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Abstract

We have used a highly sensitive immunological tissue print technique to study cell- and tissue-specific
expression of heterologous genes in transgenic plants. Primary polyclonal antibodies, raised against le-
gumin of faba bean (Vicia faba L.) and 128 globulin of oat (4vena sativa L.) were used to localize these
proteins in transgenic tobacco seeds in a streptavidin-alkaline phosphatase assay in combination with
biotinylated secondary antibodies producing a higher sensitivity (by several amplification steps) of the
assay. Both storage protein genes were found to be expressed in a specific pattern. While legumin is
preferentially accumulated in certain parts of the embryo, the oat legumin-type globulin is restricted to
the endosperm. The applied technique is highly sensitive with a resolution power down to the single-

cell level and allows rapid screening of large numbers of samples.

Introduction

Recombinant DNA technology allows the study
of the expression patterns of a large number of
genes, either in their tissue of origin or after trans-
fer into heterologous hosts. Different techniques
are available for biochemical detection of specific
RNA or protein molecules in tissue extracts or at
the histological level. However, these techniques
are either not able to reveal data on cell-specific
expression patterns or are rather tedious and
time-consuming, such as iz sifu hybridization or
immunohistochemistry.

During our studies on seed protein gene ex-
pression in developing transgenic tobacco seeds
[1, 3] we wished to analyse a great number of
different transgenic lines for spatial and temporal

expression patterns of several dicot and monocot
genes and derived promoter deletion constructs.
To this end we improved the immunological tis-
sue print technique to detect very low levels of
foreign proteins in transgenic plants. In this com-
munication we demonstrate the efficiency, sensi-
tivity and resolution power of this technique for
localizing both a faba bean legumin and an oat
legumin-type globulin in seeds of transgenic to-
bacco plants.

Material and methods

Plant material

Transgenic plants of Nicotiana tabacum L. cv.
Gatersleben were grown in the greenhouse. Ex-
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periments were carried out with mature seeds of
the following transformants: plant TA 14/6 con-
taining one complete copy of the Vicia faba legu-
min B-type gene VfLeB4 [2] and plant 5/12 with
an unknown copy number of the 12S globulin
gene AsGlo5 from Avena sativa [15]. As shown
by ELISA, mature seeds of plant TA 14/6 con-
tain 0.8 ng legumin B protein per ug extracted
globulins [2]. Untransformed tobacco seeds were
used as control treatments.

Antibodies and immunostaining reagents

Monospecific antibodies directed against legumin
of Vicia faba and 12S globulin of Avena sativa
were produced in rabbits by a special immuni-
zation schedule [18]. The IgG fraction of the
antisera was enriched by ammonium sulphate
precipitation and further purified by affinity chro-
matography using homologous antigen covalently
linked to glutardialdehyde activated affinity ab-
sorbents according to the instructions of the
manufacturer (Boehringer, Mannheim). Deple-
tion of unwanted cross-reactivities was achieved
by antiserum absorption to tobacco globulins im-
mobilized on affinity absorbents. Specificities of
the primary antibodies were checked by dot-
immunobinding assay [9] using the homologous
storage protein as well as tobacco globulins as
antigenic probes. The biotinylated secondary an-
tibody (goat anti-rabbit IgG) and the streptavidin-
alkaline phosphatase conjugate were purchased
from Amersham. The immunostaining conditions
were optimized by retitration of primary and sec-
ondary antibodies and detection reagents. A mix-
ture of nitroblue tetrazolium chloride (NBT) and
5-bromo-4-chloro-3-indoxyl phosphate (BCIP)
from GIBCO was used as substrate for colour
development.

Tissue printing
Mature seeds were mounted with a quickly hard-

ening adhesive on a teflon block and carefully
dissected by hand into about 0.2 mm thick sec-

tions using a razor blade. Sections were put on a
snip of nitrocellulose paper, which was dipped
using forceps into hexane for 20 s to remove lip-
ids from the freshly cut surface. Subsequently
hexane was allowed to evaporate from the sample.
For tissue printing a strip of nitrocellulose paper
(Schleicher and Schuell, BA 85) was briefly
dipped into distilled water and subsequently laid
upon filter paper to remove excess water. After-
wards the strip was gently placed over the section
and pressed for 5-10 s onto the sample. The sec-
tion was then carefully removed from the paper.
When prints from different sections were placed
successively on the same strip, the nitrocellulose
was stored in a moist chamber until all prints had
been made. The quality of prints mainly depended
on the optimal moisture content of the nitrocel-
lulose rather than on the printing pressure. After
the prints had been made the nitrocellulose strip
was baked for 30 min at 60 °C.

Immunostaining of tissue prints

In order to block non-specific antibody binding
the tissue prints were placed in Tris-HCl-buffered
saline (TBS) pH 7.4 containing 5%, (w/v) non-fat
dried milk and 10%, (v/v) horse non-immune
serum for 12 h at 4 °C. After the blocking pro-
cedure, the tissue prints were rinsed briefly with
TBS and immediately transferred to a specific
primary antibody dilute 1:5000 in TBS supple-
mented with 1% (w/v) bovine serum albumin
(BSA), 10% (v/v) horse serum and 0.05% (v/v)
Tween 20 for 1 h at room temperature. After the
primary antibody treatment, unbound antibodies
were removed by three 10 min washes with TBS
containing 0.5% (v/v) Triton X-100 (TBS-T).
Tissue prints were then subjected to a secondary
antibody treatment by incubation with biotiny-
lated goat anti-rabbit IgG diluted 1:1000 in TBS
supplemented with BSA, horse serum, and Tween
20 for 1 h at room temperature. After the tissue
prints were washed in three changes of TBS-T
over a period of 30 min, the biotin moieties from
the biotinylated secondary antibody were labelled
by treatment with a streptavidin-alkaline phos-



phatase conjugate, diluted 1:300 in TBS supple-
mented with 0.5% (w/v) BSA, 1 mM MgCl,. Co-
lour development was examined under the
stereomicroscope and stopped by the addition of
20 mM EDTA dissolved in phosphate-buffered
saline.

Results and discussion
Efficiency of the method

Immunostaining of tissue prints has been used to
visualize the distribution pattern of abundant
proteins in several plant tissues [4, 17]. We im-
proved this method to detect very low levels of
heterologous proteins in transgenic cells by intro-
duction of a biotin-streptavidin based detection
system. In contrast to the method of Cassab and
Varner [4], we used a primary antibody with a
high avidity (diluted 1:5000) in combination with
a biotinylated secondary antibody and a strepta-
vidin-alkaline phosphatase assay for immunola-
belling of the antigen. The application of the
biotin-streptavidin reaction increased the effi-
ciency of the labelling procedure by the introduc-
tion of several amplification steps. Thereby the
technique became increased in sensitivity (detec-
tion of a few picograms). The high sensitivity of
the labelling procedure did not allow localization
of the distribution pattern of the abundant stor-
age proteins in tissue prints of faba bean and oat
seeds. For this purpose a shorter detection chain
with a lower sensitivity is recommended (unpub-
lished results). The high sensitivity of the de-
scribed immunolabelling procedure was also
borne out by a comparative analysis of legumin
expression in several transgenic tobacco seeds
estimated by an enzyme immunoassay [2] as well
as by immunostaining of their prints. Transgenic
tobacco seeds, containing a very low legumin level
of 0.8 ng legumin per ug seed globulin [2], were
also found to produce a significant staining reac-
tion in tissue prints of single seeds. An additional
advantage of the immunostaining method is its
high degree of specificity. Under appropriate con-
ditions, which vary with the primary antibody
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used, anti-storage globulin IgG cross-absorbed
with tobacco globulins showed no background
reaction to tobacco tissues. Furthermore, the
technique is simple; it neither requires extraordi-
nary technical expertise, manipulation and equip-
ment, nor production of specific antibody-enzyme
conjugates. All reagents, except for the primary
antibody, are commercially available.

Although the method prescribes an overnight
incubation with the blocking reagent, the actual
time needed to set up and process immunostain-
ing of tissue prints is considerably less than that
needed for ELISA, western blotting, or even im-
munohistology. Thus, for immunohistology each
sample must be fixed, embedded, sliced and
mounted prior to immunolabelling. The technique
used here effectively complements quantitative
techniques such as ELISA and western blotting.
Furthermore, immunological tissue printing can
be used with success if in the case of an appar-
ent insolubility of the protein, as shown for oat
128 globulin [15], the foreign protein is not de-
tectable by ELISA technique. However, the
method cannot be a substitute for electron mi-
croscopic immunolocalization of proteins, which
has its main advantage in the visualization of pro-
tein distribution at the subcellular level.

Expression patterns of dicot and monocot legumin-
type genes in transgenic tobacco seeds

We used the improved technique to examine the
tissue-specific expression pattern of two seed
storage protein genes, the Vicia faba legumin gene
LeB4 [1] and the evolutionary related Avena sa-
tiva 12S globulin gene AsGlo5 [15], in mature
transgenic tobacco seeds. As shown previously,
the transgenic tobacco line TA 14/6 contains one
copy of gene LeB4 [2], which causes consider-
able accumulation of LeB4 mRNA preferentially
in the cotyledons and the hypocotyl of torpedo
stage embryos as revealed by in situ hybridization
[3]. Tissue-print immunoblots detected a corre-
sponding pattern of protein accumulation. In
median-longitudinal sections the highest legumin
B4 concentration was found in cotyledons and
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hypocotyl; no protein was detected in embryonic
root tissue, provascular tissue, and shoot mer-
istem (Fig. 1a). Staining of endosperm was re-
stricted to single cells or cell groups. Endosperm
expression, as detected by RNA in situ hybridiza-
tion, seemed to be more uniform but GUS stain-
ing in seeds expressing LeB4 promoter/gus fusion
genes also revealed patches of endosperm cells
stained darkly blue within rather weakly stained
regions (see Fig. 3 in [3]). The spatial distribution
of Avena sativa 128 globulin was essentially dif-
ferent from that of legumin. As shown in Fig. 1b
the expression of the 12S globulin gene was con-
fined to the endosperm, especially to that part
surrounding cotyledons and hypocotyl; in the em-
bryo no appreciable expression was observed.
Untransformed tobacco seeds used for control
and incubated with the legumin and 128 globulin
antisera remained essentially unstained (Fig. 1¢).

An impression of the high resolving power of
the technique, reaching down to the level of single
cells, provides Fig. 2. In a sagittal section passing
the endosperm, the cells belonging to the upper
part of the endosperm can easily be distinguished
from those of the lower part. Cells of this region

apparently did not appear to accumulate 12S
globulin (Fig. 2a). When endosperm cells are ex-
amined in greater detail (higher magnifications),
12S globulin deposition was found to be more
pronounced within the peripheral zone than
within the inner region (Fig. 2b, ¢). Likewise, a
heterologous zein protein was detected close to
the wall of endosperm cells in mature transgenic
petunia seeds [16]. This kind of zonation may be
caused by an unequal distribution of cytoplasm in
endosperm cells and is consistent with the find-
ing that, as shown by in situ hybridization, Glo5-
mRNA follows the same distribution pattern
(R. Panitz, unpublished result).

Our studies revealed striking differences in the
histological expression pattern of a dicot and a
monocot 128 globulin gene in the dicot host Nic-
otiana tabacum. While the Vicia faba legumin B
gene is mainly expressed in the embryo, Avena
sativa 128 globulin accumulation has been found
exclusively in the endosperm. This behaviour of
both seed protein genes appears to reflect differ-
ent expression types in the monocot and dicot
gene donor species. Thus, in Avena sativa the 128
globulin gene expression is restricted to the aleu-

Fig. 1. Immunological tissue print localization of heterologous storage proteins in transformed tobacco seeds. a. Tissue print from
a median-longitudinal section showing the distribution pattern of the Vicia faba legumin B4 protein. Legumin B4 is localized in
cotyledons and hypocotyl, but not in embryonic root and provascular tissue. Only single cells of endosperm are labelled. b. Tissue
print from a median-longitudinal section showing the distribution pattern of the ASGlo5 protein. The Avena sativa 128 globulin
is localized exclusively in that part of the endosperm which covers the cotyledons and hypocotyl. c. Tissue print of a section from
an untransformed tobacco seed treated with antibodies against legumin as a control. The control does not show any signal. c, e,
h, m, r and v refer to cotyledon, endosperm, hypocotyl, shoot meristem, root and provascular tissue, respectively. Bars indicate

100 pm.
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Fig. 2. Immunological tissue print localization of the ASGlo5 protein in endosperm cells of transformed tobacco seeds. a. Tissue
print from a sagittal-longitudinal section cut on the plane passing the endosperm showing the multicellular composition of the tissue.
b, c. Tissue prints of longitudinal sections. Single endosperm cells are conspicuous by stronger staining of their peripheral zone

(arrowheads). Bars indicate 100 um.

rone and subaleurone layer of the starchy en-
dosperm (Manteuffel, Rudolph and Panitz, un-
published results). This is in conformity with the
endosperm-specific expression in transgenic to-
bacco seeds as shown in this paper. Endosperm-
specific expression of monocot genes in tobacco
is also known for other monocot seed protein
promoters including wheat [ 5, 13] maize [ 14] and
barley [ 12]. On the other hand, seed storage pro-
teins of legumes are accumulated in the large
cotyledonary parenchyma cells of the embryo [6],
which is consistent with the deposition pattern of
Vicia faba legumin in tobacco seeds. Analogous
cases of a dominating embryo-specific expression
of heterologous dicot seed protein promoters in
tobacco seeds have been reported for French
bean [8, 11] and pea [10, 7]. Taken together, the
data allow the conclusion that heterologous seed
protein genes introduced into the dicot host
Nicotiana tabacum do function in an origin-
specific manner.

Acknowledgements

This research was supported by the Ministry of
Science and Research, Land Sachsen-Anhalt,
Germany (project 240A0911).

References

1. Biumlein H, Miiller AJ, Schiemann J, Helbing D, Man-
teuffel R, Wobus U: A legumin B gene of Vicia faba is
expressed in developing seeds of transgenic tobacco. Biol
Zentbl 106: 569-575 (1987).

2. Baumlein H, Miiller AJ, Schiemann J, Helbing D, Man-
teuffel R, Wobus U: Expression of a Vicia faba legumin
B gene in transgenic tobacco plants: gene dosage-
dependent protein accumulation. Biochim Physiol Pflan-
zen 183: 205-210 (1988).

3. Baumlein H, Boerjan W, Nagy I, Panitz R, Inzé D, Wobus
U: Upstream sequences regulating legumin gene expres-
sion in heterologous transgenic plants. Mol Gen Genet
225: 121-128 (1991).

4. Cassab GI, Varner JE: Immunocytolocalization of ex-
tensin in developing soybean seed coats by immunogold-
silver staining and by tissue printing on nitrocellulose
paper. J Cell Biol 105: 2581-2588 (1987).

5. Colot V, Robert LS, Kavanagh TA, Bevan MW, Thomp-
son RD: Localization of sequences in wheat endosperm
protein genes which confer tissue-specific expression in
tobacco. EMBO J 6: 3559-3564 (1987).

6. Corke MK, Wang TL: An analysis of seed develop-
ment in Pisum sativum. XI. Cellular development and
the deposition of storage protein in immature embryos
grown in vivo and in vitro. Protoplasma 155: 127-135
(1990).

7. Ellis JR, Shirsat AH, Hepher A, Yarwood JN, Gatehouse
JA, Croy RRD, Boulter D: Tissue specific expression of
a pea legumin gene in seeds of Nicotiana plumbaginifolia.
Plant Mol Biol 10: 203-210 (1988).

8. Greenwood JS, Chrispeels MJ: Correct targeting of the



1134

10.

1L

12.

13.

bean storage protein phaseolin in the seeds of transformed
tobacco. Plant Physiol 79: 65-71 (1985).

. Hawkes R, Niday E, Gordon J: A dot-immunobinding

assay for monoclonal and other antibodies. Anal Bio-
chem 119: 142-147 (1982).

Higgins TIV, Newbigin EJ, Spencer D, Llewellyn DI,
Craig S: The sequence of a pea vicilin gene and its ex-
pression in transgenic tobacco plants. Plant Mol Biol 11:
683-695 (1988).

Hoffman LM, Donaldson DD, Bookland R, Rashka K,
Herman EM: Synthesis and protein body deposition of
maize 15-kd zein in transgenic tobacco seeds. EMBO J
6: 3213-3221 (1987).

Marris C, Gallois P, Kreis M: The 5'-flanking region of
a barley B hordein gene controls tissue and development
specific CAT expression in tobacco plants. Plant Mol
Biol 10: 359-366 (1988).

Robert SR, Thompson RD, Flavell RB: Tissue-specific
expression of a wheat high molecular weight glutenin gene
in transgenic tobacco. Plant Cell 1: 569-578 (1989).

14,

15.

16.

17.

18.

Schernthaner JP, Matzke MA, Matzke AJM: En-
dosperm-specific activity of a zein gene promoter in trans-
genic tobacco plants. EMBO J 7: 1249-1255 (1988).
Schubert R: Strukturelle und functionelle Charak-
terisierung von 12S Globulingenen des Hafers (4vena sa-
tiva L. cv. Solidor). Ph. D. thesis, Martin-Luther-
Universitit, Halle, Germany (1991).

Wallace JC, Ohtani T, Lending CR, Lopes M, William-
son JD, Shaw KL, Gelvin SB, Larkins AB: Factors af-
fecting physical and structural properties of maize protein
bodies. In: Lamb C, Beachy RN (eds) Plant Gene Trans-
fer, UCLA Symposium on Mol Cell Biology vol. 129, pp.
73-87, Alan R. Liss R, New York (1991).

Ye Z-H, Varner JE: Tissue-specific expression of cell wall
proteins in developing soybean tissues. Plant Cell 3: 23-37
(1991).

Zur Nieden U, Neumann D, Manteuffel R, Weber E:
Electron microscopie immunocytochemical localization
of storage proteins in Vicia faba seeds. Eur J Cell Biol 26;
228-233 (1982).



