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Abstract

The application of non-invasive nuclear magnetic resonance (NMR) methods in xenobiotic research is reviewed
in relation to: (i) the characterisation of the effects of xenobiotics on the metabolism of plants and plant cell
suspensions; (ii) the direct detection of xenobiotics and their degradation pradwit®; and (iii) the spatial
localisation of xenobiotics and their derivatives at the subcellular and tissue levels. Novel information has been
generated byn vivo NMR studies of both agrochemicals and heavy metals, but a lack of generality in the methods
makes it difficult to extrapolate from one successful application to the hexivo NMR spectroscopy is shown to

be informative when a xenobiotic perturbs metabolic pathways that are accessible to the technique, and it is useful
for probing the partitioning of paramagnetic metal ions between the cytoplasm and the vacuole. The successful
application of'%F NMR to the analysis of plant tissue extracts also suggestsrthvato 1°F NMR spectroscopy

may have a role in biotransformation studies of fluorinated xenobiotics. In contrast NMR imaging techniques have
been little used for xenobiotic research in plants, and while the method has been shown to be capable of monitoring
the uptake and translocation of paramagnetic ions in plants, the potential use of high reséluimh°F NMR

imaging for mapping agrochemicals in tissues is still in its infancy.

Abbreviations: ALS - acetolactate synthase; AMPA - aminomethylphosphonate; EPSP erol5-
pyruvoylshikimate 3-phosphate; NMR — nuclear magnetic resonangce;r Borganic phosphate; 2,4-D —
2,4-dichlorophenoxyacetic acid.

Introduction Thirdly, as a non-invasive technique vivo NMR
may Yyield information that would be undetectabie
vitro, such as information on the intracellular en-

The direct detection of nuclear magnetic resonance yvironment and the compartmentation of metabolites.

(NMR) signals from living systems has several well Finally, in vivo NMR provides many opportunities for

known advantages in comparison with analyses basedtesting metabolic hypotheses directly in functioning

on tissue extraction. First, by avoiding the neces- systems, and this sheds light on the way in which
sity for tissue extraction and the subsequent work-up metabolism is integrateth vivo. These advantages

of the samplejn vivo NMR methods may be more  of in vivo NMR have to be set against the equally
convenient or more reliable thain vitro analyses.  ell known disadvantages, namely the relatively low

Secondly, because all the detectable compounds thatsensitivity of the technique and the requirement for

exceed the detection threshold for an NMR experi- technologically advanced, and therefore expensive,

ment are necessarily observed simultaneously, thereequipment. However these disadvantages are not over-
is no preselection by the investigator, with the re- whelming and the result is that vivo NMR methods

sult thatin vivo NMR methods can reveal UneXpeCted are frequent|y dep|0yed very effective]y in biochemi-
information that would otherwise escape detection.
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cal and physiological investigations of living systems
(Gadian, 1995).

The in vivo NMR approach is readily applied to
plants and there is now an extensive literature de-
scribing the use of both NMR spectroscopy and NMR
imaging in this field (Ratcliffe 1994, 1996; Shachar-
Hill & Pfeffer 1996). Major areas of application for
in vivo NMR spectroscopy in plants include: (i) ni-
trogen and phosphorus nutrition; (ii) the pathways of
carbon and nitrogen metabolism, exploiting the po-
tential of stable isotope labelling with’C and1°N;

(iii) metabolic responses to environmental stress, in-
cluding the effects of anoxia, drought and salt stress;
(iv) cytoplasmic and vacuolar pH regulation; and (v)
ion transport and compartmentation. Similarly high
resolution NMR imaging can now generate spatially
resolved analytical information on the tissue distribu-

(Bright & Ratcliffe 1990). The present review de-
scribes the progress that has occurred in the last few
years in this field and discusses the extent to witich
vivo NMR can have a problem solving role in xeno-
biotic research. It will become apparent that while
vivo NMR methods lack the generality that is usually
associated with routine analytical tools, they can still
provide novel information in particular cases.

Metabolic effects of xenobiotics

Metabolic inhibitors with known properties are fre-
quently used in the course @f vivo NMR studies

of metabolism, and so in principle it should be pos-
sible to use the same approach to characterise the
metabolic disruption caused by the uptake of herbi-

tion of water and other abundant plant constituents, as cides and other xenobiotics. Herbicides are usually

well as measurements of diffusion and flow (Chudek
& Hunter 1997). The extensive use iof vivo NMR

methods that has been made in the study of the re-

sponse of plant tissues to abiotic factors, for example
oxygen deprivation (Ratcliffe 1997), would seem to

designed to inhibit specific metabolic processes, and
so the expectation would be that the NMR experiment
might be able to identify some of the direct conse-
guences of the activity of the compound. In practice
the literature contains very few significant applications

suggest that a similar approach could be useful in the of in vivo NMR spectroscopy for this purpose, but

study of the interaction of plants with xenobiotics.
However applications of this kind are still rarely en-

the general approach can be illustrated by an inves-
tigation of the effect of glyphosate on the metabolism

countered and this review article explores the reasonsof Acer pseud0p|atanmspension cells (Gout et al.

for this lack of activity.

In principle, non-invasive NMR methods might
be expected to find applications in three areas of
xenobiotic research in plants. First, NMR methods
might be used to characterise the effects of xenobi-

1992). Glyphosate inhibits Bnotpyruvoylshikimate
3-phosphate (EPSP) synthase and thus prevents the
synthesis of aromatic compounds via the shikimate
pathway, including the synthesis of phenylalanine, ty-
rosine and tryptophan. A combination P NMR

otics on the metabolism of susceptible and resistant and natural abundandéC NMR was used to probe
plant species. Secondly, it might be possible to use the metabolic effects of glyphosaie vivo and both

the NMR approach for the direct detection of xenobi-
otics and their derivativeis vivo. Finally, it might be

possible to obtain information about the spatial dis-
tribution of xenobiotics and their derivatives, either
indirectly through spectroscopy or directly through
NMR imaging. Taking xenobiotics to include both the

plant protection products generated by the agrochemi-

approaches yielded novel information (Figures 1 and
2).

In vivo 3P NMR (Figure 1) showed that ex-
posure to 1 mM glyphosate had no obvious effect
on the usual metabolic signature of theer cells,
even though it caused a 90% inhibition of growth.
This result immediately highlights the point that

cal industry and pollutants such as heavy metals, thereyivo NMR only detects a subset of the important

would seem to be considerable scope for ugingvo
NMR methods to complement conventional vitro
analyses. In fact the potential applications in plant
xenobiotic research foin vivo NMR have been ap-
parent for many years, and early attempts to look at
the metabolism of agrochemicals and their metabolic
effects by a combination af vitro andin vivo NMR

metabolites in a cell and these pools will not neces-
sarily be sensitive to the xenobiotic treatment. How-
ever the3lP NMR spectra also contained signals
from glyphosate, aminomethylphosphonate (AMPA),
which is a biodegradation product of glyphosate, and
shikimate-3-phosphate, which is a substrate for EPSP
synthase. The detection of the shikimate-3-phosphate

methods were discussed in a more general review onsjgnal, which was identified on the basis of parallel

the NMR analysis of agrochemicals and pesticides

NMR analyses on cell extracts, was the only indication
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Figure 1. In vivo31P NMR spectra of sycamore cells showing the effect of a 50 h incubation in the following solutions: A, standard culture
medium; A, standard culture medium plus 1 mM glyphosate; B, sucrose-free culture medjusydBose free culture plus 1 mM glyphosate.

Peak X can be assigned to AMPA and peak a is a composite signal from several phosphomonesters. The insert shows the pH dependence of the
chemical shift of the shikimate 3-phosphate signal. Reprinted from Gout et al. (1992) with the permission ofétteF8actaise de Biochimie

et Biologie MoEculaire.
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Figure 2. In vivol3C NMR spectra of sycamore cells incubated under the conditions defined in the legend to Figure 1. The peak assignments
include: asn, asparagine; cit, citrate; glu, glutamate; mal, malate; s, sucrose; and shik, shikimate. The carboxyl region of the spectrum is shown
on an expanded scale, and the insert shows the pH dependence of the shikimate carboxylate group. Reprinted from Gout et al. (1992) with the
permission of the Soete Francaise de Biochimie et Biologie Mallaire.
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of the metabolic disruption caused by glyphosate, and on the metabolism of the same sycamore suspension
it provided a clear demonstration of the expected inhi- cultures (Aubert et al. 1997). Sulfometuron methyl
bition of EPSP synthase. A further interesting point is a sulphonyl urea herbicide that inhibits acetolac-
was that the glyophosate, AMPA and shikimate-3- tate synthase (ALS) and thus prevents the synthesis
phosphate pools could all be shown to be cytoplasmic of branched chain amino acids. The herbicide also
on the basis of the pH-dependedP NMR chemi- causes a marked increase in the activity of the alterna-
cal shift values. This information on the subcellular tive oxidase and in seeking to understand this, it was
compartmentation of the molecules would have been important to characterise the effect of sulfometuron
difficult to obtain from tissue extracts and it therefore methyl on the metabolism of the cells vitro NMR
provides a good example of the usefulness ofithe  measurements showed that exposure to the herbicide
vivo approach. led to the accumulation af-oxobutyrate, which is
The natural abundancé®C NMR spectra of a substrate of ALS, and-aminobutyrate, which is a
glyphosate treateél. pseudoplatanusells were also  transamination product af-oxobutyrate. It was also
informative (Figure 2). Firstly, the spectra demon- shown that supplying these metabolites in the absence
strated a very large accumulation of cytoplasmic shiki- of the herbicide led to the detection of the branched
mate, and when taken with t#éP NMR data on the  chain amino acid isoleucine; and ultimately it was
accumulation of shikimate-3-phosphate, it was con- concluded that the induction of the alternative oxi-
cluded that neither metabolite could be acting as a dase by sulfometuron methyl was probably caused by
feedback inhibitor on the early steps of the shikimate the blockage of branched chain amino acid synthe-
pathway. Secondly, th€C NMR spectra showed that  sis, since induction could be prevented by supplying
there was a marked accumulation of glutamate and leucine, valine and isoleucine in the presence of the
glutamine in the cells, and this was attributed to the inhibitor (Aubert et al. 1997). Thus in this study,
inhibition of aromatic amino acid synthesis and the in vitro 13C NMR provided a convenient metabolic
consequent halt in protein synthesis and growth. This profiling technique for confirming that the expected
observation illustrates the way in which NMR can effects of the herbicide had taken place and there was
generate interesting correlations between metabolic no compelling reason for undertaking measurements
events by simultaneously providing data on a whole in vivo.
range of compounds and not just those that might have  Intracellular pH values can also be obtained by
been expected to be of interest. in vivo NMR measurements and changes in the cyto-
The overall conclusion from these experiments plasmic and/or vacuolar pH values of plant cells have
was that NMR spectroscopy could provide a powerful frequently been observed in response to abiotic stress.
method for studying the metabolic impact of a her- No such changes were observed in the glyphosate
bicide (Gout et al. 1992). In fact the NMR analysis study, but some observations on the uptake of 2,4-
of the tissue extracts was at least as informative as dichlorophenoxyacetic acid (2,4-D) provide a recent
the in vivo measurements in these experiments, and example (Kasai & Bayer 1995). In this paper, maize
the main advantages of the latter can be seen to haveroot tips exposed to 200M 2,4-D showed a small,
been: (i) the novel information that was obtained from 0.25 pH unit acidification of the cytoplasm that was
thein vivo spectra on the subcellular location of sev- attributed to the accumulation of a cytoplasmic pool of
eral compounds; (ii) the ease with which timecourses the herbicide. These observations are relevant to ques-
of the metabolic effects could be obtained over ex- tions concerning the mechanism of uptake of 2,4-D,
tended periods; and (iii) the validation of the results ratherthan to its metabolic impact on the plant cell, but
from the tissue extracts. Thus while much of the in- they provide another indication of the way in which an
vestigation could have been carried out at the level in vivoNMR experiment can add to current knowledge
of tissue extracts, and while extracts were necessaryabout the mode of action of herbicides.
to provide assignments for the vivo spectra, NMR Heavy metals can also have toxic effects on plants,
measurements on the cells themselves provided a con-but most of thein vivo NMR studies in this area
venient and informative way of probing the effects of have focused on the uptake and accumulation of the
the herbicide. ions rather than on their metabolic effects. Many of
The balance betweeim vitro andin vivo NMR these ions are paramagnetic, and while this can be ex-
analyses moved in favour of tissue extracts in re- ploited in studies of the subcellular compartmentation
cent observations on the effect of sulfometuron methyl of heavy metals (see the section on the spatial locali-
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sation of xenobiotics in plants), the same ions tend to ment, while losing the inherent advantages of direct
degrade the quality of the spectra through line broad- detection.
ening, making it more difficult to resolve the signals 1H NMR has the advantage of high sensitivity, but
and thus to detect any changes in the metabolic com-the ubiquity of the hydrogen atom inevitably leads to
position of the perturbed tissue. Accordingly, it seems considerable complexity in the spectra of tissues and
likely that metabolic perturbations will only be seen their extracts. However two dimensional NMR tech-
when the paramagnetic effects are relatively modest niques can provide an effective solution to this prob-
or when the heavy metal is diamagnetic, as in the caselem, and when combined with gas chromatography-
of Zn?*t, Ct or PP+, For example, it would seem  mass spectrometry it becomes possible to analyse
worthwhile to use NMR methods to follow up recent complex mixtures of plant origin (Fan 1996; Fan et
work on the hyperaccumulation of nickel Byyssum al. 1997). In fact very little use has been made of this
lesbiacum(Kramer et al. 1996). Nickel hyperaccu- approach so far, either for characterising the metabolic
mulation depends on the ability of the root system to effects of xenobiotics on plants or for detecting the
produce substantial amounts of histidine as a nickel metabolism of xenobiotics by plants, and this is in
complexing ligand in this species, and the metabolic marked contrast to the routine use i NMR for
adjustments that are necessary to cope with the influx the structural characterisation of purified degradation
of nickel could be explored usinigp vivo °N NMR products (Bright & Ratcliffe 1990).
(JAC Smith, pers. comm.). The carbon atom is also ubiquitous, but while the
Aluminium provides an example of a diamagnetic detection threshold fotH NMR in vivo is around

cation and some of the effects of aluminium uptake 100.M or lower, the limit for natural abundandéC
by maize roots have been investigatedibyivo 3P NMR is more than two orders of magnitude higher.
NMR (Pfeffer et al. 1986, 1987). In fact aluminium The actual concentration threshold depends on sev-
is not strictly relevant to this review, since it is a eral factors, including the intrinsic sensitivity of the
source of abiotic rather than xenobiotic stress, and it NMR nucleus, the operating strength of the NMR
is in any case not a heavy metal. However from an magnet and the time available for the accumulation
NMR perspective aluminium is interesting because the of the spectrum. However a reasonable indication of
favourable NMR properties of thdAl nucleus allow the sensitivity of natural abundan&&C NMR can be
it to be detected directly in tissues that accumulate the obtained from the spectra in Figure 2. These spec-
metal, including the tea plant (Nagata et al. 1993), tra, which were accumulated in 2 h, gave clearly
the mycorrhizal fungukaccaria bicolor(Martin et al. defined signals from shikimate, corresponding to a
1994), and the leaves of hydrangea (Ma et al. 1997). concentration of 10-15 mM averaged over the sam-
The AR ion exists in a variety of complexed forrirs ple, but no signals from glyphosate or AMPA, both
vivoand this approach allows conclusions to be drawn of which were detecteih vivo by 3P NMR (Gout
about the identity of the complexes. et al. 1992). It follows that®C NMR is only likely

to be practicable for the detection of xenobiotics in

tissue extracts oin vivo if the compound of interest
Biotransformation of xenobiotics is first labelled with'3C. Such stable isotope labelling

is commonly employed fdn vivo NMR studies of tis-
The magnetic isotopes that are likely to be most useful sue metabolism, but it appears to have been attempted
in the NMR detection of xenobiotics and their degra- Only rarely with xenobiotics, one exception being an
dation products aréH, 13C, 15N, 1°F and3!p. An attempt to detect the metabolism of 2,4-D in carrot
immediate practical problem is that xenobiotics often root tissue (Loughman et al. 1987). This approach is
exert their effects at concentrations that are lower than Probably more likely to be attractive for the characteri-
the detection threshold for NMR analysis. This puts sation of new compounds, than for the routine analysis
severe limitations on the extent to which such com- of commercial products, since the likelihood of ob-
pounds might be detectéd vivo, and indeed NMR  taining significant information is greater with such
detection may only be possible by working with much compounds, and it is also possible to take advantage
higher concentrations than the plants would normally Of the synthetic capabilities of the team that created
encounter. In contrast, tissue extracts can usually bethe new compound.
concentrated to a suitable level for NMR analysis, and ~ “°F NMR is a much more promising analytical
this permits a more physiologically relevant experi- technique for probing xenobiotic metabolism, since
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the sensitivity of the method is comparable to that of degradation products in plants38P. For example it
1H NMR and there are usually no background signals has been established that organophosphorus insecti-
from naturally occurring fluorinated compound$F cides can be detected at the 0.5 ppm level in acetone
NMR also has the advantage of a much wider chem- extracts of 50 g of broccoli or cabbage using only 30
ical shift range tharfH NMR, and this reduces the min of NMR time at 400 MHz (Mortimer & Dawson
number of overlapping signals #i/F NMR spectra. ~ 1991a)lIn vivo applications of'P NMR are also pos-
These favourable properties are frequently exploited in sible, and Figure 1 shows that both glyphosate and
studies of drug metabolism in animals (Malet-Martino its breakdown product AMPA were readily detectable
& Martino 1989, 1992; Komoroski 1994), and there in sycamore cells after an incubation period of 50 h.
has been some interest in using an analogous approachis in the case of°F NMR, 3P NMR benefits from
to study the metabolism of fluorinated plant protec- the relative simplicity of the spectrum, and in the ab-
tion agents by plants. The main emphasis has beensence of readily available'JC]labelled xenobiotics
on the detection of fluorinated pesticide residues in it would appear that it i$°F and 3P NMR, rather
crop plants (Mazzola et al. 1984; Mortimer & Dawson than!H and13C NMR, that are the most promising
1991b; Mortimer et al. 1994; Mabury & Crosby 1995), NMR technigues for the routine analysis of xenobiotic
and it has been established tHdF NMR provides metabolism in plants.
a sensitive and convenient method for identifying a
wide range of herbicides, fungicides and insecticides
in plant tissue extracts. Concentrations as low as 1-5 Spatial localisation of xenobiotics in plants
uM can be readily detected in high field spectrome-
ters, and in a typical application the trifluoromethyl |n vivo NMR offers two fundamentally different ap-
group of trifluralin was detected in tissue extracts from proaches for obtaining spatial information from living
carrots that had been grown in soil treated with the systems. Firstly, the chemical shift and/or relaxation
herbicide (Mortimer et al. 1994). properties of an NMR signal may be inherently sen-
19F NMR can also be used to detect the biodegra- sitive to the spatial location of the magnetic isotope,
dation of xenobiotics, and this approach has recently enabling spatial information to be deduced from spec-
been used to investigate the metabolism of a fluori- tra recorded from spatially heterogeneous systems
nated fungicide byA. pseudoplatanusells (Serre et (Belton & Ratcliffe 1985). This approach can provide

al. 1997). The interest lay in detecting and identify-
ing the breakdown products of the fungicide, rather
than in determining the time course of its metabolism,

important information on the subcellular compartmen-
tation of ions and metabolites, and in plants it can lead
to the direct detection of signals from the cytoplasm

and so an inherently more sensitive and flexille  and the vacuole. Secondly, spatial information can be
vitro analysis was used rather than attempting to de- encoded in an NMR signal by imposing magnet field
tect the signalsn vivo. Figure 3 shows spectra from  gradients on the sample during the NMR experiment.
hexane and ether fractions derived from the culture This is the principle of NMR imaging, and in plants

medium after six days incubation in the presence of this leads to spatial information at the cellular level

the fungicide, and it can be seen that signals were and above (Ratcliffe 1994; Chudek & Hunter 1997).

readily detected from three derivatives of the original
compound. A notable feature of this work was the
way in which chemical changes at sites remote from
the reporter trifluoromethyl group gave rise to small
but detectable chemical shift differences in tH

NMR spectrum. The combination of a low concentra-
tion threshold for detection and the high sensitivity of
the chemical shift to changes in molecular structure is

Thein vivo NMR analysis of the subcellular dis-
tribution of an ion or metabolite is easiest when pools
of the metabolite in different compartments give rise
to NMR signals with different chemical shifts. Dif-
ferences in pH between compartments can lead to
resolvable signals if the NMR spectrum of a metabo-
lite is pH-dependent, and this has frequently been
exploited in plant tissues since there is usually a large

particularly advantageous, and it was concluded that pH difference between the cytoplasm and the vacuole.

19F NMR was a powerful method for detecting the
biotransformation of fluorinated xenobiotics by plant
cells.

The only other NMR nucleus that has found some
application in the detection of xenobiotics and their

These effects are usually observedfC and 3P
NMR spectra and several examples have already been
noted in Figures 1 and 2.

Signals that can be assigned to particular subcel-
lular compartments can also be used as probes for the
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Figure 3. 19F NMR spectra of the hexane (A) and diethylether (B) fractions originating from the medium of a sycamore cell suspension that
had been incubated in the presence of the fluorinated fungi¢ié¢hyl-N-methyl-4-(trifluoromethyl)—2-(3,4-di methoxyphenyl)-benzamide.
Signals were detected from the fungicide itself (A.l.), as well as fridrdemethylated §-deCH;), N-deethylated §-deGHs) and
monodemethoxylated (mono-deOgHlerivatives. Reprinted from Serre et al. (1997) with the permission of the American Chemical Society.

subcellular distribution of paramagnetic ions derived als. Changes in relaxation and lineshape have been
from the transition metals and the lanthanides. The exploited more often than changes in chemical shift,
basis of these experiments is that interactions betweenand the most useful paramagnetic ions for this pur-
a paramagnetic ion and an NMR detectable ligand pose are probably M and Gd+, since they often
usually lead to changes in the position, linewidth and cause changes in relaxation without any effect on the
relaxation times of the ligand signals. These effects chemical shift.

can be monitoredh vivo, and they can then be used Figure 4 illustrates the approach with a series of
to detect the uptake and localisation of heavy met- 3P NMR spectra recorded from maize root segments
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during exposure to gadolinium (Quiquampoix et al. Thus if a xenobiotic, or a degradation product, were to
1990). The detection of separate signals from the cy- accumulate to detectable levels in a plant tissue, then it
toplasmic and vacuolar inorganic phosphatg (i@ols would be possible to employ chemical shiftimaging to
allows the presence of gadolinium to be detected in generate a three dimensional distribution map. Alter-
both compartments and indeed this experiment pro- natively if the xenobiotic were to affect the properties
vided the first direct evidence that a lanthanide, in this of some readily imaged component of the plant, for
case gadolinium, could accumulate as a soluble pool example the tissue water, then it would again be possi-
within a plant cell (Quiguampoix et al. 1990). The ble to deduce information about the spatial distribution
same approach has been used to investigate the uptakef the compound of interest.

and localisation of manganese by maize root tissues  The potential of the chemical shift imaging ap-
(Kime et al. 1982; Pfeffer et al. 1986; Quiquampoix et proach can be judged from recent work on the dis-
al. 1993a, 1993b) and. pseudoplatanusell suspen-  tribution of sucrose and other metabolites in castor
sions (Roby et al. 1988). The extent to which soluble bean seedlings (Metzler et al. 1994, 1995; Ziegler et
Mn2*t is partitioned between the cytoplasm and the al. 1996), and from a paper reporting the detection
vacuole can be judged from the changes in the cy- of sugars in germinating barley seedlings (Ishida et
toplasmic and vacuolar;Fsignals, and this leads to al. 1996). The concentration threshold for chemical
good quantitative evidence for the role of the vacuole shift imaging is substantially higher than for vivo

as a sink for MRt (Quiquampoix et al. 1993b). The NMR spectroscopy, reflecting the fact that the imag-
polyphosphate signal in tiféP NMR spectra of algae  ing experiment breaks down the signal from the whole
has also been used as a reporter for the presence obample into a set of smaller signals corresponding to
paramagnetic ions, and in a recent study this approachvoxels defined by the magnetic field gradients. There

was used to detect the uptake of #n Fe&t, Co?t is an inverse relation between the size of the voxel and
and C#* by Stichococcus bacillari€Zhang & Majidi the minimum concentration for detecting a signal, but
1994). to obtain worthwhile spatial resolution it is currently

Thus subcellular information can be deduced from necessary for the metabolites to be present at concen-
an analysis of then vivo NMR spectrum when-  trations of at least a few millimolar. Thus in the case
ever a xenobiotic or its degradation product has a of the castor bean seedlings, working with a high field
pH-dependent chemical shift in the pH range encom- 11.7 Tesla magnet, it was estimated that the concentra-
passed by the cytoplasm and the vacuole, or whenevertion threshold for detecting a signal in a voxel with a
a xenobiotic interacts with a detectable metabolite volume of 560 nl was of the order of 10 mM for a data
that can be assigned to the cytoplasm or the vacuole.acquisition time of 4 h 33 min (Metzler et al. 1995).
These conditions are quite stringent, with the result These figures are indicative of what can be achieved
that only a rather small number of plant protection with state of the art technology, but it should be noted
agents are likely to satisfy them, but the method has that the actual value for the concentration threshold is
been shown to be very effective in favourable cases. always going to be a function of the sample, the avail-
Thus glyphosate and its breakdown product accumu- able instrumentation and the parameters of the radio
late to detectable, millimolar levels in plant tissues frequency coil that is used to generate the image.
and have pH-depende®tP NMR signals (Figure 1); IH chemical shift imaging has not yet been used
while paramagnetic ions such as Knand Gd*, at for the detection of xenobiotics in plants, but fluorine
concentrations as low as micromolar, can influence the imaging, which has a comparable sensitivity and is
NMR signals of suitable ligands (Figure 4). In passing, easier to implement because of the absence of back-
it may be noted thah vivo1°F NMR may also be use-  ground signals, has been used in exploratory studies
ful for subcellular analysis, because of the sensitivity (Rollins et al. 1989). The uptake of trifluoracetic acid
of the 1°F nucleus to its chemical environment, but was monitored in tomato plants in these experiments,
the potential of this approach has yet to be explored in and the fluorine images showed the presence of the
plant tissues. xenobiotic in the vascular tissues of the stem. While

NMR imaging generates spatial information in a these observations give little indication of what might
rather different way fromn vivo NMR spectroscopy, = be possible with a modern high field imaging sys-
but the potential applications to the localisation of tem, it is clear that the approach will be limited to
xenobiotics depend on strategies that are entirely anal-compounds that can reach at least millimolar concen-
ogous to those employed in spectroscopic studies. trations in the tissue and this would suggest, given the
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Figure 4. In vivo3!lP NMR spectra of maize root segments showing the effect of gadolinium uptake into the cytoplasm and vacuole. After
recording the initial spectrum (a), 1g0M Gd3* was added to the suspending medium and spectra were recorded after (b) 2.25 h and (c) 9.25

h exposure to gadolinium. The spectra were recorded under conditions that caused partial saturation of peaks 1-3, and the increase in the peak
heights of these signals in (b) indicates a paramagnetic contribution to the relaxation rates as a result of the influx of stiuible G

cytoplasm and vacuole. The peak assignments are: 1, several phosphomonesters, including glucose 6-phosphate (1a) and phosphocholine (1c);
2, cytoplasmic P, 3, vacuolar P, 4, 5 and 8, the/-, «- and 8-phosphates respectively of nucleoside triphosphate (NTP); 6, UDP-glucose and
NAD(P)(H); and 7, UDP-glucose. Adapted from Quiquampoix et al. (1990) with the permission of Elsevier Science.
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potency of many modern agrochemicals, that the po- obvious candidate for a more detailed appraisahof
tential of the technique lies in probing the distribution vivo methods in this area would B&F NMR. Finally,
and transport of fluorinated compounds in resistant paramagnetic metal ions have predictable effects on
species. the NMR properties of their ligands, and this favours
An alternative NMR imaging approach would beto the use of bothn vivo NMR spectroscopy and NMR
deduce the spatial distribution of the xenobiotic from imaging for determining the spatial distribution of
its effect on the tissue water image. High spatial reso- certain heavy metals in plants.
lution water images can be obtained in a timescale of  The overall conclusion is that vivo NMR meth-
minutes, for example Metzler et al. (1994) recorded ods can generate novel information relevant to xeno-
an image corresponding to an in-plane resolution of biotic reseach and that such methods can complement
24 x 24um and a slice thickness of 1 mm in 32 min, the results obtained from the analysis of tissue ex-
and the contrast in such images is sensitive to the pres-tracts in several areas. Moreover, whiitevivo NMR
ence of paramagnetic ions. It follows that the uptake is far from being an indispensable tool in xenobiotic
and translocation of paramagnetic heavy metals can beresearch, its usefulness will undoubtedly increase with
studied directly on intact seedlings, and the practical- the continuing development of NMR methods and
ity of the method has been demonstrated for bothfCu  hardware.
(Bottomley et al. 1986) and Mr' (Connelly et al.
1987; Koizumi et al. 1992). The underlying reason for
the change in contrast is the paramagnetic contribu-
tion to the relaxation times of the water magnetisation,

and in principle it should be possible to quantify this
P P P d fy This article is based on a paper given by RGR at

effect using multi-echo J imaging sequences. This ) ‘NMR in Envi | Sci 3
approach has been used to assess the level of iron in® SYMPOSIUM on In Environmental Sciences

the human liver (Papakonstantinou et al. 1995), and it organised by the Wageningen NMR Centre.

has also been applied to plants (Edzes et al. 1998),

although not as yet for the quantitative analysis of

paramagnetic ions. Despite this, it is clear that it is References

much easier to adapt the NMR imaging technique to

the detection of paramagnetic ions than it is to detect Aubert S, Bligny R, Day DA, Whelan J & Douce R (1997) Induction

a xenobiotic with plant protection properties. of alternative oxidase synthesis by herbicides inhibiting branched
chain amino acid synthesis. Plant J. 11: 649— 657

Belton PS & Ratcliffe RG (1985) NMR and compartmentation in
biological tissues. Prog. NMR Spectroscopy 17: 241-279
Conclusion Bottomley PA, Rogers HH & Foster TH (1986) NMR imaging
shows water distribution and transport in plant root systems

. . . situ. Proc. Natl. Acad. Sci. USA 83: 87-89
Several conclusions emerge from this review of the pright AAs & Ratclife RG (1990) Application of NMR in the

way in which in vivo NMR methods can be used analysis of agrochemicals and pesticides. In: Webb GA (Ed)
in xenobiotic research in plants. Firsty vivo NMR Annual Reports on NMR Spectroscopy, Vol 22 (pp 139-203).
hods have been used rather infrequently in xeno- ., Ac3demic Press, London . o
met_ o . . q y Chudek JA & Hunter G (1997) Magnetic resonance imaging of
biotic studies on plants, and this probably reflects a  plants. Prog. NMR Spectroscopy 31: 43-62
degree of unpredictability in the approach. Thus the Connelly A, Lohman JAB, Loughman BC, Quiquampoix H & Rat-
successful application of an vivo NMR experiment cliffe RG (1987) High resolution imaging of plant tissues by
L. . NMR. J. Exp. Botany 38: 1713-1723
t_o one xenobiotic 9'063 not aUtomatl?ally leadto a r?“' Edzes HT, van Dusschoten D & van As H (1998) Quantitative
tine method that will be successful with a whole family T, imaging of plant tissues by means of multi-echo MRI mi-
of related compounds. Secondly, exposure to xeno-  croscopy. Magn. Reson. Imaging 16: 185-196
biotics does not necessarily lead to the detection of Fan TW-M (1996) Metabolite profiling by one and two dimensional
. . . NMR analysis of complex mixtures. Prog. NMR Spectroscopy
Interesting spectroscopic changes because many agro- »g. 161-219
chemicals will target pathways that are unrelated to the Fan TW-M, Lane AN, Pedler J, Crowley D & Higashi RM (1997)
metabolic processes that can be observed by NMR. Comprehensive analysis of organic ligands in whole root exu-
Thirdly, NMR analysis of tissue extracts is Iikely to dates using nuclear magnet_ic resonance and gas chromatogaphy-
. . . . mass spectrometry. Anal. Biochem. 251: 57-68
be preferable to thén vivo detection of xenobiotic  gadian DG (1995) NMR and Its Applications to Living Systems.
metabolism on grounds of sensitivity, but the most  Oxford University Press, Oxford

Acknowledgements



422

Gout E, Bligny R, Genix P, Tissut M & Douce R (1992) Effect of
glyphosate on plant cell metabolisf#P and'3C NMR studies.
Biochemie 74: 857-882

Ishida N, Koizumi M & Kano H (1996) Location of sugars in bar-
ley seeds during germination by NMR microscopy. Plant Cell
Environ. 19: 1415-1422

Kasai F & Bayer DE (1995) Effects of 2,4-dichlorophenoxyacetic
acid, antiauxins, and metabolic perturbations on cytoplasmic and
vacuolar pH of corn root tips measured loyvivo 1p NMR.
Pestic. Biochem. Physiol. 51: 161-169

Kime MJ, Loughman BC & Ratcliffe RG (1982) The application
of 31p nuclear magnetic resonance to higher plant tissue. 2.
Detection of intracellular changes. J. Exp. Botany 33: 670-681

Koizumi M, Ishida N & Kano H (1992) Imaging Mt uptake of
a maize shoot by an NMR microscope. Bot. Mag. (Tokyo) 105:
667-671

Komoroski RA (1994)In vivo NMR of drugs. Anal. Chem. 66:
A1024-A1033

Kramer U, Cotter-Howells JD, Charnock JM, Baker AJM & Smith
JAC (1996) Free histidine as a metal chelator in plants that
accumulate nickel. Nature 379: 635-638

Loughman BC, East AK, Maynard JC & Southon TE (1987)
Metabolism of phenoxyacetic acid herbicides in plants. In:
Schreiber K, Schitte HR & Sembnder G (Eds) Conjugated Plant
Hormones: Structure, Metabolism and Function (pp 376-383)
VEB Kongress- und Werbedruck, Oberlungwitz, East Germany

Ma JF, Hiradate S, Nomoto K, Iwashita T & Matsumoto H (1997)
Internal detoxification mechanism of Al in hydrangea. Identifi-
cation of Al form in the leaves. Plant Physiol. 113: 1033-1039

Mabury SA & Crosby DG (1995¥°F NMR as an analytical tool
for fluorinated agrochemical research. J. Agric. Food Chem. 43:
1845-1848

Malet-Martino MC & Martino R (1989) The application of nuclear
magnetic resonance spectroscopy to drug metabolism studies.
Xenobiotica 19: 583-607

Malet-Martino MC & Martino R (1992) Magnetic resonance spec-
troscopy: a powerful tool for drug metabolism studies. Bio-
chemie 74: 785-800

Martin F, Rubini P, Cété R & Kottke 1 (1994) Aluminium polyphos-
phate complexes in the mycorrhizal basidiomyckgecaria
bicolor: a 27Al nuclear magnetic resonance study. Planta 194:
241-246

Mazzola EP, Borsetti AP, Page SW & Bristol DW (1984) Deter-
mination of pesticide residues in foods by fluorine-19 Fourier
transform nuclear magnetic resonance spectroscopy. J. Agric.
Food Chem. 32: 1102-1103

Metzler A, Kéckenberger W, von Kienlin M, Komor E & Haase A
(1994) Quantitative measurement of sucrose distributidRidi
nus communiseedlings by chemical shift microscopy. J. Magn.
Reson. B 105: 249-252

Metzler A, Izquierdo M, Ziegler A, Kéckenberger W, Komor E, von
Kienlin M, Haase A & Décorps M (1995) Plant histochemistry
by correlation peak imaging. Proc. Natl. Acad. Sci. USA 92:
11912-11915

Mortimer RD & Dawson BA (1991a) A study to determine the
feasibility of usingSlP NMR for the analysis of organophospho-
rus insecticide residues in cole crops. J. Agric. Food Chem. 39:
911-916

Mortimer RD & Dawson BA (1991b) Usind®F NMR for trace
analysis of fluorinated pesticides in food products. J. Agric. Food
Chem. 39: 1781-1785

Mortimer RD, Black DB & Dawson BA (1994) Pesticide residue
analysis in foods by NMR. 3. Comparison NMR and GC-
ECD for analyzing trifluralin residues in field grown carrots. J.
Agric. Food Chem. 42: 1713-1716

Nagata T, Hayatsu M & Kosuge N (1993) Aluminium kinetics in the
tea plant using’Al and 1%F NMR. Phytochem. 32: 771-775

Papakonstantinou OG, Maris TG, Kostaridou V, Gouliamos AD,
Koutoulas GK, Kalovidouris AE, Papavassiliou GB, Kordas G,
Kattamis C, Vlahos LJ & Papavassiliou CG (1995) Assessment
of liver iron overload by } quantitative magnetic resonance
imaging: correlation of 3-QMRI measurements with serum fer-
ritin concentration and histologic grading of siderosis. Magn.
Reson. Imaging 13: 967-977

Pfeffer PE, Tu S-I, Gerasimowicz WV & Cavanaugh JR (1986)
vivo 3P NMR studies of corn root tissue and its uptake of toxic
metals. Plant Physiol. 80: 77-84

Pfeffer PE, Tu S-l, Gerasimowicz WV & Boswell RT (1987) Effects
of aluminum on the release and-or immobilization of soluble
phosphate in corn root tissue. 3P nuclear magnetic resonance
study. Planta 172: 200-208

Quigquampoix H, Ratcliffe RG, Ratkovic S & Wini¢ Z (1990) A
1H and31P NMR investigation of gadolinium uptake in maize
roots. J. Inorg. Biochem. 38: 265-275

Quiquampoix H, Béi¢ G, Loughman BC & Ratcliffe RG (1993a)
Quantitative aspects of &P NMR detection of manganese in
plant tissues. J. Exp. Botany 44: 1809-1818

Quiquampoix H, Loughman BC & Ratcliffe RG (1993b) Hp
NMR study of the uptake and compartmentation of manganese
by maize roots. J. Exp. Botany 44: 1819-1827

Ratcliffe RG (1994)n vivo NMR studies of higher plants and algae.
Adv. Bot. Res. 20: 43-123

Ratclife RG (1996)In vivo NMR spectroscopy: biochemical
and physiological applications to plants. In: Shachar-Hill Y &
Pfeffer PE (Eds) Nuclear Magnetic Resonance in Plant Biology
(pp 1-32). American Society of Plant Physiologists, Rockville,
Maryland, USA

Ratcliffe RG (1997)n vivo NMR studies of the metabolic response
of plant tissues to anoxia. Ann. Bot. 79 (Supplement A): 39-48

Roby C, Bligny R, Douce R, Tu S-I & Pfeffer PE (1988) Facilitated
transport of Mt in sycamore A. pseudoplatangscells and
excised maize root tips. Biochem. J. 252: 401-408

Rollins A, Barber J, Elliott R & Wood B (1989) Xenobiotic monitor-
ing in plants by'9F andH nuclear magnetic resonance imaging
and spectroscopy. Uptake of trifluoroacetic acid.ycopersicon
esculentumPlant Physiol. 91: 1243-1246

Serre AM, Roby C, Roscher A, Nurit F, Euvrard M & Tissut
M (1997) Comparative detection of fluorinated xenobiotics and
their metabolites through®F NMR or 14C label in plant cells. J.
Agric. Food Chem. 45: 242-248

Shachar-Hill Y & Pfeffer PE (1996) Nuclear Magnetic Reso-
nance in Plant Biology. American Society of Plant Physiologists,
Rockville, Maryland, USA

Zhang W & Majidi V (1994) Monitoring the cellular responseSif-
chococcus bacillariso exposure of several different metals using
in vivo 31P NMR and other spectroscopic techniques. Environ.
Sci. Technol. 28: 1577-1581

Ziegler A, Metzler A, Kdckenberger W, Izquierdo M, Komor E,
Haase A, Décorps M & von Kienlin M (1996) Correlation peak
imaging. J. Magn. Reson. B112: 141-150



