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Uninfected Cells in Ureide- and Amide-exporting
Legume Root Nodules

Eldon H. Newcomb, Jeanne M. L. Selker, Shiv R. Tandon,
Fan-jing Meng, Robert R. Kowal

Deparsment of Botany, University of Wisconsing Madison, Wl 53706, USA,

Legumes are divisible into various groups based on the
major nitrogenous compounds transported from the nodules to
the shoots [1]. For example, pea, vetch and lupine belong
to the amide exporters, a group that transports fixed
nitrogen mainly as asparagine. Soybean, bean and cowpea, on
the other hand, belong to the ureide exporters, a group in
which the ureides, allantoin and allantoic acid, are major
products of nitrogen assimilation in the nodules and the
principal form of transport of nitrogen to the shoots.

Although there are numerous developmental and structural
differences between the nodules of the amide and ureide
exporters [2], it is a characteristic of both groups and of
the nodules of most legumes that many of the cells in the
central infected region of the nodule remain uninfected
throughout nodule life [3].

It is only in the last 3-4 years that attention has been
directed to these uninfected cells. Apparently it had been
tacitly assumed that having escaped infection, they play an
insignificant role in the metabolism of recently fixed
‘nitrogen, and simply provide supportive functions in the
nodule. We now know, however, that in the ureide exporters,
the uninfected cells have a special role to play in
production of the export products. In preparation for this
they undergo a highly specialized ultrastructural
‘differentiation not shown by the infected cells, namely, the
development of numerous enlarged peroxisomes (Fig. 1) and an
extensively ramifying tubular endoplasmic reticulum [4,5].

The pathway of ureide production in two ureide
transporters, bean and cowpea, has been examined recently
in several laboratories [6~11]. These studies are in
agreement that the ureides are produced in the nodules from
purines, which in turn arise from amino acids that
incorporate ammonia produced from Nj by the bacteroids.

Hanks and coworkers [12] have shown for soybean, and
Shelp and coworkers [13] for cowpea, that the early steps
in ureide production occur in the infected cells, while the
conversion of uric acid to allantoin occurs in the
peroxisomes of the uninfected cells. The conversion of
allantoin to allantoic acid apparently takes place in the
endoplasmic reticulum [12]. Triplett [14] has recently
shown histochemically that xanthine dehydrogenase is located
in the infected cells, implying that the purines and uric
acid are made in the infected cells and uric acid travels to
the uninfected cells. From the uninfected cells the ureides
move into the vascular bundles in the nodule cortex, and
then to the upper parts of the plant by way of the xylem
stream.
Published 1985 by Elsevier Science Publishing Co., Inc.
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Fig. 1. Electron micrograph of the infected region of a
nodule of soybean 4 weeks after inoculation, showing
uninfected cells contiguous with infected cells. UC,
uninfected cell; IC, infected cell; P, peroxisome; SR,
starch in plastid. Note numerous plasmodesmata (arrows)
between an infected and an uninfected cell, and also between
two uninfected cells. X6600



Thus there is a degree of structural awd functional
specialization in the central tissue of the soybean nodule:
a division of labor in which the uninfected cells function
as essential components in the symbiotic relatiomship
between host and bacterium. Maintenance of a reasonable
balance between the two types of cells would seem to be
essential for effective nodule functioning, since if most or
all of the cells in the central region were to become
infected, conversion of amino acids to the ureides would be
inefficient or non-existent.

Furthermore, the distribution of uninfected cells among
the infected cells may be regulated so as to be appropriate
for the efficient metabolism of nitrogen products.
Processing of recently fixed nitrogen in the nodule thus
seems to depend on differentiation at two levels higher than
the biochemical: 1) the cellular level, entailing
differentiation of the necessary organelles in the
uninfected cells, and 2) the organ level, including the
establishment of infected and uninfected cells in the proper
number and distribution with respect to one another.

Qur purpose in the current work is to characterize those
features of mature nodules which .provide evidence bearing on
the types of controls in effect during development of
uninfected cells. First, some quantitative information on
the differences in organelle volume and number between
uninfected and infected cells of soybean nodules will define
the extent of the ultrastructural divergence that develops
for three key organelles: mitochondria, plastids and
peroxisomes [5].

Ten micrographs from each of 10 nodules, each micrograph
containing similar cytoplasmic areas of the two cell types,
were taken at the same magnification. From prints of these
we obtained the number of profiles of the three organelles,
and the total area of the cytoplasm and of each organelle.

The results [5] are shown considerably condensed in
Table I. They did not entirely conform to our intuitive
expectations. As might have been expected from the enormous
demand of the bacteroids for ATP, the mitochondria in the
infected cells have over 4X the volume and over 3X the
number of profiles per unit cytoplasm compared to those in
the uninfected cells.

It is interesting that the plastids occupy about the

same volume per unit cytoplasm. The observations are
suggestive in considering the biochemical results of Hanks
et al. [12] demonstrating that several enzymes involved in
purine synthesis are active in plastids from both cell
types. It is questionable whether the plastids of the
uninfected cells are producing purines for ureide
production, in view of Triplett's results on xanthine
dehydrogenase [14].

Although there are nearly 6X as many plastid profiles
per unit cytoplasm in the infected cells, it cannot be
concluded that there are differences in plastid numbers,
because the organelle is so variable in shape. Serial



sections reveal that the plastids in the infected cells are
vermiform, so that a single organelle can undulate in and
out of the plane of section and be counted several times.

TABLE I. Statistical Data* on Three Organelles of
Uninfected (U) and Infected (I) Cells in 'the Infected
Region of Soybean Root Nodules.

Quantity Mitochondria Plastids Peroxisomes

measured

Total area as 8
of cytoplasmic 1.81 7.72 6.31 5.71 3.65 0.06

area

No. profil?s
per 100 um 6.2 20.1 1.6 9.3 6.6 4.1

cytoplasm

*Numbers connected by underlining are not significantly
differentz

Large peroxisomes are characteristic of the uninfected
cells. However, small peroxisome-like bodies do occur in
the peripheral cytoplasm of the infected cells. The total
volume of the peroxisomes is 60-fold greater in the
uninfected cells (Table I). In comparing numbers of
peroxisomes, it is necessary to correct for overcounting
larger organelles, since larger spherical organelles are
overcounted in sections in proportion to their diameters.
When this is done, then there is no significant difference
in numbers of peroxisomes per unit cytoplasm between the two
types of cells. Apparently the organelle proliferates in
the infected cells in the early stages of infection, but
fails to develop in these cells.

The ultrastructure of two additional ureide exporters,
bean and cowpea, resembles that of soybean in the
development of enlarged peroxisomes and tubular ER in the
uninfected cells.

N In the uninfected cells of the amide exporters pea,
vetch and alfalfa, the differentiation found in the ureide
exporters is absent. The cytoplasm of these cells has no
distinctive features that set it apart from the cytoplasm
generally characteristic of parenchymatous cells.

A large amount of starch is frequently seen in the
infected cell plastids adjacent to the intercellular spaces
in both vetch and alfalfa. The starch sheath may completely

border the cytoplasm of the infected cells.



An even more interesting phenomenon is that where
mitochondria and plastids occur side by side in the
peripheral cytoplasm of infected cells, the plastids are
always external to the mitochondria, that is, next to the
plasmalemma. This is true in both vetch and alfalfa. 1In
the ureide transporters, however, although plastids and
mitochondria are also located at the periphery of infected
cells, they do not show such stratification.

In view of the essentiality of the uninfected cells in
the ureide exporters, the abundance in these cells of
several key organelles, and the strategic position of the
cells in the metabolic flow of fixed nitrogen, we felt that
their developmental and structural relationships, both to
the infected cells and to the nodule as a whole, should be
examined.

Fig. 2. Longitudinal section of a mature soybean root
nodule. The vacuolate uninfected cells are visible among
the darkly stained infected cells. Some of the uninfected
cells are loosely organized into rays running through the
infetted tissue. X45




The allocation of space and cell numbers to the two
cell types has been analyzed using standard stereological
methods [15-18]. The nodules came from plants grown in a
mixture of perlite and vermiculite and fertilized with a
modified Hoagland's solution without nitrogen. The ratio of
cell numbers was calculated from a formula of Pugh and
coworkers [18], which corrects for the effect of the size
difference between infected and uninfected cells on the
sampling frequency.

Casual inspection of sections of the soybean nodule,
{(Fig. 2) suggests that the infected cells outnumber the
uninfected cells. At any rate, the volume occupied by
infected cells is obviously greater than that of uninfected
cells.

Table II gives the results of the stereological study.
As expected, the infected cells in soybean without nitrogen
do have a greater volume than the uninfected cells. This¥
volume ratio of 1:37 corresponds to 78% of the infected
region being occupied by infected cells.

TABLE II. Stereological Data on Cell Types in the
Infected Region of Root Nodules of Alfalfa Compared with
Soybean

Ratio Uninfected : Infected
Legume Nutrient
species medium
Volume No. of cells

Soybean -N 1 : 3.7 1.6 : 1

+NO3™ 1 : 2.2 . 2.1 : 1

»f

Alfalfa -N 1 : 3.7 1.3 : 1

But contrary to our expectation. in soybean the
uninfected cells outnumber the infected ones by a ratio of
1.6 to 1. This result indicating a 60% excess of uninfected
cells is compatible with the volume data because the
infected cells are larger, having on the average 4X the
diameter of the uninfected cells. The volume results agree
with those reported by Bergersen [19].

We do not yet understand what controls whether a cell
will become infected or not, and what proportion of the
total number of cells in the infected region will become
infected. Considering the necessity of metabolic
interaction between the two types of cells in ureide )
transporters, it would seem likely that there is an optimal



ratio between the two under a given set of environmental
conditions. It would be worthwhile to know whether this
ratio is relatively insensitive to, or highly dependent
upon, environmental conditions.

As one approach to this question, we have employed a
congiderable environmental modification, that is, the
inclusion of 7.5 mM nitrate nitrogen in the nutrient medium
with which we watered the plants. This modification
resulted in fewer nodules per plant and slower nodule
growth.

As shown in Table II, the organization of the infected
region of the nodule was also somewhat changed by the
nitrate treatment, that is, the uninfected cells occupied a
larger percentage of the volume of the infected region.
Also, they occurred in even greater numbers relative to the
infected cells - a ratio of more than 2 uninfected cells to
each infected cell - than in the plants without nitrogen.
The volume ratio of 1:2.2 corresponds to a volume fraction
of 69% for the infected cells. Ralston and Imsande [20]
have reported that the early stages in the process of nodule
development are the most sensitive to nitrate. Possibly
nitrate affects growth of the inféption thread or release of
bacteria from the thread, causing somewhat fewer cells to
become infected.

Another way of examining the relationship between the
two cell types is to inquire into their proximity to one
another. Bergersen [19] has found that infected cells have
on the average at least 20% of their surface area in contact
with uninfected cells. This suggests that every infected
cell may be in direct contact with at least one uninfected
cell. However, his data are also consistent with a
structure in which some infected cells are separated by one
or more cell widths from the nearest uninfected cell. We
have randomly sampled infected cells from 10 nodules and
used the statistics of Bernoulli random variables to define
the expected range for the percentage of infected cells
which directly touch at least one uninfected cell. Sampled
cells which were not in contact with an uninfected cell in
the plane of the sampled section were traced through
adjacent serial sections to look for sites of contact.

As shown in Table III, we found all sampled infected
cells in soybean to be in contact with at least one
uninfected cell. This allows us to conclude that the
percentage of infected cells in contact with uninfected
cells is, if not 100%, then very close to 100%. The range
of values more probable than 5 out of 100 is given as the
95% confidence interval in the table.

We know also from electron micrographs that
plasmodesmata are abundant between contiguous infected and
uninfected cells (Fig. 1). It is not difficult to
rationalize the functional economy of having the two
interacting cells in contjct, but how this relationship is
achieved during the early days of nodule development remains
an important unsolved problem. One clue may be found in our
observation of cross sections of infection threads in fully



differentiated uninfected cells which are devoid of any

released bacteroids.

We have never,

in fact, observed

released bacteroids in recognizably differentiated

uninfected cells.

Could it be that release of bacteroids

from the infection thread is inhibited by a cell if its
differentiation as an uninfected cell proceeds beyond a

" certain stage? Or that release of bacteroids is inhibited

1f too many cells in contact with the given cell already

have released bacteroids?

TABLE II1. What Proportion of the Infected Cells is in
Contact with at least One Uninfected Cell?
No. of No. of No. of No. of cells | 95% confi-
infected | infected | infected followed dence
cells cells in | cells not out of plane | interval for
sampled contact in contact | of section $ of infect-
ed cells in
contact*®
Soybean:
1000 1000 [v] 37 99.7 -~ 100
Alfalfa:
900 9200 0 41 99.6 - 100

*95% confidence interval based on binomial distribution
for a Bernoulli random variable.

As shown in Fig. 2, the uninfected cells are not
distributed evenly throughout the nodule. The central part
of the infected region has the greatest number of uninfected
cells per unit area. In the middle and outer parts of the
infected region, some of the uninfected cells are loosely
organized into rays, as first reported by Bergersen and
Goodchild [21]. Our observations of a three dimensional
reconstruction of a nodule and of the surface of the
infected region of several nodules have shown that the
infected region is irregularly divided into complete or
incomplete compartments by partitions composed of uninfected

cells.

We have noted infections developing from the invasion
of separate root hairs, and believe that the wider
partitions divide aggregates which have arisen in this way.
For example, a single nodule may have a partition of
uninfected cells dividing it completely in half.

Incomplete partitions within the infected region may be

numerous or few. In early emergent nodules, partitions of
different widths are seen between aggregates of cells with
dense cytoplasm. These partitions probably persist to
produce the divisions seen in mature nodules. Within the
partitions in mature nodules, long and narrow uninfected
cells are often found, suggesting that the partitions may
serve as avenues for transport within the infected region.

ty



Finally, to what extent do our findings on soybean
apply to the amide exporters? Firstly, there is no evidence
at present that, in the amide exporters, the uninfected
cells participate in producing the export products of fixed
nitrogen as they do in the ureide exporters. Consistent
with this is the absence of any special ultrastructural
features of these cells in the amide exporters so far
examined by us, namely, pea, vetch and alfalfa.

In view of this, data on the relative volumes occupied
by the two cell types in the infected region of alfalfa, and
the relative numbers of cells as well, are rather
surprising, as seen in Table II. The volume ratio is the
same as for soybean. In both cases, the infected cells
occupy nearly 80% of the total volume of the infected
region, and the uninfected cells only a little over 20%.
Also, as in soybean, the uninfected cells in alfalfa
outnumber the infected, but, under similar environmental
conditions, by 30 rather than 608%.

Perhaps even more surprising are the results of Table
111, showing that just as in soybean, in alfalfa every
infected cell is in contact with at least one uninfected
cell.

For the ureide exporters, the segregation of the
terminal steps in ureide production in uninfected cells
finds a plausible rationale in the low affinity of uricase
for oxygen, and the greater availability-of oxygen in the
uninfected cells than in cells filled with oxygen-demanding

bacteroids.

To date we know of no essential metabolic interactions
between infected and uninfected cells of amide exporters,
but the similarity of alfalfa to soybean, both in the
plurality of uninfected over infected cells and the contact
with uninfected cells made by all the infected cells,
suggest that in the amide exporters, also, we should be on
the alert for some meaningful biochemical interplay between
the two cell types. i

The work reported here was supported in part by the
U.S. Department of Agriculture under Grant No.
59-2551-1-1-624-0 from the Competitive Research Grants
Office, and by a grant from The McKnight Foundation of
Minneapolis, Minnesota.
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