










protein bodies, and the cisternal stacks are not labeled. Golgi
complexes also are common in endosperm tissue harvested at
the hard dough stage, and the vesicles at the distal phase are
specifically labeled (Figs. 13 and 14). Large vesicles near the Golgi
apparatus usually are more intensely labeled with protein A gold
particles than are the small vesicles (compare Figs. 11 and 12
with 13 and 14).

DISCUSSION

SDS-PAGE resolved the alcohol-soluble secalins from rye seeds
into four distinct classes of polypeptides (Fig. SA), the molecular
weights of which are different from those reported by Shewry
and co-workers (1983). Under our electrophoretic conditions, the
two major y-secalin polypeptides had molecular weights of about
57 and 33 kDa, as opposed to 75 and 40 kDa (Shewry et al
1983). These differences could be due to differences in electro-
phoretic conditions that result in anomalous migration of cereal
prolamins (Bunce et al 1985, Ng and Bushuk 1989). The fact
that wheat prolamin antibodies cross-reacted extensively with
,y-secalins is not surprising, given the fact that S-rich prolamins
of wheat (-y- and a-gliadins) show sequence homology with
'y-secalin of rye (Shewry et al 1984, Kasarda et al 1984, Kreis
et al 1985). This homology enabled us to carry out immuno-
cytochemical investigation of protein body formation in rye.

Mature protein bodies in rye endosperm appear to be formed
by the fusion of several smaller protein granules, a process that
gives rise to large, irregularly shaped protein bodies (Fig. 3). A
similar situation occurs in wheat, where the different individual
small protein bodies can be easily identified by their surrounding
membranes. In rye, however, the individual components that
comprise a large protein body are less easily resolved. Ultrastruc-
tural analysis reveals no obvious differences in the composition
of materials within the protein bodies, i.e., they appear to be
composed of uniformly textured filamentous proteinaceous ma-
terial (Figs. 7 and 8).

Formation of protein bodies in rye appears to be analogous
to that in wheat (Buttrose 1963, Bechtel et al 1982, Parker 1982,
Parker and Hawes 1982, Kim et al 1988) and in some leguminous
plants (Herman and Shannon 1984, Craig and Goodchild 1984,
Greenwood and Chrispeels 1985, Chrispeels 1985), where the
deposition of vacuolar proteins is mediated by the Golgi appara-
tus. This mode of prolamin protein body formation differs from
that of sorghum (Taylor et al 1985, Krishnan et al 1989) maize,
(Larkins and Hurkman 1978, Ludevid et al 1984, Lending et al
1988) and rice (Oparka and Harris 1982, Krishnan et al 1986).
In these species, the alcohol-soluble proteins are deposited directly
into the lumen of rough ER. Thus the rough ER serves as both
the site of synthesis and deposition of these proteins. Even though
extensive rough ER characterizes the rye endosperm, this organelle
is not labeled. Although this observation suggests that rough ER
does not act as the primary site of prolamin deposition in rye
endosperm, we cannot exclude the possibility that this organelle
has some secondary role in prolamin protein body formation.

ACKNOWLEDGMENTS

This is Journal Series no. 11,121 of the Missouri Agricultural
Experiment Station and was supported by funds from the Food for the
21st Century Program. We thank Dave Pinkerton for photographic
assistance.

LITERATURE CITED

BECHTEL, D., B., and BARNETT, B. D. 1986. A freeze-fracture study
of storage protein accumulation in unfixed wheat starchy endosperm.
Cereal Chem. 63:232-240.

BECHTEL, D. B., GAINES, R. L., and POMERANZ, Y. 1982. Early
stages in wheat endosperm formation and protein body formation. Ann.
Bot. 50:507-518.

BUNCE, N. A. C., WHITE, R. P., and SHEWRY, P. R. 1985. Variation
in estimates of molecular weights of cereal prolamins by SDS-PAGE.
J. Cereal Sci. 3:131-142.

BUTTROSE, M. S. 1963. Ultrastructure of the developing wheat

endosperm. Aust. J. Biol. Sci. 16:305-317.
BURNETT, W. N. 1981 Western blotting: Electrophoretic transfer of

proteins from SDS-polyacrylamide gels to unmodified nitrocellulose
and radiographic detection with antibody and radioiodinated protein
A. Anal. Biochem. 112:195-203.

CAMERON-MILLS, V., and VON WETTSTEIN, D. 1980. Protein body
formation in the developing barley endosperm. Carlsberg Res.
Commun. 45:577-594.

CAMPBELL, W. P., LEE, J. W., O'BRIEN, T. P., and SMART, M. G.
1981 Endosperm morphology and protein body formation in developing
wheat grain. Aust. J. Plant Physiol. 8:5-19.

CHRISPEELS, M. J. 1985. The role of the Golgi apparatus in the
transport and post-translational modification of vacuolar (protein body)
proteins. Pages 43-68 in: Oxford Surveys of Plant Molecular and Cell
Biology. Vol. 2. B. J. Miflin, ed. Oxford University Press, Oxford,
UK.

CRAIG, S., and GOODCHILD, D. J. 1984. Periodate-acid treatment
of sections permits on grid immunogold localization of pea seed vicilin
in ER and Golgi. Protoplasma 122:35-54.

FIELD, J. M., SHEWRY, P. R., MARCH, J., and MIFLIN, B. J. 1982.
The purification and characterization of homologous high molecular
weight proteins from grain of wheat, rye and barley. Theor. Appl.
Genet. 62:329-333.

GREENWOOD, J. S., and CHRISPEELS, M. J. 1985. Immuno-
cytochemical localization of phaseolin and phytohemagglutinin in the
endoplasmic reticulum and Golgi complex of developing bean
cotyledons. Planta 164:295-302.

HERMAN, E., and SHANNON, L. M. 1984. Immunocytochemical
evidence for the involvement of Golgi apparatus in the deposition of
seed lectin in Bauhinia purpurea (Leguminosae). Protoplasma 121:163-
170.

KASARDA, D. D., OKITA, T. W., BERNADIN, J. E., BAECKER,
P. A., NIMMO, C. C., LEW, E. J. L., DIETLER, M. D., and GREEN,
F. C. 1984. Nucleic acid (cDNA) and amino acid sequence of a-type
gliadins from wheat (Triticum aestivum) Proc. Natl. Acad. Sci. USA
81:4712-4716.

KIM, W. T., FRANCESCHI, V. R., KRISHNAN, H. B., and OKITA,
T. W. 1988. Formation of wheat protein bodies: Involvement of the
Golgi apparatus in gliadin transport. Planta 176:173-182.

KREIS, M., SHEWRY, P. R., FORDE, B. G., and MIFLIN, B. J. 1985.
Structure and evolution of seed storage proteins and their genes with
particular reference to those of wheat, barley and rye. Pages 253-317
in: Oxford Surveys of Plant Molecular and Cell Biology. Vol. 2. B.
J. Miflin, ed. Oxford University Press: Oxford, UK.

KRISHNAN, H. B., FRANCESCHI, V. R., and OKITA, T. W. 1986.
Immunocytochemical studies on the role of the Golgi complex in
protein-body formation in rice seeds. Planta 169:471-480.

KRISHNAN, H. B., WHITE, J. A., and PUEPPKE, S. G. 1988.
Immunogold localization of prolamins in developing Haynaldia villosa
endosperm. Protoplasma 144:25-33.

KRISHNAN, H. B., WHITE, J. A., and PUEPPKE, S. G. 1989. Immuno-
cytochemical analysis of protein body formation in seeds of Sorghum
bicolor (L.) Moench. Can. J. Bot. 67:2850-2856.

LAEMMLI, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227:680-685.

LARKINS, B. A., and HURKMAN, W. G. 1978. Synthesis and deposition
of zein proteins in maize endosperm. Plant Physiol. 62:256-263.

LENDING, C. R., KRIZ, A. L., LARKINS, B. A., and BRACKER,
C. E. 1988. Structure of maize protein bodies and immunocytochemical
localization of zeins. Protoplasma 143:51-62.

LUDEVID, M. D., TORRENT, M., MARTINEZ-IZQUIERDO, J. A.,
PUIGDOMENECH, P., and PAULAU, J. 1984. Subcellular
localization of glutelin-2 in maize (Zea mays L.) endosperm. Plant
Mol. Biol. 3:227-234.

MIFLIN, B. J., BURGESS, S. R., and SHEWRY, P. R. 1981. The
development of protein bodies in the storage tissues of seeds: Subcellular
separation of homogenates of barley, maize and wheat endosperm and
pea cotyledons. J. Exp. Bot. 32:199-219.

NG, P. K. W., and BUSHUK, W. 1989. Concerning the nomenclature
of high molecular weight glutenin subunits. J. Cereal Sci. 9:53-60.

OKITA, T. W., KRISHNAN, H. B., and KIM, W. T. 1988. Immunological
relationships among the major seed proteins of cereals. Plant Sci. 57:103-
111.

OPARKA, N., and HARRIS, N. 1982. Rice protein body formation:
All types are initiated by dilation of the endoplasmic reticulum. Planta
154: 184-188.

PARKER, M. L. 1982. Protein accumulation in developing endosperm
of a high-protein line of Triticum dicoccoides. Plant Cell Environ. 5:37-
43.

PARKER, M. L., and HAWES, C. R. 1982. The Golgi apparatus in

Vol. 67, No. 4,1990 365




