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The development of endodermis ensheathing the vascular system of root nodules was examined in Lupinus
luteus L. Within the system, the vascular endodermis was found to attain different developmental stages. Close
to the nodule meristems, nodule vascular bundles were surrounded with endodermis with a Casparian band
(first developmental stage). In the oldest part of the nodule vascular system, that is, the nodule vascular trace
together with its first range ramifications, vascular endodermis in the third developmental stage (not reported
previously for the root nodule vascular system) was observed, with a secondary cell wall.
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INTRODUCTION

Endodermis, defined as a monolayer sheath
encircling the root stele, has been widely studied
since the 19th century (for review see: Clarkson
and Robards, 1975). It occurs in the root of pri-
mary structure in every species studied
(Clarkson, 1993, and literature cited therein). At
present, four stages of its differentiation are com-
monly recognized: pro-endodermis and the first,
second and third stages (van Fleet, 1961;
Clarkson and Robards, 1975). Close to the root
apical meristem, in the root elongation zone, the
pro-endodermis is discernible anatomically and
histochemically (van Fleet, 1961; Mueller and
Beckman, 1976, and literature cited therein). The
pro-endodermis cells are more elongated axially
than pericyclic cells (van Fleet, 1961; Scott and
Peterson, 1979a). Its characteristic feature is
accumulation of phenolic compounds not con-

firmed in Pisum sativum (Kopcinska and
Golinowski, 1987), Triticum aestivum
(Grymaszewska and Golinowski, 1987) or

Ranunculus acris (Scott and Peterson, 1979a).
Ultrastructurally, pro-endodermal cells resemble
meristematic cells (Grymaszewska and Golinow-
ski, 1987; Kopcinska and Golinowski, 1987).

In the first developmental stage, the endoder-
mis has a Casparian band formed in its transver-
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sal and radial walls (Clarkson and Robards, 1975),
usually at the time that the first elements of primary
xylem complete differentiation. The Casparian
band is a specialized zone of the cell wall, where
lipophilic and polyphenolic substances (suberin
and lignin) are deposited inside the framework of
the existing primary cell wall together with the
middle lamella (Bonnett, 1968; Scott and
Peterson, 1979b; Zeier et al., 1999). The plasma
membrane is slightly thicker where it is juxta-
posed to the band, and its characteristic three-lay-
ered ultrastructure is particularly distinct there. It
adheres to the Casparian band tightly, also in
plasmolyzed cells (Robards et al., 1973).
Polypeptides of 46, 30 and 20 kDa extractable
with SDS (sodium dodecyl sulphate) from isolated
pea root endodermis are probably specific to the
Casparian band, and therefore may be responsible
for the adhesion of the plasma membrane to the
Casparian band (Karahara and Shibaoka, 1992).
In Convolvulus arvensis, the Casparian band
exhibits homogenous ultrastructure and slightly
higher electron density than the neighboring cell
wall (Bonnett, 1968). In pea, numerous Golgi bod-
ies and endoplasmic reticulum cisternae accom-
pany the band (Kopcinska and Golinowski, 1987).
It is suggested that these organelles are associated
with the production and secretion of Casparian
band components. Additionally, exocytosis
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byproducts — multivesicular bodies or paramural
bodies — are observed close to the band in the
periplasmic space (Scott and Peterson, 1979a). The
structure of the Casparian band prevents apoplastic
solute flow to the root stele. Thus, water and solutes
cross the endodermal barrier via the active trans-
port pathway, involving the carrier molecules in the
endodermal plasma membrane.

In the second stage of endodermis differentia-
tion, a continuous thin layer of suberin is deposited
between the primary cell wall and plasma mem-
brane (Clarkson and Robards, 1975). It results in
disassociation of the plasma membrane and
Casparian band (Robards et al., 1973; Haas and
Carothers, 1975). However, remnants of the original
plasma membrane tightly bound to the Casparian
band can be found to be occluded within the wall
(Robards et al., 1973). Suberin lamellae can be thin-
ner at the Casparian band or absent from this part
of the cell wall. The suberin layer prevents direct
access of solutes to the whole surface of endodermal
plasma membranes and thus blocks the intake of
water and solutes via this pathway (Robards et al.,
1973; Clarkson and Robards, 1975). Still, suberin
lamellae are discontinuous at the plasmodesmata,
so symplastic continuity remains intact from the
root cortex to root stele.

In the third developmental stage, the endoder-
mal cells are characterized by a secondary cell wall
deposited on the inner surface of the suberin layer.
Between the new wall layer and suberin lamella
(also inside the lamella; Robards et al., 1973)
membrane fragments which may be remnants of
the plasma membrane or paramural bodies are
observed (Scott and Peterson, 1979a). The new cell
wall layer is often more electron-dense than the
primary cell wall. The transition from the second
to the third stage is not always sharply delimited;
in some species alternate cellulosic and suberin
layers are formed, and in others the cellulosic wall
is clearly distinct from the suberin layer (Clarkson
and Robards, 1975). The secondary cell wall is
deposited uniformly around the whole protoplast
(O thickenings) or is visibly thinner at the outer
tangential wall (C or U thickenings). The formation
of the secondary wall is correlated with a signifi-
cant decrease in water and calcium intake in the
respective root zone (Sanderson, 1983).

Additionally, a fourth stage in endodermis dif-
ferentiation can be distinguished (van Fleet, 1961),
consisting in the incrustation of the secondary cell
wall formed during the third stage with phenolics
and chinones. For example, such incrustation was
observed in wheat (Grymaszewska and Golinowski,
1987).

During all the developmental stages, endoder-
mal cells maintain numerous symplastic connec-
tions through plasmodesmata with the cells of
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adjoining root zones (e.g., Helder and Boerma,
1969; Robards et al., 1973; Warmbrodt, 1986).
Sometimes, as in pea (Kopcinska and Golinowski,
1987), they are especially abundant in tangential
walls. In some species, plasmodesmata also occur
within Casparian bands (Haas and Carothers,
1975; Kopcinska and Golinowski, 1987).

Endodermal cells that remain arrested in an
earlier developmental stage while the adjacent
endodermal cell pass through the second and
third stages are termed passage cells (van Fleet,
1961; Clarkson and  Robards, 1975).
Differentiation of endodermal cells of the same age
(i.e., located in the same cross section of the root)
is usually asynchronous, and the cells facing the
protoxylem are the last to mature (Robards et al.,
1973; Scott and Peterson, 1979a; Grymaszewska
and Golinowski, 1987; Kopcinska and
Golinowski, 1987).

In legume root nodules, the presence of endo-
dermis was identified first in Vicia faba
(Brenchley and Thornton, 1925) and Medicago
sativa (Thornton and Rudorf, 1936). In nodules,
typical endodermis (also termed vascular endo-
dermis; Abd-Alla et al., 2000; Hartmann et al.,
2002) ensheathing the nodule vascular bundles is
recognized, and the so-called common endoder-
mis (term first used by Fraser, 1942) or cortical
endodermis or nodule endodermis. The latter is in
fact rather a passive component of the oxygen dif-
fusion barrier, since after insertion of an O,
microelectrode into a nodule, the measured pO,
drops sharply near the region of the common
endodermis (Tjepkema and Yocum, 1974; Witty et
al., 1987; Dakora and Atkins, 1989). Although the
presence of endodermis around nodule vascular
bundles has been mentioned by numerous
authors, its development or ultrastructure is little
studied. In Vicia faba, the vascular endodermis
appears immediately below the meristematic nod-
ule apex in the first developmental stage, and
attains the second stage at the base of the nodule
(Hartmann et al., 2002). The appearance of the
second developmental stage was also noted in the
oldest vascular bundle of Trifolium repens root
nodules (Lotocka et al., 1997). The ultrastructure
of nodule vascular endodermis was briefly
described in Pisum sativum and Trifolium repens
(Pate et al., 1969); in these species it reached the
first developmental stage, which did not differ
from its counterpart in the root. The vascular
endodermal cells had numerous connections via
plasmodesmata with nodule cortex cells and cells
of the bundle pericycle.

This work summarizes a study of endodermis
development in the nodules in Lupinus luteus L.,
undertaken to gain greater understanding of root
nodule structure in this species.



Endodermis in lupine root nodule

MATERIALS AND METHODS
GROWTH CONDITIONS

Seeds of Lupinus luteus L. cv. Ventus (Polish com-
mercial cultivar, Plant Breeding Station in
Wiatrowo) were surface-sterilized with 3.5% calcium
hypochlorite for 20 min and then pregerminated on
moist filter paper in sterile Petri dishes at 24°C for
48 h. Seedlings with roots ~2 cm long were exam-
ined under a dissecting microscope, and the zone of
emerging root hairs was marked, since it is known
from preliminary experiments that lupine's nodule
primordia are induced just below this zone.
Seedlings were carefully transferred to pots filled
with sterile perlite and inoculated with a suspension
of Bradyrhizobium sp. (Lupinus), wild-type strain
3045USDA (Rhizobium  Culture Collection,
Beltsville, U.S.A.). The plants' growth conditions and
bacterial or plant media were as described previ-
ously (Lotocka et al., 2000).

For microscopic observations, three stages of
nodule development were chosen: the juvenile stage,
10 days after inoculation (DAI) as determined by
Lotocka et al. (1995); the stage of full metabolic
activity, 25 DAI; and the stage with a wide zone of
senesced bacteroid tissue, 60 DAI.

PROBE SAMPLING

For examination of juvenile nodules (10 DAI), root
fragments below the mark were cross-cut into sever-
al slices ~1 mm thick. From older roots, only nod-
ules from the upper part of the taproot were taken,
and only nodules initiated at a distance from other
nodules; this was done to exclude nodules that were
developmentally inhibited by neighboring nodules.
Some nodules 25 DAI and 60 DAI were dissected,
and fragments containing nodule vascular traces or
nodule vascular bundles were sampled separately.
Undamaged nodules were sampled for paraffin
embedding.

FURTHER PROCEDURES

All the material was fixed identically in a mixture of
5% glutaraldehyde and 4% paraformaldehyde in 0.1 M
sodium cacodylate buffer, pH 7.2-7.3, at room tem-
perature and air pressure -0.3 hPa. Rinsing with the
same buffer followed fixation. Next, the samples
intended for resin sections were postfixed with 2.5%
osmium tetroxide in 0.1 M cacodylate buffer for 2 h
at 4°C and rinsed again. The probes sampled 10 DAI
were examined under a dissecting microscope, and
those that after osmification revealed nodule pri-
mordia, as well as samples of 25 DAI and 60 DAI
nodules, were dehydrated in ethanol and acetone
and embedded in Glycid Ether 100 epoxy resin. The
samples were positioned in embedding molds to

75

@)

v,

Fig. 1. Pro-endodermis close to the meristematic apex of
the nodule vascular bundle (images are of Lupinus luteus
root nodule fixed 60 DAI). In anticlinal cell wall (arrow) no
Casparian band is visible yet. P — pericycle of nodule vas-
cular bundle; thin arrow — electron-dense deposits within
endodermal vacuole; arrowheads — RER; double arrow-
heads — membranous structures. Bar = 2.38 um.

ensure sectioning in transversal, radial or tangential
planes versus the root axis. Semithin serial sections
3 um thick were cut with a Jung-2065-Supercut
microtome (Leica/Reichert-Jung) and stained at
70°C with 1% aqueous azure A and 2% methyl blue
on 2% borax. For fine structure observations, ultra-
thin serial sections were cut with an Ultracut E
microtome (Reichert), collected on formvar-coated
slot-grids and contrasted with lead citrate and
uranyl acetate.

The samples intended for paraffin sections were
dehydrated in ethanol and xylene, embedded in
paraffin wax, serial-sectioned transversely, radially
or tangentially at 8-20 um thickness depending on
nodule size, and stained with safranin/fast green
(Broda, 1971).

Observations and microphotography employed
an Axioskop light microscope (Zeiss-Opton)
equipped with a Contax 167MT camera, or a JEM
100C or JEM 1220 transmission electron micro-
scope (JEOL). Negatives were scanned into electron-
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Fig. 2. Endodermis in first developmental stage, nodule vascular bundle. Asterisks — region of Casparian band in anti-
clinal cell wall of endodermal cell; arrows — plasma membrane beyond Casparian band loosely associated with the cell
wall; arrowhead — RER. Bar = 0.53 um. Fig. 3. In the endodermis of the nodule vascular bundle, deposition of the sec-
ondary cell wall (arrows) is initiated asymmetrically starting at the site of the bundle pericycle (P). Lp — leucoplast; aster-
isks — Casparian band; arrowheads — RER; double arrowheads — membranous structures; rosettes — mitochondria. Bar
= 1.23 um. Fig. 4. Deep pockets of plasma membrane (double arrowheads) folded at the site of secondary cell wall dep-
osition (arrows) at the Casparian band. Arrowheads — RER. Bar = 0.80 um.

ic files of 1600 dpi resolution using a CanoScan
9900F flatbed scanner. The gamma level and con-
trast of the resulting grey-tone images were adjusted
using Adobe Photoshop 7.0 software.

RESULTS

In 10 day-old root nodules, the nodule vascular sys-
tem consisted of the nodule vascular trace (NVT)
only. In its distal part, the location of the first nod-
ule bundles, still at the stage of meristematic
strands, was discernible. At this time the NVT was
ensheathed by pro-endodermis (not shown), which
was ultrastructurally similar to the cells of meris-
tematic apices of vascular bundles.

In nodules fixed 25 DAI, the vascular endoder-
mis ultrastructure was similar to that of nodules
fixed 60 DAI. However, since more developmental
stages of vascular endodermis differentiation were
observed in the latter, the description of endodermis
in 25 DAI nodules is omitted as redundant.

In elongating apices of the nodule vascular bun-
dles (NVBs) located close to the meristems of 60 DAI
nodules, pro-endodermis cells were observed (Fig.
1). Their cell walls did not differ from the primary
cell walls of adjoining cells in differentiating bundle
pericycle. The pro-endodermis cells were already

vacuolated, and the vacuoles accumulated electron-
dense deposits. In the cytoplasm, numerous short
cisternae of rough endoplasmic reticulum (RER)
were present, and plasmodesmata connected the
protoplasts of NVB pericycle cells, pro-endodermal
cells and nodule cortex cells. Differentiation of the
Casparian band co-occurred with the maturation of
conductive elements, but preceded the formation of
the wall labyrinth in bundle transfer -cells.
Differentiation of the band was not uniform in the
bundle cross section, but there was no correlation
between the differenriation stage attained by the par-
ticular endodermal cell and the location of bundle
phloem or xylem. The Casparian band usually was
positioned within the anticlinal wall closer to the
NVB pericycle, The cell wall within the Casparian
band stained red in safranin/fast green paraffin sec-
tions, indicating lignification (not shown). In TEM,
the band exhibited more homogenous ultrastruc-
ture, in contrast to the other parts of the cell wall,
but had similar electron density, and the plasma
membrane adhered tightly to it (Fig. 2). Plasmo-des-
mata connected the protoplasts of the inner cortex,
vascular endodermis and NVB pericycle. Gradually
a new layer of cell wall (secondary cell wall) was
deposited. The process occurred in the vicinity of
the bacteroid tissue cells, which exhibited no symp-
toms of degradation yet. Within an endodermal cell
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Fig. 5. Deposition of the secondary cell wall (arrows) at the Casparian band, nodule vascular bundle. No electron-dense
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suberin layer is discernible. Asterisk — possible position of inner edge of Casparian band; double arrowhead — Casparian
band-adhering fragment of plasma membrane, which might be embedded within the secondary cell wall; thin arrows —
parts of Casparian band not covered with secondary cell wall yet; arrowheads — RER. Bar = 0.45 um. Fig. 6. The most
advanced stage of differentiation of the endodermis ensheathing the nodule vascular bundles. Note the absence of tono-
plast, and "diluted" cytoplasm in the lower cell. P — bundle pericycle cell; G — Golgi bodies; arrows — secondary cell wall;
thin arrows — position of Casparian band; in the upper cell the band is only partially covered by secondary cell wall;

rosettes — mitochondria. Bar = 1.54 um.

the secondary wall deposition was often initiated
unevenly (Fig. 3), starting from the wall adjoining
the NVB pericycle or the nodule inner cortex. The
secondary wall had fine-fibrillar ultrastructure sim-
ilar to the primary cell wall. At the edge of the
Casparian band, at the site of secondary wall depo-
sition, the plasma membrane usually formed deep
pockets (Figs. 4, 5). Characteristically, RER cister-
nae were always observed in the adjoining cyto-
plasm, and often the sections (as in Fig. 5) suggest-
ed fusion of RER-derived vesicles with the plasma
membrane pocket. In NVBs of second and higher
orders, the Casparian bands were never completely
covered with the secondary cell wall layer, even in

NVBs fixed 60 DAI (Fig. 6). In older parts of the NVB
system, some cells of the vascular endodermis fac-
ing the nodule outer cortex developed a thick three-
layered cell wall similar to that described below for
the nodule vascular trace. Such cells were often flat-
tened but remained alive.

The nodule vascular trace (NVT) connected the
system of NVBs with the root vascular tissues. In the
samples fixed 25 DAI, endodermis in the first devel-
opmental stage, that is, with the Casparian band
formed, surrounded the NVT (not shown). In the
nodules dissected and fixed 60 DAI, the oldest NVBs
(i.e., first-order ramifications of the NVT), as well as
the NVT itself were ensheathed with vascular endo-
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Fig. 7, 8. The most advanced stage of differentiation of the endodermis ensheathing the nodule vascular trace. Note
three-layered structure of the thick cell wall. P — cells of nodule vascular trace pericycle; thin arrows — position of
Casparian band remnants in anticlinal wall of endodermal cell; double arrowheads — electron-dense suberin layer;
arrows — secondary cell wall. Bars = 1.80 um in Fig. 7, 2.21 um in Fig. 8.

dermis with a thick three-layered cell wall (Fig. 7).
The outermost (oldest) layer corresponded to the
primary cell wall, and remnants of the Casparian
band were discernible in this layer (Fig. 8). The mid-
dle layer (suberin lamella) was more electron-dense
and homogenous than the innermost (youngest)
layer of secondary cell wall (Fig. 9), which resembled
the primary cell wall ultrastructurally. In some
places the layers of the primary cell wall and suberin
lamella were discontinuous. In nodules fixed 60
DAI, the NVT endodermal cells still contained pro-
toplasts, which were strongly vacuolated (Fig. 7),
with electron-dense deposits in vacuoles and numer-
ous RER cisternae and mitochondria in the cyto-
plasm. Discontinuity of the tonoplast was observed
in some older endodermal cells, giving the cyto-
plasm a diluted appearance (Fig. 6).

DISCUSSION

In lupine, the first-stage root endodermis existing at
the time of, and in the root zone of, nodule initiation
undergoes dedifferentiation, and its derivative cells
take part in the formation of the nodule primordium
(Lotocka et al., 2000). Between the subrhizodermal
initials of bacteroid tissue and the primary xylem
strand, the nodule vascular trace forms. It is
ensheathed with vascular endodermis, which differ-
entiates in continuity with the root endodermis. The
continuity of the nodule vascular endodermis with
the root endodermis is a uniform feature of legume
root nodules (Hirsch, 1992). In indeterminate root
nodules of L. luteus all the developmental stages of
endodermis differentiation can be found from the
meristematic apices of nodule vascular bundles
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Fig. 9. Anticlinal wall of endodermis ensheathing the nod-
ule vascular trace. The whole wall was cut in three frag-
ments, and asterisks and rosettes indicate the matching
points of the wall. Note discontinuities (arrowheads) in the
ultrastructure of electron-dense suberin layers (double
arrowheads) and the primary cell wall located between
them; remnants of Casparian band are not recognizable.
Arrows — secondary cell wall. Bar = 1.61 um.

towards their older parts and then through the
nodule vascular trace. Such an observation was not

reported earlier for nodule vascular endodermis of
the other legumes. In the nodule vascular endoder-
mis of Trifolium repens and Vicia faba, only the
second developmental stage, the formation of the
suberin layer, was reported in the oldest part of the
vascular system (Lotocka et al., 1997; Abd-Alla et
al., 2000).

The developmental stages of the nodule vascu-
lar endodermis in L. luteus are ultrastructurally
identical to the development of the root endodermis
in this species (author's unpublished observations).
Nor does first-stage ultrastructure differ from earli-
er data on root nodule vascular endodermis in other
legume species (Pate et al., 1969) or on the root
endodermis (Clarkson and Robards, 1975;
Kopciniska and Golinowski, 1987).

After differentiation of the Casparian band in the
vascular endodermis of lupine NVBs, a new layer was
deposited. It did not resemble the published pictures
of the formation of the suberin layer, which are elec-
tron-dense and homogenous. On the contrary, in
lupine the new layer was fibrillar and similar to the
primary cell wall. Such ultrastructure does not sug-
gest it to be an efficient barrier to apoplast solute
movement. However, in the NVT of nodules fixed 60
DAI, the thick cell wall of the vascular endodermis
contained an electron-dense and homogenous
suberin layer internal to the fibrillar secondary cell
wall. No plasmodesmata were found in these cell
walls. Therefore, in the lupine nodules older than 25
DAI, both symplastic and apoplastic continuity
between the cells of the NVT and adjoining parenchy-
matous nodule cortex probably were broken.

A common feature of root nodule structure is
the boundary layer, consisting of bacteroid tissue-
adjoining parenchymatous cells with very few,
small intercellular spaces and distorted radial
walls (Parsons and Day, 1990; Brown and Walsh,
1994). The distortion results from the lack of tur-
gor due to fragmentation of the tonoplast. In con-
sequence, the cytoplasm of boundary layer cells
has a diluted appearance. The boundary layer
functions as part of the nodule's oxygen diffusion
barrier. Interestingly, in lupine's nodule vascular
endodermis, which often was in contact with the
boundary layer, numerous cells of the same proto-
plast ultrastructure were observed in this work. It
cannot be excluded that the discontinuity of the
tonoplast resulted from poor fixation of endoder-
mal cells beyond the first developmental stage, as
problems with fixative penetration in this tissue
have been noted elsewhere (Pate et al., 1969).
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