the olefinic protons overlap at 3 = 6.7 ppm. The
peak at 6 = 5.4 ppm is confirmed by 2D COSY spec-
troscapy (Aue etal. 1976) to derive from olefinic pro-
tons adjacent to methylene groups in the reserve oil.
All chemical shifts are relative to TMS.
The separation of the peaks in the spectrum of the
whole fennel enabled imaging of the individual com-
ponents to be carried out. Figure2a shows the result
of imaging the total lipid component by selective ex-
citation at 8 = 1.3ppm. The image represents lipid
present in both endosperm and vittae. It may include
a contribution due to the styrene-sided methyl group
of anethole. By comparison, Fig. 2b, obtained by se-
lective excitation at § = 6.7 ppm, shows transanethole
to be confined to the vittae. It should be emphasized
that imaging of these transverse sections did not involve
mechanical sectioning. Thus in chemical shift NMR
microscopy we have a powerful tool for investigating
-the histochemistry of plant material. Difficulty exists
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Fig. 1. '"H NMR spectra of a whole dried fennel fruit, b pulverized
dry fennel fruits, and ¢ pure transanethole. The assignment of peaks
in a is follows: The signal at & = 6.7 ppm arises from the aromatic
and olefinic protons of anethole. The methoxy group of anethole
gives rise to the signal at 8 = 3.7 ppm, while the methyl group con-
tributes to the unresolved (low field) shoulder at 6 = 1.4 ppm. The
methyl and methylene groups of reserve oil are contained in the
broad resonance at 1.3 ppm, while the olefinic protons in the reserve
oil give the peak at § = 5.4 ppm. The resonances are better resolved
in the spectrum of b. Resolution enhancement was achieved by
2000 Hz magic angle spinning. The sample for ¢ was obtained from
Aldrich

in specimen preparation of dry mericarps for study by
optical microscopy in that fixation, embedding and
sectioning in such material introduces artefacts
(O’Brien and McCully 1981). Lipid is difficult to pre-
serve in situ if its dimensions are large as in the vittae.
The histochemical demonstration of anethole as de-
scribed in this paper can be extended to other com-
pounds in plant material with freedom from the ar-
tefacts associated with the classical methods of fixation,
embedding, cutting, and staining.



Fig.2. NMR chemical shift images of a transverse slice across a fennel mericarp. Spatial resolution is 15pum % 15um and slice thickness
260 pum. a Lipid distribution. A contribution due to the styrenc-sided methyl group of anethole may be included. Selective excitation was
performed at & = 1.3 ppm, 64 data acquisitions were averaged. b Distribution of anethole obtained by selective excitation at & = 6,7 ppm.
256 data acquisitions were averaged. The images were taken by means of a 90°-t-180°-imaging sequence using a chernical shift selection 90°
gaussian shaped pulse of 2.56 ms duration and 600 Hz bandwidth and a slice selective 180° hermite shaped pulse of 2 ms duration and 1200 Hz
bandwidth. The gradient strengths used were 10 G/em for the slice selection and 30 G/em for the read and phase gradients, The spin echo
time TE was 11.4ms, the repetition time TR was 1s
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We believe that chemical shift selective NMR micros-
copy, as demonstrated here, may have wide application
in biology, agriculture and food science. Other possi-
bilities in plant sciences include *C imaging (Sillerud
etal. 1988) of plant materials grown in a '*CO, enriched
atmosphere (as the substrate for photosynthesis), stud-
ies of oil accumulation in seeds and its utilization during
germination, and sugar distribution and storage during
ripening of fruits. In the future such methods may be
combined with flow imaging (Jenner etal. 1988) tech-
niques to visualize the transportation pathways of spe-
cific chemical constituents.
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