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ABSTRACT

	

Immunocytological techniques were developed to localize the plant lectin, wheat
germ agglutinin (WGA), in the tissues and cells of wheat plants . In a previous study we
demonstrated with a radioimmunoassay that the lectin is present in wheat embryos and adult
plants both in the roots and at the base of the stem . We have now found, using rhodamine,
peroxidase, and ferritin-labeled secondary antibodies, that WGA is located in cells and tissues
that establish direct contact with the soil during germination and growth of the plant. In the
embryo, WGA is found in the surface layer of the radicle, the first adventitious roots, the
coleoptile, and the scutellum . Although found throughout the coleorhiza and epiblast, it is at
its highest levels within the cells at the surface of these organs . In adult plants, WGA is located
only in the caps and tips of adventitious roots. Reaction product for WGA was not visualized
in embryonic or adult leaves or in other tissues of adult plants . At the subcellular level, WGA
is located at the periphery of protein bodies, within electron-translucent regions of the
cytoplasm, and at the cell wall-protoplast interface. Since WGA is found at potential infection
sites and is known to have fungicidal properties, it may function in the defense against fungal
pathogens.

Lectins bind and cross-link specific monosaccharides and oli-
gosaccharides . They thus serve as powerful probes in the study
of the carbohydrate moieties at cell surfaces (see reference 14
for review) . Because this remarkable specificity is probably not
fortuitous, the function of lectins in the organisms in which
they are found should reflect their particular sugar-binding
properties . In some cases the binding of a lectin to a specific
carbohydrate receptor has been shown to mediate recognition
events at the cellular level . Examples include influenza virus,
which possesses a hemagglutinin that allows the virus to attach
to sialic acid residues found on host cell plasma membranes
(45), and the amoebae of Dictyostelium discoideum, which
during aggregation synthesize a lectin that promotes cell-cell
adhesion (1) .
Although higher plants have been the richest source of

lectins, the role of lectins in these organisms is poorly under-
stood . An oft-repeated hypothesis is that lectins act as receptor
sites for symbionts (3, 34) or pathogens (35). For example,
there is evidence that suggests that in certain legumes lectins
might be receptors for the nitrogen-fixing rhizobia that form
symbiotic nodules in legume roots (3, 10, 34, 40) . Other evi-
dence, consistent with their cytotoxic properties and their high
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concentration in certain seeds, suggests that they may serve as
a defense against seed-eating herbivores (17) .

Investigations such as these on the roles of lectins in plants
have been confined largely to the legume family . Lectins,
however, are a diverse group of proteins and glycoproteins that
are found throughout the plant kingdom and, in all likelihood,
perform diverse functions . We have sought, therefore, to
broaden this focus by examining the tissue distribution of
wheat germ agglutinin (WGA), a lectin from the grass family .
Although a study such as this by itself will not discern the
function of the lectin, it will establish criteria consistent with
its role in the plant.
WGA is the most thoroughly characterized of the numerous

lectins that bind N-acetylglucosamine (G1cNAc) and its bio-
logically widespread polymer, chitin (see reference 14 for re-
view) . In addition, its toxic effects on fungal metabolism (24)
suggest a role in the defense against pathogens .

In our previous study (25) we quantified the levels of WGA
in wheat plants with a radioimmunoassay (RIA) . We found
that ungerminated wheat grains contain three orders-of-mag-
nitude less lectin than do typical legume seeds, or - 1 Frg of
WGA per grain, all associated with the embryo . After one
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month of growth, WGA levels were found to be one-third to
one-half of those in ungerminated embryos. In contrast, the
vast reserves oflectin present in legume seeds largely disappear
during the first few weeks of growth (16, 30, 31, 33, 42) . In
adult wheat plants, WGA is present at the base of the shoot in
the nodal region and in the roots as well, especially in recently
emerged adventitious roots (25) . Here we used immunocyto-
chemistry to localize WGA within the tissues and cells ofwheat
embryos and plants.

MATERIALS AND METHODS
Plants
Wheat grain, Triticum aestivum L. cv. "Era", was purchased from Olds Seed

Company (Madison, Wis.) . Embryos were dissected from grain that had imbibed
in aerated deionized H2O for 10 to 24 h. Older tissue was obtained from plants
grown in the greenhouse in sand-filled clay pots kept moist with half-strength
Hoagland's solution.

Antibody Preparation

The immunoglobulin fraction from rabbit antisera against WGA, obtained as
described earlier (25), was affinity-purified on a WGA-Sepharose 4B column
prepared by the cyanogen bromide method (22) . Those immunoglobulins bound
to the immobilized WGA through their G1cNAc or sialic acid residues were
eluted from the column with phosphate-buffered saline (PBS) containing 100
mM G1cNAc. Since this nonantigenically-bound material most likely still con-
tained some inununoglobulins specific toWGA, thematerial eluted with G1cNAc
was combined with the column flow-through for subsequent readsorption to the
WGA-Sepharose after immunoadsorbed material had been removed by elution
of the column with one column volume of 3 M MgC12 followed by PBS. This
procedure was repeated four times. The immunoadsorbed material, designated
AS, was dialyzed extensively against PBS and stored at -20°C in the presence of
0.02% sodium azide. Antibody freed of specific anti-WGA by four passes through
WGA-Sepharose as described above was similarly dialyzed and used as control
serum (CS). Stock solutions of AS and CS were prepared to an Also of 1.3 and
were diluted similarly for experimental use. Immunoelectrophoresis was per-
formed as described previously (25).

Tissue Preparation
Embryos obtained from imbibed grainor tissue excised from plants were fixed

overnight at 4°C in 4% formaldehyde (Polysciences, Inc., Warrington, Pa .) in
PBS. Samples were brought to room temperature, extensively washed in PBS,
and placed in25% polyvinylpyrrolidone (PVP-40, Sigma Chemical Co ., St . Louis,
Mo. ; wt/vol in PBS) for 30 to 60 min. The PVP, purified by dialysis as described
by Skaer et al . (36), served as a cryoprotectant that significantly enhanced the
quality of tissue preservation . Tissue was transferred directly from the PVP into
a plastic capsule (Electron Microscopy Sciences, Fort Washington, Pa.) filled
with O.T .C . compound (Lab-Tek Products, Naperville, Ill.) and frozen in liquid
n-hexane that was in equilibrium with its solid phase. The blocks were attached
to stubs by freezing and sectioned at -15°C in a cryostat (Model CTI, Interna-
tional Equipment Co ., Needham Heights, Mass.). Sections 6-8 pin in thickness
were picked up with a wire loop and placed in 3% formaldehyde and 0.3%
glutaraldehyde (Polysciences, Inc.) in PBS at 4°C. All further steps were con-
ducted at room temperature. Fixative was removed and the sections were washed
extensively (six changes of buffer, 5 ml each) in PBS containing 10 mM glycine.
Glycine was included in the PBS in all further steps to eliminate any unreacted
aldehyde groups. Plant tissue is rich in various moieties with nonantigenic affinity
for immunoglobulins. To ensure that these sites would not be available to the
primaryorsecondary antibodies,the cryostat sections were treated with undiluted
nonimmune goat serum as described below.

Immunofluorescence
Sections were treated with whole, undilutedgoat serum for 15 min. The serum

was drawn off and 100 pt of 32-fold diluted AS or CS was applied. The sections
were incubated for 40 to 60 min and then washed for a total of 30 min with four
changes of PBS. Goat serum was applied as before, drawn off, and the sections
were incubated for 30 minwith 32- or 64-folddiluted rhodamine-conjugated goat
anti-rabbit immunoglobulin (Miles Laboratories, Elkhart, Ind.). Sections were
washed as described above and mounted on glass slides .

The sections were viewed with a Reichert Ultrastar microscope (American
Optical Corp ., Buffalo, N. Y.) equipped for differential interference contrast
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(DIC) and epifluorescence optics using mercury vapor illumination coupled with
appropriate filters for rhodamine fluorescence . Images were photographed on
Tri-X film (Eastman Kodak, Rochester, N. Y.) which was then developed in
HC110 dilution D (Kodak) with Factor 8 (MinMax, No. Hollywood, Calif.)
added to enhance sensitivity .

lmmunoperoxidase
The following steps were carried out to inhibit the abundant peroxidase

activity of the wheat tissue . Sections were dehydrated in a graded methanol series
and incubated for 30 min in 100% methanol containing 1% hydrogen peroxide
(vol/vol) . Sections were then rehydrated in a graded methanol series, incubated
with phenylhydrazine hydrochloride (Sigma Chemical Co. ; l% in PBS, wt/vol;
41) for 1 h, and finally washed extensively in PBS. The sections were then treated
with goat serum as described above and incubated for 1 h in AS or CS diluted
64-fold in PBS. Sections were washed in PBS for 30 min and then incubated for
30 min in goat anti-rabbit immunoglobulin diluted 80-fold in whole goat serum.
After another 30-min wash, the sections were incubated with peroxidase-anti-
peroxidase (PAP) complex (Miles Laboratories) diluted 60-fold in whole goat
serum. Sections were washed as before and reaction product was developed for
5 to 7 min in diaminobenzidine tetrahydrochloride (Sigma Chemical Co .; 0.5 mg
ml-' in 0.05 M Tris buffer, pH 7.6, containing 0.01% (vol/vol) hydrogen perox-
ide) . Sections were washed extensively in deionized water, mounted on glass
slides, and viewed with a Reichert Zetopan microscope equipped with differential
interference contrast optics .

Immunoferritin
Cryostat sections (12 ym) were prepared, and as outlined above, incubated

with goat serum followed by 64-fold diluted AS or CS, and washed in PBS. The
sections were then incubated for 30 min with ferritin-conjugated goat anti-rabbit
immunoglobulin (Miles Laboratories) diluted 128-fold in wholegoat serum. After
they were washed extensively in PBS (six changes in rapid succession, followed
by another wash for 4 h at 4°C and a final wash overnight at 4°C), the sections
were fixed for 15 min in 3% glutaraldehyde in 0.02 M phosphate buffer, pH 6.8.
They were then postfixed in 2% osmium tetroxide, dehydrated, andembedded in
Spurr's resin (39) . To facilitate handling, the sections were suspended in warm
1% agar after they had been fixed in 3% glutaraldehyde. After the agar had
solidified, small blocks containing single sections were excised for further proc-
essing.

Since the ferritin-labeled antibody penetrates only a short distance into the
tissue, care was taken to obtain ultrathin sections from the surface of the plastic-
embedded cryostat sections . The ultrathin sections were viewed either unstained
or poststained in2% aqueous uranyl acetate with a Zeiss l0A electron microscope
operated at 60 kV .

RESULTS
Antibody and Tissue Preparation
The immunoglobulin fraction from the anti-WGA serum

used in the RIA studies (25) was affinity purified as described
in Materials and Methods for immunocytochemistry . On im-
munoelectrophoresis against purified WGA or crude wheat
germ extract, the purified anti-WGA displayed a single precip-
itin arc without spurs (Fig . 1) . The final column flowthrough

FIGURE 1

	

Immunoelectrophoresis of purified WGA (top well) and
crude wheat germ extract (bottom well) . 2 .5 pg of WGA was placed
in each well . After electrophoresis, affinity-purified anti-WGA was
added to the trough and allowed to diffuse overnight . Before it was
photographed, the gel was stained with Coomassie Blue . Note that
single precipitin arcs formed when the AS diffused against either
purified WGA or the crude wheat germ extract .



and final G1cNAc wash of the WGA-Sepharose column were
combined and utilized as CS . Routinely, near-adjacent cryostat
sections were incubated with similarly diluted AS or CS. With
the protocol described in Materials and Methods, nonspecific
staining of controls was observed only at low levels. An alter-
native control (not shown) performed with an IgG fraction
prepared as described earlier (25) from nonimmune rabbits
yielded results indistinguishable from those obtained with CS.
In addition, a localization pattern identical to the one obtained
with AS was seen with a rabbit anti-WGA immunoglobulin
fraction prepared by Vector Laboratories, Inc. (Burlingame,
Calif. ; data not shown) .

Because autofluorescence in the grain is restricted to the
coat, it did not pose a problem in visualizing specific antibody
fluorescence in embryos. However, after the grain germinates,
additional strong autofluorescence indicative of phenolic acids
or lignin (37) is evident, especially in the secondary cell walls
of vascular tissue (not shown) . Because this autofluorescence
tended to obscure the fluorescence from rhodamine- or fluo-
rescein-labeled antibodies, a peroxidase-based method was
developed to survey older plants . Localization by peroxidase
was possible only after a procedure was developed to inhibit
the abundant peroxidases found in wheat tissue . Neither H202
and methanol nor phenylhydrazine treatments alone (41) ad-
equately reduced background reaction product. However, sat-
isfactory localization was achieved when these procedures were
applied in sequence as described in Materials and Methods.
The specificity of the PAP technique was compared to that of
immunofluorescence, using the wheat embryos . Both proce-
dures were found to yield identical localization patterns (com-
pare Figs . 2B and 4A) .

Localization of WGA in Wheat Embryos
The wheat embryo is appressed to the endosperm at one end

of the grain (Fig . 2A) . It contains the primordial organs of the
adult plant (leaves, radicle, the first adventitious roots), layers
of cells that ensheath these organs (coleoptile and coleorhiza),
and an organ that absorbs nutrients from the starchy endo-
sperm as the embryo germinates and begins to grow (scutel-
lum).

Whea', embryos display little autofluorescence when illumi-
nated with 530-nm light and viewed through the appropriate
barrier filters for the visualization of rhodamine fluorescence .
Although the grain coat is strongly autofluorescent (Fig. 2 D),
this tissue contains little WGA as determined by RIA (25) .
Similar autofluorescence is observed when the grain coat is
stimulated by blue light, conditions (Fig . 2 C) which do not
excite the specific rhodamine fluorescence described later, but
which are known to induce autofluorescence in other plant
tissues (37).
WGA appears to be specifically located in several of the

embryo organs and cell layers described above . The bulk of
the reaction product for WGA is located in the embryonic
roots and their ensheathing tissue, the coleorhiza . In the radicle,
WGA is limited largely to the surface layer of cells (Fig . 2 B)
and to the root cap, except for label sometimes seen in one or
two files of cells in the center of the root (Fig . 2 B) . Similarly,
the first adventitious roots, when cut in cross-section (Fig . 3),
display reaction product mainly in the layer of cells at the root
surface (Fig. 3A inset and C). In the coleorhiza, lectin is more
generally distributed and occurs in all cells (Fig. 4 C) . However,
the exterior layer of cells stains more intensely than those in
the interior of this organ (Fig . 4 C) . A staining pattern similar

to that in the coleorhiza is found in the epiblast (Fig . 4B). In
all sections incubated with CS or nonimmune IgG, no specific
reaction product was found (Figs . 2 D, 3 D, 4 D and E, and 5 B
and E).
The embryonic leaves do not appear to contain WGA (e.g .,

Fig . 4A and 5A) . However, the cells on the exterior surface of
the coleoptile stain densely for WGA (Fig . 5A and C) . Cells
on the surface of the coleoptile that faces the shoot occasionally
exhibit low levels of reaction product (not shown) while those
in the interior of this organ appear to lack WGA (Fig . 5A and
C) . The lectin is absent from the scutellum, except in those cells
on the surface opposite the coleoptile (Fig. 5 A, arrowhead) .
Similarly, the single layer ofcells that lines the interior surface
of the grain coat displays reaction product (Fig. 5 D and E) . In
summary, large regions of the embryo are devoid of specific
reaction product, while its external surfaces are covered by
cells that contain WGA.

Localization of WGA in Adult Plants
RIA of extracts of wheat plants up to one month in age

detected WGA only at the base of the shoot and in the roots
(25) . The amount of lectin in the shoot base remains at -300
ng of WGA per plant throughout the first month of growth.
Furthermore, recently emerged adventitious roots are approx-
imately 20-fold enriched in lectin as compared to older portions
of the root system (2% and 0.1% of the extracted protein,
respectively; 25) .
Immunocytochemistry reveals that the lectin in the shoot

base of two-month-old plants is located in unemerged adven-
titious roots . The cap and outer layers of these roots appear to
contain WGA (Fig . 6A) . These structures retain the lectin as
the root expands (Fig. 6 C) and breaks through the stem
epidermis (Fig. 6 E). In cross-section, reaction product is most
evident in the root cap cells ensheathing the root (Fig. 6 G) but
is also present, though less prominently, in the outer layers of
the root itself (Fig. 6 G, arrowhead). Control sections showed
no reaction product (Fig . 6 B, D, F, and H) .

Localization at the Subcellular Level
At the light microscope level, rhodamine and peroxidase

labels for WGA appear to be located in the cytoplasm, often
in particulate inclusions (Figs . 5 C and 7), and in the cell wall.
Because the particulate inclusions stain when the sections are
treated with modifications of the protein histochemical tech-
niques (eq . 12), they appear to be protein bodies . To identify
definitively the sites of WGA within cells, localization at the
ultrastructural level was performed . For ultrastructural studies,
the AS- or CS-treated cryostat sections were incubated with
ferritin-labeled second antibody and embedded for electron
microscopy . Of the tissues that contain WGA, we selected the
cells at the surface of the radicle and the coleoptile as repre-
sentative material for ultrastructural examination .

In the radicle (Figs. 8 and 9A) and coleoptile (Fig . 9 C),
immunospecific ferritin grains are located predominantly
within inclusions whose distribution and size suggest that they
are equivalent to the protein bodies visualized at the light
microscope level . In unstained sections (Fig . 8) as well as in
those poststained with uranyl acetate (Fig. 9A and C), most of
the ferritin is found adjacent to the inner surface of the
organelle . The majority of the protein body matrix lacks anti-
body-specific sites . To a lesser extent, WGA is found in the
cytoplasm (Fig. 8B, stars), mostly at the periphery of electron-
lucent regions . These regions may be the remnants of mem-
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FIGURE 2 Near-median longitudinal sections of a wheat embryo . A, B, and C depict the same section photographed under
different conditions; D is a near-adjacent section to the one depicted in A, B, and C . Sections were treated with AS (A, B, and C)
or CS (D) followed by rhodamine-conjugated goat anti-rabbit immunoglobulin . They were photographed with differential
interference contrast optics (A) and with fluorescence optics using green excitation (B and D) for concomitant visualization of
grain coat autofluorescence and specific rhodamine fluorescence, or blue excitation (C) for visualization of coat autofluorescence
alone. Antibody-linked fluorescence is evident in the AS- (B) but not in the CS-treated (D) sections . Note the specific fluorescence
in B associated with the radicle, epiblast, coleorhiza, and coleoptile . Isolated cells in the center of the radicle also display specific
fluorescence . Grain coat autofluorescence is visible with either green (B and D) or blue (C) light excitation . Radicle (R), grain coat
(arrow), epiblast (E), coleoptile (arrowhead), and coleorhiza (star) . x 75 .



FIGURE 3

	

Longitudinal section through the side of a wheat embryo . The radicle (R) is cut in glancing section while the first two
adventitious roots (stars) are cut in cross-section . The central region of the embryo (bracketed in A) is shown at higher magnification
in B, C, and D . The inset to A depicts a near-adjacent section to that shown at higher magnification in the same panel . In the inset,
specific immunofluorescence is visible at the periphery of the radicle, which was cut longitudinally, and in an adventitious root,
which was cut in cross-section . The tip of another adventitious root displays specific reaction product as well . The autofluorescent
grain coat surrounds the section . Note that fluorescence for WGA is most intense at the surface of the roots (C) . A similar section
treated with CS displays no specific fluorescence (D) . The sections were photographed with DIC optics (A and B) or with
fluorescence optics (A inset, C, and D) . A : x 80; and inset : x 18. B, C, D : x 230 .

brane-bounded vesicles or endoplasmic reticulum cisternae
whose limiting membranes were lost during freezing, fixation,
or embedment. WGA is also found at the interface between
the cell wall and the protoplast (Fig . 10) .

Ultrathin sections cut from the surface of cryostat sections
that had been incubated with CS and ferritin-conjugated sec-
ond antibody lacked reaction product (Figs . 9 D and 10B) . As
an alternate control, cells in the interior of the radicle on
cryostat sections that had been treated with AS were checked
for reaction product . Since these cells, as well as those at the
surface of the radicle, were exposed at the surface of the
cryostat sections, both had equal access to antibody . Despite
the similarity in ultrastructure of the outer cells and those six
to seven layers to the interior of the radicle (i .e., they are both
rich in protein bodies and lipid inclusions), no reaction product
is evident within the interior cells (Fig . 9 B) . Thus, it is unlikely
that the ferritin seen in surface cells represents nonspecific
binding of antibodies to cellular components .

DISCUSSION

The results reported here, as well as our previous findings (25),
demonstrate that WGA is heterogeneously distributed in wheat

embryos and plants . Particular organs, and specific cell layers
within organs, contain the lectin. The consistent pattern that
emerges from this study is that, in both embryos and adult
plants, WGA is limited to regions where cells, initially enclosed
by protective layers, break through these layers and gain direct
exposure to the soil .
The coleorhiza and coleoptile are the first organs to emerge

from a germinating embryo. Both structures contain WGA in
their surface cells . Within the first 48 h of growth, the radicle
and first adventitious roots penetrate the coleorhiza. As a result,
both the internal cells ofthe coleorhiza and the surface cells of
the roots are exposed to the soil. Each of these cell types also
contains WGA. For the first 3-4 d after germination, growth
of the coleoptile accompanies that ofthe shoot . This pattern is
unlike that of the coleorhiza which, by the end of the second
day of growth, is penetrated by the root . Thus, the shoot does
not emerge from the coleoptile until it is 2-3 cm above the
surface of the grain . The external layer of the coleoptile con-
tains WGA, but neither its internal cells nor those on the
surface of the first leaves display reaction product . It may be
significant that the latter regions do not come into direct
contact with the soil as do both the coleorhiza and the surface
cells of the root .
MISHKIND ET AL.
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FIGURE 4

	

Near-longitudinal section through a whole wheat embryo (A) and sections through the epiblast (B and D) and the
coleorhiza (C and E) . The sections, photographed with DIC optics, were treated with AS (A, B, and C) or CS (D and E) . Sites of
antibody binding were visualized with the PAP technique. Compare the localization in A with that performed using fluorescence
(Fig. 2 B) . Note that, in contrast to the roots where it is mainly the surface cells that are labeled, all of the cells in the epiblast (B)
and coleorhiza (C) contain WGA-specific reaction product . Also note, however, that reaction product is most dense in the surface
cells of these organs . Surface cells of the coleoptile, which also stain for WGA (see Fig . 5), are visible in B (arrowhead) . The dark
layer of the grain coat (E, arrow) is naturally pigmented ; hence, the darkened appearance of this area is not due to peroxidase
reaction product . A : x 100 . B and D : x 300 . C and E : x 150 .



FIGURE 5

	

Sections through the leaves (L), coleoptile (star), and scutellum (S) of wheat embryos treated with AS (A, C, and D) or
CS (panels B and E) . The antigen-binding sites were visualized with the PAP technique, and the sections were photographed with
DIC optics . Note in A that reaction product is largely limited to the external surface of the coleoptile (star) and scutellum
(arrowhead) . A higher-magnification image (C) shows that reaction product at the surface of the coleoptile is limited to the
external cell layer. Cells adherent to the internal surface of the grain coat (small arrowheads in B and at higher magnification in D
and E) also stain for WGA. Note that the grain coat (G, in D) is naturally pigmented and appears dark in AS, CS (A, B, D, and E),
and untreated sections (not shown) . A and B : X 140. C : X 450 . D and E : X 1,575 .

WGA is present in adult plants in regions where develop-
mental events take place analogous to certain events that occur
in the embryo . Just below the epidermis, at nodes near the base
of the shoot, adventitious roots are initiated, differentiate, and
eventually emerge through the surface of the shoot . This tem-
poral sequence is accompanied by a WGA histological pattern
similar to that of the embryo, i .e., lectin is located on the
surface of the new root and on the root cap .
Both the amount and localization of WGA differ substan-

tially from that of the legume lectins so far examined . The
highest amounts (1-4 mg per seed ; 30, 31, 42) of legume seed
lectins have been found in the cotyledons, the storage organs
of the seed. Lectin is also present elsewhere in the embryonic
plant axis, though at considerably lower levels (<I% of that in
the cotyledons ; 16, 23, 30, 31, 33, 42) . Cytochemical studies

demonstrate that the seed lectins from the legumes Canavalia
ensiformis (concanavalin A [Con A] ; 9) and Phaseolus vulgaris
(phytohemagglutinin; 23) are uniformly distributed throughout
the cotyledons of these plants. In contrast to the legumes, wheat
contains only - 1 ltg of lectin per grain (25, 43). Unlike the
legume lectins, WGA is restricted to certain organs of the
embryo and often to particular cell layers within these organs.
Notably, WGA is absent from the storage tissue of the grain,
the endosperm (25, 43) .

In the legumes, the lectin levels decline rapidly during
germination and the first few weeks of growth . In certain
studies lectin was not detected in adult plants (16, 30, 33),
except in developing seeds (16) . Immunological techniques,
however, have demonstrated that low levels of lectin similar to
that of the seed are present in the roots of Glycine soja (40),
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FIGURE 6

	

Sections of adventitious roots from 2-month-old wheat
plants incubated with AS (A, C, E, and G) or CS (13, D, F, and H) . In
longitudinal sections of either recently formed (A and B) or expand-
ing adventitious roots that have not yet emerged from the epidermis
(C and D), reaction product for WGA is evident on the root cap and
surface . In fully emerged roots cut in either longitudinal (E and F)
or cross-section (G and H), reaction product is largely cc, -,fined to
the root cap, with more diffuse staining in the outer cell layer of the
root tip (G, arrowhead) . Antibody-binding sites were revealed with
the PAP technique, and the sections were photographed with DIC
optics . A, B, E, and F : x 75 . C and D : x 50 . G and H : x 100 .

Trifolium sp . (10), and Pisum sativum (13) . Proteins that im-
munologically cross-react with antibodies to seed lectins have
been found in other organs of adult plants but they do not
possess hemagglutinating activity (23, 42) .

In wheat, although the amount of WGA declines during
germination and early growth, the levels remain at one-third
to one-half of those in ungerminated grains throughout the
first month of growth (25) . The lectin in adult plants is similar
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FIGURE 7

	

Section through the epiblast of a wheat embryo treated
with AS . Antibody-binding sites were revealed with the PAP tech-
nique . Note that the reaction product for WGA is largely confined
to vesicles within the cytoplasm . The section was photographed
with DIC optics . x 750 .

to the grain-derived lectin, in that it cross-reacts with antibody,
possesses hemagglutinating activity, and binds chitin (25) . In
adult plants, WGA is found only in the tips of adventitious
roots, both before they emerge from the plant axis and after-
ward . Although lectin in adult soybean plants is also found in
the roots, it is mainly present in the root hair region rather than
at root tips (40) .
At the intracellular level, the seed lectins from Glycine max

(15) and Ricinis communis (44, 47) as well as WGA are found
in the matrix of protein bodies . In addition, there are reports
consistent with a similar location for phytohemagglutinin (23),
Con A (9), and the lectin from Datura stromonium (19) . Ultra-
structural evidence indicates that the seed lectin from Glycine
max is uniformly distributed throughout the matrix of protein
bodies (15) . WGA, however, is limited in its distribution within
protein bodies to a zone in close proximity to the organelle
membrane . The presence of WGA in wheat grains at a level
three orders-of-magnitude lower than that of typical legume
seed lectins (25, 43) is consistent with its limited distribution
within protein bodies (i .e ., at the organelle periphery) .
These findings are consistent with results concerning the

synthesis of WGA. WGA appears late during embryogenesis,
at a time after protein bodies are filled with storage protein
(43) . Perhaps the lectin attains its peripheral location by bind-
ing to sugar receptors present near the organelle membrane .
Since WGA is known to self-associate at sugar-binding sites
(46), lectin-lectin aggregates may be present as well. Evidence
from embryos and growing plants indeed indicates that WGA
is bound at its sugar-combining site. For example, WGA is
extracted from wheat germ most efficiently at low pH . Under
these conditions, the dimer form of the lectin dissociates and
the protein no longer binds its hapten (27) . In addition, al-
though small amounts of WGA are washed from the surface of
intact roots in the absence of hapten, the presence of hapten
greatly enhances the removal of lectin (25) .

Recently, Bowles (5) has suggested that the reversible inter-
action of lectins through their sugar-binding sites with endog-
enous glycosylated receptors may regulate the activity of either
the lectins or the receptors. In this context, specific endogenous
receptors for soybean lectin and Con A were purified (6) . The
evidence presented here concerning WGA as well as reports
on the lectins from clover (10) and the cellular slime molds (2,
38) indicate that there might be endogenous receptors for these
lectins as well.



FIGURE 8

	

Electron micrographs of a radicle incubated with AS followed by ferritin-labeled goat anti-rabbit immunoglobulin . The
tissue contains large numbers of protein bodies (see text) that appear as single (A) or multiple (8) units. Note that ferritin is largely
confined to the periphery of the protein bodies (arrowheads) . This is particularly evident at higher magnification (8). Some ferritin
is found also in the cytoplasm, in association with electron-lucent areas (star) . Sections were not poststained. A : x 34,000 . 8 : x
60,000 .

The WGA located at the root surface might be secreted from
the cytoplasm as a result of an exocytic event in which protein
bodies or protein body-derived vesicles fuse with the plasma
membrane . The WGA we observe near the cell wall in embry-
onic root cells is perhaps the product ofa small number ofsuch
events that might occur within a few hours of the beginning of
imbibition. A detailed study of the synthesis and secretion of
WGA from adventitious roots is currently in progress in our
laboratory.

Lectins from a great diversity of organisms have also been
localized to the cell surface or extracellular sites . For example,
mucin cells from the marine sponge Geodia cydonium synthe-
size and secrete a galactose-specific lectin that is found on the
surface ofthese and other cells in this organism (26) . In another

example, aggregating amoebae of the cellular slime molds
synthesize species-specific lectins that are thought to mediate
aspects of cell-cell adhesion events (see reference 1 for recent
review) . Observations in support of this hypothesis include a
cell surface location as demonstrated by immunocytochemistry
(8) and cell surface iodination (38) of a small proportion of the
lectin present in aggregating cells, a tenfold increase in surface
lectin levels elicited by divalent ligands (38), and a mutant with
an impaired lectin that is unable to proceed beyond the early
stages of aggregation (32) .
An example from the vertebrates is a lactose-specific lectin

in chicks the appearance of which during development coin-
cides with the time of greatest myoblast fusion activity (see
reference 1 for review) . Although a cell surface location for at
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FIGURE 9

	

Electron micrographs of a radicle (A and B) and coleoptile (C and D) treated with AS (A, B, and C) or CS (D) followed
by ferritin-labeled goat anti-rabbit ímmunoglobulin . Ferritin (arrowheads) is evident at the periphery of protein bodies located in
cells at the surface of the radicle (A) but is absent from similar bodies in cells in the interior of the radicle (B) . In the coleoptile
(C), protein bodies also display reaction product at the periphery; ferritin is absent from similar cells treated with CS (D) . The
electron-opaque particles in D (star) do not represent ferritin ; they are found in sections that were neither incubated with antibody
nor poststained (not shown) . Sections were poststained with uranyl acetate . A : X 100,000 . B : X 66,000 . C and D : x 43,000.
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FIGURE 10

	

Electron micrograph of cells treated with AS (A) or CS (B) followed by ferritin-labeled goat anti-rabbit immunoglobulin .
The cells were located at the periphery of the radicle, and the plane of section passes through the cell wall (W). Ferritin
(arrowheads) is evident at the periphery of the cell adjacent to the cell wall and in electron-lucent areas of the cytoplasm (star) .
CS-treated cells display no reaction product (B) . Sections were poststained in uranyl acetate. A : X 71,000 . B : X 67,000 .

least some of the lectin (28, 29) suggests a role in myoblast
fusion, the function of the lectin in muscle development re-
mains unclear (11, 18, 21) . A lectin similar or identical to the
muscle lectin is found in various embryonic (20) and adult (4,
7) tissues . The lectin is limited to particular regions in these
tissues (4), including the extracellular space between pancreatic
acini, secretory granules of goblet cells, and the area lining
hepatic sinusoids . Thus, numerous lectins, including WGA, are
found only in particular cell types, and often at cell surfaces or
within cells at the periphery of certain organs . The localization
patterns suggest that a common characteristic of these diverse
proteins is a site of action that includes the extracellular
environment .
Along with certain legume lectins, WGA is stable at elevated

temperatures (up to 60°C; 27) or in the presence of equimolar
concentrations of numerous proteases (K. Keegstra, R . Wie-
denhoeft, and E . Sohlberg, unpublished results) . Thus, both
the wheat and legume lectins possess characteristics which
would allow them to maintain their activity under harsh con-
ditions, whether it be the digestive tract of a seed predator or
the surface of a root. The low level of WGA in wheat grains as
compared to the large amount of lectin present in numerous
legume seeds argues against a role for WGA in the defense
against seed predators (17) . However, the fungidical properties
of purified WGA (24) coupled with the highly specific locali-
zation pattern we report here indicate that WGA may serve to
impede fungal growth . Both during germination and while
adventitious roots emerge from the shoot, openings form on
the surface of the plant that could serve as routes of entry for
pathogens . WGA is localized precisely at these potential infec-
tion sites .

We thank Craig Lending for advice on obtaining frozen sections, Sally
Kroehnke for printing the micrographs, and the Porter Instrument
Company, Doraville, Georgia for the loan of a Reichert Ultrastar
microscope.

Supported by National Science Foundation (NSF) grants PCM81-
04470 to B. A. Palevitz and PCM77-25399 to K. Keegstra. N. V.
Raikhel was also supported by funds from the Research Foundation,
University of Georgia and by NSFgrant PCM79-05043 to M. Cormier.

This research was completed in partial fulfilment of Ph.D . require-
ments of M. Mishkind at the State University of New York, Stony
Brook, New York .

Receivedforpublication 2 July 1981, and in revisedform S October 1981.

REFERENCES

I . Barondes, S . H . 1981 . Lectins : their multiple endogenous cellular functions . Anna. Rev.
Biochem . 50:207-231 .

2. Barnes, J . R ., and W. A. Frazier. 1980. Preparatio n of "'S1-discoidin I and the properties
of its binding to Diciyostehum discoideum cells. J. Biol. Chem . 255 :30-38.

3 . Bauer, W . D. 1981 . Infection of Legumes by Rhizobia. Annu. Rev. Plant Physiol. 32:404-
449.

4 . Beyer, E. C ., K . T. Tokuyasu, and S . H . Barondes. 1979 . Localization of an endogenous
lectin in chicken liver, intestine, and pancreas. J Cell Biol. 82 :565-571 .

5 . Bowies, D. J. 1979 . Lectins as membrane components: implications of lectin-receptor
interaction . FEBS (Fed. Eur. Biochem. Soc.) Lett. 102 :1-3.

6. Bowles, D . J ., and S. Marcus . 1981 . Characterization of receptors for the endogenous
lectins of soybean and jackbean seeds . FEBS (Fed. Ear. Biochem. Soc.) Lett 129 :135-138.

7 . Briles, E . B ., W. Gregory, P . Fletcher, and S . Kornfeld . 1979. Vertebrate lectins. Compar-
ison of properties of ß-galactose-binding lectins from tissues of calf and chicken. J Cell
Biol . 81 :528-537 .

8 . Chang, C .-M ., R . W. Reitherman, S . D. Rosen, and S . H. Barondes . 1975 . Cell surface
location of discoidin, a developmentally regulated carbohydrate-binding protein. Exp.
Cell Res. 95 :136-142 .

9 . Clarke, A . E., R . B. Knox, and M . A. Jermym . 1975 . Localization of lectins in legume
cotyledons. J. Cell Sci. 19 :157-167 .

l0 . Dazzo, F . B ., W . E . Yanke, and W. J. Brill . 1978 . Trifoliin : a Rhlzobium recognition
protein from white clover. Biochim . Biophys . Arta 539 :276-286.

11 . Den, H ., and J. H . Chin. 1981 . Endogenous lectin from chick embryo skeletal muscle is
not involved in myotube formation in vitro. J. Biol. Chem. 256:8069-8073 .

12 . Fisher, D. B . 1968. Protein staining of ribboned epon sections for light microscopy .
Histochemie. 16 :92-96.

13 . Gatehouse, J. A., and D. Boulter. 1980. Isolation and properties o£ a lectin from the roots
of Piston sativum (garden pea). Physiol Plant. 49:4371142 .

14 . Goldstein, I . J ., and C . E. Hayes. 1978. Th e lectins: carbohydrate-binding proteins of
plants and animals. Adv. Carbohydr. Chem. Biochem. 35 :127-340.

15 . Horisberger, M ., and M . Volanthen . 1980. Ultrastructural localization of soybean agglu-
tinin on thin sections of Glycine max (soybean) var. Altona by the gold method . Hisio-
chemistry. 65 :181-186 .

16 . Howard, 1 . K., H . J. Sage, and C . B . Horton. 1972. Studie s on the appearance and location
of hemagglmmins from a common lentil during the life cycle of the plant . Arch . Biochem.
Biophys. 149 :323-326 .

17 . Janzen, D. H ., H . B . Juster, and 1 . E . Liener . 1976 . Insecticidal action of the phytohemag-

MISHKIND ET AL .

	

Localization of Wheat Germ Agglutinin in Wheat

	

763



glulinin in black beans on a Bruchid beetle. Science (Wash. D. C.). 192:795-796 .
18 . Kaufman, S. J ., and M . L . Lawless . 1980. Thiogalactosid e binding lectin and skeletal

myogenesis . D&rentiation . 16:41-48.
19 . Kilpatrick, D . C ., M . M. Yeoman, and A. R. Gould . 1979. Tissue and subcefular

distribution of the lectin from Datura stramonium (thorn apple) . Biochem. J. 184:215-219 .
20 . Kobiler, D., E . C . Beyer, and S . H . Barondes. 1978 . Developmentally regulated lectins

from chick muscle, brain, and liver have similar chemical and immunological properties .
Dev. Biol. 64:265-272 .

21 . MacBride, R. G ., and R. 1. Przbylski . 1980 . Purified lectin from skeletal muscle inhibits
myotube formation in vitro. J. Cell Biol. 85 :617-625 .

22 . March, S. C ., I. Parikh, and P. Cuatrecassas. 1974 . A simplified method for cyanogen
bromide activation of agarose for affinity chromatography . Anal. Biochem. 60:149-152.

23 . Mialonier, G ., J .P. Privat, M . Monsigny, G. Kahlem, R . Durand, and M. L . Welther .
1973 . Isolement, propri6tés physico-chimiques et localization in vivo d'une phytohemag-
glutine (lectine) de Phaseolus vulgaris L . (var. rouge) . Physiol. Veg. 11 :519-537 .

24. Mirelman, D. E ., E . Galun, N . Sharon, and R . Lotan. 1975 . Inhibition of fungal growth
by wheat germ agglutinin . Nature (Land.) . 256:414-416.

25 . Mishkind, M ., K. Keegstra, and B . A. Palevitz. 1980 . Distribution ofwheat germ agglutinin
in young wheat plants. Plant Physiol. 66 :950-955 .

26. Mtiller, W. E . G ., R. K. Zahn, I . M61ler, B . Kurelec, G. Uhlenbruck, and P . Vaith. 1981 .
Cell aggregation of the marine sponge Geodia cydonium . Identification of lectin-producing
cells. Eur. J. Cell Biol. 24 :28-35 .

27 . Nagata, Y ., and M . M . Burger . 1974. Wheat germ agglutinin: molecular characteristics
and specificity for sugar binding. J. Biol. Chem . 249:3116-3122.

28. Nawak, T. P., D. Kobiler, L. E . Roel, and S. H . Barondes. 1977 . Developmentally
regulated lectin from embryonic chick pectoral muscle . J. Biol. Chem. 252:6026-6030 .

29. Podleski, T . R., and I . Greenberg . 1980 . Distribution and activity of endogenous lectin
during myogenesis as measured with antilectin antibody . Proc . Nail. Acad. Sci. U. S. A.
77 :1054-1058.

30. Pueppke, S . G ., W. D . Bauer, K . Keegstra, and A. L . Ferguson. 1978 . Role of lectins in
plant-micro-organism interactions II . Distribution of soybean lectin in tissues of Glycine
max (L .) Merr. Plant Physiol. 61 :779-784 .

31, Pueppke, S. G . 1979. Distribution of lectins in the jumbo Virginia and Spanish varieties
of the peanut, Arachis hypogea L. Plant Physiol 64 :575-580.

764

	

THE JOURNAL OF CELL BIOLOGY - VOLUME 92, 1982

32 . Ray, J ., T. Shinnick, and R. Lerner. 1979 . A mutation altering the function of a
carbohydrate binding protein blocks cell-cell cohesion in developing Dictyostelium discoi-
deum. Nature (Land.). 279:215-221 .

33 . Rouge, P . 1975 . Devenir des phytohemagglutinines provenant des diverse partie de la
graine dans lesjeunes germinations du pois . C. R. Acad. Sci. (D .) (Paris) . 280:2105-2108.

34 . Schmidt, E. L . 1979. Initiation of plant root-microbe interactions . Anna. Rev . Microbial.
33 :355-376.

35 . Sequeira, L. 1978 . lectins and their role in host-pathogen specificity . Annu. Rev. PhYto-
pathol. 16 :4531381 .

36 . Skaer, H, L. B ., F . Franks, and P. Echlin. 1978. Non-penetrating polymeric cryofixatives
for ultrastructural and analtyical studies of biological tissues. Cryobiology. 15 :589-602 .

37 . Smith, M . M ., and T . P. O'Brien . 1979 . Distribution of autofluorescence and esterase and
peroxidase activities in the epidermis of wheat roots. Aust. J. Plant Physiol. 6:201-219 .

38 . Springer, W . R., P. L . Haywood, and S. H. Barondes. 1980. Endogenous cell surface lectin
in Dictyostelium : quantitation, elution by sugar, and elicitation by divalent immunoglob-
ulin. J. Cell Biol. 87 :682-690.

39 . Spurr, A. R. 1969 . A low-viscosity epoxy resin embedding medium for electron microscopy .
J. Ultrastruc. Res. 39:345-363 .

40 . Stacy, G ., A . S . Paint, and W. J. BrilL 1980 . Host recognition in the Rhizobium-soybean
symbiosis. Plant Phystol. 66:609-614.

41 . Strauss, W . 1972. Phenythydrazine as an inhibitor of horseradish peroxidase for use in
immunoperoxidase procedures. J. Hislochem. Cyiochem. 20 :949-951 .

42 . Talbot, C . F., and M . E, Etzler . 1978 . Development and distribution of Dolichos biorus
lectin as measured by radioimmunoassay. Plant Physiol. 61 :847-850 .

43 . Triplett, B . A ., and R . S . Quatrano. 1982. Timing, localization, and control of wheat germ
agglutinin synthesis in developing wheat embryos . Dev. Biol. In press .

44 . Tully, R . E., and H . Beevers. 1976 . Protein bodies of castor bean endosperm. Plant Physiol.
58 :710716.

45 . Wilson, I . A., J . J . Skehl, and D . C . Wile y . 1981 . Structure of the haemagglutinin
membrane glycoprotein of influenza virus at A resolution. Nature (Land.). 289:366-373 .

46 . Wright, C . S . 1980 . Crystallographic elucidation of the saccharide binding mode in wheat
germ agglutinin and its biological significance . J. Mol. Biol. 141:267-291 .

47 . Youle, R . J ., and A . H. C . Huang . 1976 . Protein bodies from the endosperm of castor
bean. Plant Physiol. 58 :703-709.


