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In vivo 3'P NMR spectroscopy was used to study the distribution of P metabolites and compartmentation in soybean
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of the metabolites associated with each specialized section of the nodule tissue. These results indicated that in the earlier

stages of growth (< 4 weeks) the majority of P; was actively metabolized in the cytoplasm. Furthermore, 3!P spectra

reveaied that the coriicai cells coniained negiigibie amounis of phosphorus-coniaining meiaboiites in their cyiopiasm.

However, the vacuoles of the cortical cells appeared to preferentially accumulate P; during growth. In contrast, the P;
level of the vacuoles of uninfected cells in the central matrix, after 7 weeks, remained relatively constant.

Nuclear magnetic resonance; Phosphorous, soybean symbiosis

1. INTRODUCTION

Nitrogen fixation in legumes is affected by a
range of mineral nutrients [1]. Phosphorus (P) has
specific roles in initiation, growth and functioning
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plant growth processes [2,3]. For example, P defi-
ciency inhibits growth of the nodule more than
either the root or shoot [4]. In addition symbiotic
dinitrogen fixation has a higher P requirement for
optimal functioning than either host piant growth
or nitrate assimilation [3]. In these latter studies,

the effect of the increaced P cnnnlv on orowth of
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symbiotic plants was examined indirectly by deter-
mining the nitrogenase activity, the biomass or the
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P concentration in each of the different plant
organs, i.e., root, nodule, stem and leaf. However,
data concerning the distribution of P metabolites
in the different nodule tissues during the growth
period were not available.
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methodology for examining the symbiotic state be-
tween soybean and Bradyrhizobium japonicum us-
ing in vivo 3'P NMR. Different experimental con-
ditions were used to maintain perfused, respiring,
detached nodules in an NMR spectrometer magnet.

The present study of living symbiotic plant tissue

was used to assess how P; was utilized and stored in
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specific cellular compartments of the micro-
organisms and plant cells during growth. We
showed, for the first time, that in the earlier stage
of nodule’s growth, P; was actively metabolized in
the cytoplasm of the central matrix. After 7 weeks,
P; was preferentially stored in the vacuoles of the
cortical cells whereas the vacuolar P; of the

uninfected cells remained constant.
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2. EXPERIMENTAL

2.1. Plant material

Soybeans (Glycine max [1] Merr. cv Williams) were cultivated
in a growth chamber as described [5]. The root nodules were
harvested 4-12 weeks after inoculation with B. japonicum
USDA 110. The bacteroid isolation was basically the same as
described [6] under normal aerobic conditions. 23 g nodules
were mixed with 10% (w/w) polyvinylpolypyrrolidone (Sigma)
at 0-4°C and homogenized in a mortar with 250 ml Mops buffer
at pH 7.0 containing 50 mM sodium ascorbate and 0.5 xM di-
thiothreitol. The mixture was filtered through 4 layers of cheese-
cloth into a centrifuge tube. After centrifugation at 9000 x g for
15 min at 0-4°C, the resulting pellet was suspended in 0.1 M
Mops (pH 7.0) containing 1 mM dithiothreitol and 2.5 mM
MgCl; and centrifuged again at 9000 x g for 30 min. After
repeating this washing procedure 3 times, the final pellet was
suspended in 0.1 M Mops (pH 7.0) containing 2.5 mM MgCl,
and placed in a dialysis bag (12000 mol. wt cutoff) for in vivo
3P NMR experiments.

2.2. In vivo experiments

Nodules (2-3 g) were detached from the roots and washed
with distilled water. They were examined by NMR either split or
unsplit. The cortex and the central matrix of the nodules were
carefully separated before transfer to the NMR tube (10 mm)
equipped with an inlet and outlet perfusion tube similar to those
described earlier [7]. The isolated bacteroids were examined in
the same perfusion system except they were confined to the
dialysis tubing within the NMR tube. Glasswool was used to
keep the bacteroids suspended in the medium during the experi-
ment. The perfusion medium (1000 ml) contained 10 mM Mops
(pH 7.5), 50 mM glucose and 0.1 mM CaSO,4. Oxygen was
bubbled into the reservoir containing 1000 ml perfusate. A nar-
row bore (54 mm) JEOL GX-400 NMR spectrometer operating
at 22°C was used to obtain the 161.7 MHz 3'P spectra of
nodules, cortex tissue, central matrix and bacteroids as de-
scribed previously [5]. Relaxation times (73) of the vacuolar and
cytoplasmic P; in the spectra of nodules were found to be 0.69
and 1.0 s, respectively. Using the rapid acquisition parameters
to obtain these spectra [5] only insignificant differences in the
observed magnetization of these resonances were evident [7].
Relative measurements of vacuolar and cytoplasmic P; content
were made by comparing the height of each peak when the
linewidth in each spectrum was comparable. Estimates of in-
tracellular pH were made using the standard reference curve of
P; as described earlier [7].

3. RESULTS AND DISCUSSION

During in vivo 3'P NMR experiments, all of the
examined tissues remained alive for at least 20 h
when the perfusion medium contained 50 mM
glucose. The 3'P NMR spectral profile of intact
soybean nodules appears in fig.1A. Fig.1B shows
the spectrum of the same nodules with the cortex
layer removed. In these 7-week-old nodules, 77%
of the total mobile P; was present in the acidic com-
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Fig.1. 161.7 MHz in vivo *'P spectra (20000 transients, 15 Hz
exponential line broadening) of intact (A) and split (C) nodules,
nodules without cortex (B), cortex tissue (D), and bacteroids
(E). The different tissues were perfused with a buffer medium at
pH 7.5, 22°C, containing 50 mM glucose and saturated with O,.
HMPA, external reference at 30.73 ppm; unidentified peak.

partment whose P; shift corresponded to a pH of
5.5. Results of Mn trapping experiments with this
tissue as described previously in corn root tips [8]
and sycamore cells [9] indicated that this P; resided
in the vacuole. The central matrix of the nodule
was separated from the cortical cells by careful ex-
cision with a scalpel. Only 35% of the total mobile
P; in the matrix was found to be present in the



Volume 254, number 1,2

acidic compartment (fig.1B). Microscopic in-
vestigations revealed that only uninfected cells in
the matrix contained vacuoles. Therefore, the P; in
the acidic compartment of the central matrix
represented vacuolar P; of uninfected cells. Most
of the 3!P signal from the resonances representing
components within the cytoplasm (nucleotide tri-
phosphates, phosphomonoesters, cytoplasmic Py;)
of the whole nodules (A) were still present in the
central matrix tissue spectrum (B) including an un-
identified compound at 0.37 ppm [5].

The spectrum in fig.1C was representative of
9-week-old split nodules. 87% of the total mobile
P; in these nodules was in the acidic compartment.
A 3P spectrum of the carefully excised cortex layer
showed that 59% of the total mobile P; of the
nodules resided in the vacuole of the cortical cells
(D). Following 9 h of perfusion, the cortical cells
were still viable as evidenced by their ability to
phosphorylate glycerol (appearance of 3-phospho-
glycerol, resonance at 4.82 ppm) added to the per-
fusion medium (data not shown). In spite of the
fact that these cells metabolized substrates such as
glycerol, their cytoplasmic volume was too small
(cell volume >95% vacuole and 5% cytoplasm) to
visualize cytoplasmic nucleotides and phospho-
monoesters after 20000 scans.

In vivo 3'P NMR was used to determine the
relative percentage of mobile P; in vacuoles of both
cortical cells and uninfected cells of the matrix as
well as the total mobile P; in the cytoplasm of the
central matrix. In addition, it was possible to
estimate the relative quantity of mobile P; in the
bacteroid. Fig.1E shows an in vivo spectrum of
isolated bacteroids [6]. The resonance at 2.30 ppm
represents the cytoplasmic P; of the bacteroids cor-
responding to a pH of 6.85. The bacteroids had a
relatively more acidic cytoplasm than the observed
pH 7.4 in plant cells. However, these pH dif-
ferences were not resolved in nodules due to the
overlap of the broader peaks. The unidentified
peak at 0.37 ppm is clearly evident in the bacteroid
spectrum. Isolated peribacteroid units (PBU)
[10,11], exhibited spectra similar to the bacteroids
with no evidence of an acidic compartment con-
taining P; (data not shown). The peribacteroid
space, which surrounded the bacteroids within the
peribacteroid membrane, did not appear to contain
measurable amounts of mobile P;.

After demonstrating that spectra of the various
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compartments could be resolved by the above
methodology, the distribution of P; and P
metabolites in the nodules during growth was
studied. The relative distribution of cytoplasmic
and vacuolar P; in nodules was compared in
4-12-week-old nodules (table 1). In the earlier
growth stages (4 weeks old), most P; was found in
the cytoplasm (61%). After 7 weeks, the majority
of P; (77%) was stored in the vacuole. Since most
P; contained in the nodules at 4 weeks was present
in the metabolically active cytoplasm of the central
matrix, absorption of P; probably did not greatly
exceed the cell’s needs at this time. However, after
7 weeks the proportion of P; in the vacuole, the site
of lower metabolic activity, steadily increased. The
increase of P; in this pool of lower metabolism
probably indicated the supply of P; was exceeding
the cell’s needs. Throughout the growth period
from 4 to 12 weeks the vacuolar P; of the unin-
fected cells remained relatively constant at 32% of
total P;. However, P; continued to be accumulated
in the vacuole of the cortical cells (61% of total P;
for the 12-week-old nodules).

We have demonstrated that in vivo 3'P NMR
spectroscopy can be used to assess the distribution
of P; and P metabolites in living symbiotic soybean
root nodules throughout their period of growth.
However, it was not possible to determine, in
nodule spectra the distribution of P; in the infected
cells. Following their isolation, the bacteroids ex-
hibited a P; representing a more acidic cytoplasm
than host cells (due possibly from damage to the
cells upon exposure to air). However, since this P;
resonance was not resolvable in the nodule spectra
direct quantification of the bacteroid P; resonance
in spectra of this intact matrix was not attainable.
Presently, it is not feasible to determine an exact
correlation between the number of bacteroids in

Table 1

Distribution of mobile P;* in Bradyrhizobium soybean nodules

Weeks after inoculation

4 7 8 9 12

Total cytoplasmic P; 61 23 12 13 7
Total vacuolar P; 39 77 88 87 93
Vacuolar P; in the cortical cells 21 43 57 59 61
Vacuolar P; in the uninfected cells

(in matrix) 18 35 31 28 32

2 In % of total P;, values are approx. +5%
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the nodules used to determine the nodule spectrum
and the number of isolated bacteroids contained in
the dialysis bag used to obtain the bacteroid spec-
trum, due to losses during isolation and manipula-
tion. However, an indirect correlation could be
made using the unique bacteroid containing peak
seen at 0.37 ppm as an internal reference. This
compound appeared to be stable and constant in its
concentration in the bacteroids, apparently unper-
turbed by active metabolism. By establishing the
relative ratio of the Pji/reference compound
resonances in the bacteroid spectra, one could, in
principle determine the contribution of bacteroid
P; to the total cytoplasmic P; resonance observed in
the nodule spectrum.

In general, the information provided by the
methodology described in this report cannot be ob-
tained by other techniques since other methods for
measuring soluble P; do not discriminate between
the intracellular cytoplasmic P; and vacuolar P;
present in the uninfected cells of the nodule matrix.
Application of this spectroscopic approach to the
study of soybean nodules at different stages of
growth showed that P; is actively metabolized by
the cytoplasm of the central matrix cells at the early
stage of development. However, as the nodules
mature, excess P; is directed into the large reservoir
provided by the vacuoles of the cortical cells, while
the uninfected cell vacuoles, which were filled more
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rapidly maintain their established P; level. It is
presumed that the cortical cell vacuoles can func-
tion as a repository for excess P; taken up by the
plant, since in an earlier study it was observed that
this storage compartment may be depleted follow-
ing a period of P; deprivation [12].
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