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pretreating the anthers before culture, we were able to rou-
tinely obtain 70 to 80% anther induction efficiency and 40%
microspore induction frequency (data not shown).
The first structural changes associated with embryogenic

induction were observed at the light microscopic level within
2 d after culture. At this time, embryogenic microspores had
undergone division, forming MCPG (Fig. 1A). After 7 d of
culture, proembryoids, still enclosed in the pollen wall, could
be observed in anther-squash preparations (Fig. 1B). With
continued cell division, the proembryoids developed into
small globular (day 10; Fig. 1C) and bipolar embryoids (day
14; Fig. 1D), and after 21 d, young embryoids penetrated the
anther wall (Fig. 1E). As the embryoids matured outside the
anther, they appeared similar to zygotic embryos of wheat
with a well-developed scutellum, shoot apex, and radicle.

Isolation of Pollen Embryoid-Specific cDNA Clones

To isolate clones corresponding to genes that are differen-
tially expressed during pollen embryogenesis of wheat, we
constructed a cDNA library from 21-d-old pollen embryoids
(Fig. 1E). The unamplified library consisted of approximately
3.5 X 105 clones, and the average insert size was 800 bp.
Nearly 50,000 clones have been screened, and based on the
intensity of hybridization signals, it was possible to identify
three groups of clones. Group 1 consisted of clones expressed
in abundance in both pollen embryoids and mature pollen,
group 2 clones were expressed in embryoids but in low
amounts in pollen, and clones classified as belonging to group
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Figure 1. Development of pollen embryoids of Triticum aestivum
cv Pavon at various stages after culture initiation. A, MCPG, day 2
(x570). B, Proembryoid still enclosed by the pollen wall, day 7
(x570). C, Globular stage, day 10 (x570). D, Bipolar stage, day 14
(x485). E, Young pollen embryoids emerging from the anther, day
21 (x23).

3 were expressed in abundance or low amounts in embryoids
but not at all in pollen (data not shown).

Specificity of cDNA Clones

Clones that exhibited the strongest preferential hybridiza-
tion to embryoids were further characterized. Because only
mature pollen RNA was used to make probes to screen the
library, it was possible that the putative embryoid-specific
clones we had isolated could be expressed at other stages of
pollen development. Expression in vegetative tissues was also
possible because our screening procedure would not have
detected these patterns either. The developmental specificity
of embryoid-abundant mRNA accumulation was assessed in
greater detail by reacting RNAs from vegetative tissues, zyg-
otic embryos, and pollen at different stages of development
with each cDNA clone in northern blot experiments.
Most of the clones in the library were expressed in both

pollen and vegetative tissues; however, Figure 2 shows RNA
gel blots that were hybridized to clones displaying various
degrees of developmental specificity. For example, pEMB94
(Fig. 2A) had an insert size of 800 bp and hybridized strongly
to 1100-base RNA present in 21-d-old pollen embryoids and
zygotic embryos of T. aestivum cv Pavon. No RNA was
detected in vegetative tissues or in pollen at different stages
of development. A second clone, pEMB4, showed a different
pattern of hybridization (Fig. 2B). The insert size of this clone
was 900 bp, and it hybridized strongly to 1000-base RNA.
This gene was not expressed in vegetative tissues, zygotic
embryos, pollen tetrads, or binucleate or trinucleate pollen.
The signal was seen, however, in uninucleate pollen (at the
time of culture) and in pollen embryoids.
Clone pEMB1 15 exhibited a very simple hybridization

pattern because it hybridized exclusively to RNA at 700 bases
in pollen embryoids (Fig. 2C). No RNA in any other lanes
hybridized to this probe even with very long exposures.
Figure 2D shows an example of a clone (pEMB18) that
displayed sporophytic specificity. The gene corresponding to
this clone was strongly expressed in vegetative tissues, em-
bryos, and embryoids but not in pollen at any stage.

Similar analyses have been performed with four additional
clones. Table I shows the results obtained from these and the
above experiments. Clones pEMB56 and 98 also appeared to
be embryo-specific candidates, whereas clone 27 showed less
specificity. Blot hybridization studies demonstrated that none
of these clones cross-reacted (data not shown), suggest-
ing that the cloned mRNAs were unique. Clone pEMB36
is one example of a group 1 clone that showed nonspecific
expression.
DNA gel blot analyses using T. aestivum cv Pavon DNA

digested with several restriction enzymes were performed to
determine how many copies of the corresponding gene exist
in the genome. The result with pEMB4, shown in Figure 3,
suggests that this clone represents a single- or low-copy
number gene in wheat. Southern analysis with pEMB94, 115,
and 56 showed the same copy number of the genes in the
genome (data not shown).
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Figure 2. Northern blot analysis of representa-
tive pollen embryoid cDNA clones. Wheat
RNAs isolated from the indicated tissues and
pollen stages during normal ontogeny were hy-
bridized with cDNA clones pEMB94 (A),
pEMB4 (B), pEMB1 15 (C), and pEMB18 (D). For
each blot, the lanes correspond to the follow-
ing: lane 1, stem; lane 2, root; lane 3, leaf; lane
4, 21-d-old pollen embryoid; lane 5, mature
zygotic embryo; lane 6, pollen tetrad; lane 7,
uninucleate microspore; lane 8, bicellular
pollen; lane 9, tricellular pollen. The sizes
of the markers are given to the left of the
autoradiograms.
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Temporal Expression of Embryogenic Clones

A key to defining mechanisms involved in regulating em-

bryoid-abundant genes is to determine precisely when they
are activated. To obtain information concerning the pattern
of accumulation of embryoid-specific RNA during pollen
embryogenesis, we isolated RNA from potentially embry-
ogenic microspores (time of culture), MCPG (2 d old), proem-
bryoids (7 d old), globular (10 d old), bipolar (14 d old), and
young embryoids (21 d old) and probed it with each putative
embryoid-specific cDNA clone. Results from the total RNA
slot blots (Fig. 4) revealed heterogeneity in mRNA accumu-

lation kinetics among the various clones, suggesting that the
corresponding genes were differentially expressed during
embryogenesis. RNA complementary to pEMB4 was first
detected in uninucleate pollen at the time of culture and
continued to accumulate through the mature pollen embryoid
stage. Hybridization signals for clone pEMB94 were not
detected in uninucleate pollen but appeared in MCPG and
maintained constant intensity through the mature pollen

embryoid stage (Fig. 4). Embryoid-abundant RNAs repre-

sented by pEMB56 and 98 did not appear until the proem-

bryoid stage but then accumulated through the formation of
young embryoids after 21 d of culture. It is interesting that
pEMB115 only hybridized to embryoid RNA during later
stages of development with the strongest signal in 21-d-old
embryoids (Fig. 4). In total, our results indicated that these
five embryoid-abundant genes were expressed at different
times during embryogenesis.

Fate of RNAs during Embryoid "Germination"

Pollen embryoids of T. aestivum cv Pavon can be induced
to 'germinate' and form whole plants if subcultured onto
agar-solidified MN6 medium containing 1 mg mL-1 of kinetin
(2). If the embryoids are not subcultured onto germination
medium, they fail to develop further and instead produce
extensive callus. It was of interest to determine the fate of
the embryoid-specific RNA during the germination process.
Figure 5 shows that there was a dramatic decline in the RNA

Table I. Northern Blot Analysis of cDNA Clones
Hybridization signal intensity is indicated by the number of + symbols.
Clone No. cDNA RNA Stem Root Leaf Zygotic Pollen Tetrads Uninucleate Binucleate Trinucleate
(pEMB) Embryos Embryoids Microspores Pollen Pollen

bp bases
4 900 1000 - - - - +++ - + - -

94 800 1100 - - - ++ + - - _ _
115 500 700 - - - - + - - - -
18 700 1600 +++ + ++ +++ +++ - - - -
27 460 600 - + - ++ ++ + + - -
36 720 3000 + ++ + + + + + ++ +
98 1400 1600 - - - - ++ - - - -
56 580 3700 - - - +++ +++ - - - -

Kb

4.4 -
2.4-
1.4-

0.24-

4.4-
2.4-
1 .4-

0.24-

C

1747

https://plantphysiol.orgDownloaded on February 26, 2021. - Published by 
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved. 

https://plantphysiol.org


Plant Physiol. Vol. 100, 1992

K.b I ;3

4..O~ - ..
O' i,'0- ~

.<~~ O *.4*.

1 2 3 4 5 6 7

Time of germination (days)

Figure 3. Southern blot analysis of restriction endonuclease-
digested wheat genomic DNA (10 tAg/lane) hybridized to embry-
oid-abundant clone pEMB4. Lane 1, EcoRI; lane 2, HindlIl;
lane 3, BamHl. Sizes of the markers are given to the left of the
autoradiogram.

levels for all five clones during the first 5 d of germination.
Hybridization signals continued to decrease and were no

longer detectable in any clone except pEMB94 through 8 d
of culture, when small green shoot meristems could be ob-
served arising from the embryoids.
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Figure 4. Developmental expression of embryoid-abundant RNAs.
Total RNA from various developmental stages of the embryoid was

blotted onto nylon membranes and hybridized to pollen embryoid
cDNAs. The autoradiograms were quantified using a scanning den-
sitometer, and the results are expressed as relative optical density.
Embryogenic stages are: 1, uninucleate microspores at the time of
culture; 2, MCPG (day 2); 3, proembryoid (day 7); 4, globular
embryoid (day 10); 5, bipolar embryoid (day 14); young embryoid
(day 21).

Figure 5. Changes in embryoid-abundant RNA during germination.
Total RNA was isolated from wheat pollen embryoids at various
times after being transferred to germination medium and blotted
onto nylon membranes. Slot blots were hybridized to the indicated
pEMB clones. Relative RNA amounts present during germination
are represented by the optical density of the hybridization signals
on autoradiograms. By day 8 on this medium, embryoids showed
well-organized shoot meristems.

RNA Synthesis in Nonembryogenic Cultures

To determine whether the observed pattern of RNA syn-

thesis in embryogenic cultures was due to morphogenesis or

to some indirect effect of 2,4-D and kinetin, an embryoid-
specific clone was used to probe RNA isolated from anther
cultures placed in noninductive conditions. In this experi-
ment, anthers containing uninucleate microspores were

placed in culture under continuous light, which is known to
inhibit the formation of pollen embryos in wheat (26). RNA
was isolated from pollen at various times during a 4-week
culture period and probed with pEMB94 using northern blot
analysis. In contrast to embryogenic cultures, hybridization
signals could not be detected at any time, and the uninucleate
pollen failed to become embryogenic (data not shown). This
supports the idea that the differential gene expression ob-
served in embryogenic cultures is due to androgenesis and
not to some indirect effects of tissue culture.

DISCUSSION

This study has shown that it is possible to use differential
screening of a cDNA library to isolate sequences with en-

hanced expression in embryogenic microspores and pollen
embryoids of wheat. The majority of the clones in this library,
however, were expressed in both pollen and various vegeta-
tive tissues. Although there are no current estimates concern-

ing the number of pollen embryoid-specific sequences in
plants, there are approximately 20,000 diverse genes ex-

pressed in zygotic embryos during embryogenesis (11). Most
of these genes encode rare mRNAs of unknown function. If
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pollen embryoids are similar to zygotic embryos in this re-
gard, cDNAs for these rare mRNAs could be at such low
concentrations in our probes that we were unable to produce
detectable signals in our screening procedure. This could
explain the relatively few clones identified as embryoid spe-
cific in our library.
Those cloned mRNAs identified as embryoid-specific in

this study represent developmentally regulated genes whose
expression is induced during pollen embryogenesis in wheat
anther cultures. Two clones, pEMB4 and 94, were expressed
very early during culture, suggesting that these genes are
associated with morphogenesis and are not simply expressed
as a consequence of differentiation. The accumulation pat-
terns of five clones may indicate the activation of specific
genes associated with the major morphological and physio-
logical activities connected with the formation and differen-
tiation of pollen embryoids in vitro. Although there is no
conclusive evidence that embryoid-abundant gene expression
is causally related to this pathway, such a role appears
plausible because these genes were spatially and temporally
specific and were not expressed in microspores cultured
under noninductive conditions.

Studies of the basic mechanisms of pollen androgenesis
are rare, and the biochemical or molecular basis for the
developmental transformation of microspores into pollen cal-
lus or embryoids has not been established for any plant
species. In general, there is a requirement for altered synthesis
and accumulation of RNA and proteins in responsive micros-
pores, leading to the first sporophytic type divisions.
Bhojwani et al. (5) showed that in nonembryogenic tobacco
pollen there was a rapid increase in RNA and proteins during
culture, whereas both of these macromolecules declined in
potentially embryogenic pollen. In this work, Bhojwani et al.
(5) proposed that sporophytic gene expression associated with
androgenesis only began after the gametophytic program had
been suppressed in culture. In contrast, androgenic induction
in Hyoscyamus niger involves the synthesis of new mRNA
within the first hour of culture and embryogenic divisions 6
to 12 h after that (20, 21). Recently, Pechan et al. (19) used
in vitro translation studies to identify mRNAs and proteins
that appear to be associated with induction and the early
stages of embryogenesis in Brassica microspores. Kyo and
Harada (15) showed that certain phosphoproteins appear
during the transformation of microspores to embryoids in
tobacco and that these phosphoproteins are not observed
during normal pollen ontogeny. Our study with wheat sup-
ports these observations and demonstrates that these bio-
chemical changes reflect differential expression of develop-
mentally specific genes.
Although our findings do not provide information con-

cerning the mechanisms that activate the synthesis of new
mRNA during androgenesis or the functions of the proteins
they synthesize, there are some interesting observations that
relate to these questions. First, because sporophytic type
growth is generally induced in uninucleate microspores in
many androgenic plants, including wheat (22), the onset of
the first haploid mitosis may represent an important devel-
opmental switch. This concept is supported by the finding
that new sets of genes are expressed at the time of the first

haploid mitosis in corn (4) and wheat (25) and that this
characterizes a critical transition stage during microgameto-
genesis. Furthermore, Pechan et al. (19) noted that some of
the proteins synthesized during the embryogenic induction
of Brassica microspores were possibly heat-shock proteins. It
can be speculated then that the physical shock brought on
by anther excision and culture might alter the pattern of gene
expression in potentially embryogenic microspores so that
during androgenic induction the first haploid mitosis marks
a switch in the developmental program of the male gameto-
phyte from one of terminal differentiation to one concemed
with continued division and growth. Clone pEMB4 may be
an example of a 'transition' gene normally only expressed at
the time of the first haploid mitosis but, as a consequence of
embryogenic induction, remains turned on in developing
embryoids. Following induction, other genes become acti-
vated, reflecting the dramatic morphological and physiolog-
ical changes that occur during embryogenesis.
The genes we have identified with enhanced expression in

pollen embryoids will be useful tools in future studies on
gene expression during pollen androgenesis. Currently, we
are using these clones for in situ hybridization studies to
follow the distribution of transcripts in potentially embry-
ogenic microspores and embryogenic pollen during devel-
opment. We are also screening a genomic library to charac-
terize embryoid-specific genes and their regulatory elements.

LITERATURE CITED

1. Albani D, Robert LS, Donaldson PA, Altosaar I, Arnison PG,
Fabijanski SF (1990) Characterization of a pollen-specific
gene family from Brassica napus which is activated during
early microspore development. Plant Mol Biol 15: 605-622

2. Armstrong TA, Metz SG, Mascia PN (1987) Two regeneration
systems for the production of haploid plants from wheat
anther culture. Plant Sci 51: 231-237

3. Aviv H, Leder P (1972) Purification of biologically active globin
messenger RNA by chromatography on oligothymidylic acid-
cellulose. Proc Natl Acad Sci USA 69: 1408

4. Bedinger PA, Ederton MD (1990) Developmental staging of
maize microspores reveals a transition in developing micros-
pore proteins. Plant Physiol 92: 474-479

5. Bhojwani SS, Dunwell JM, Sunderland N (1973) Nucleic-acid
and protein contents of embryogenic tobacco pollen. J Exp Bot
24: 863-871

6. Brown SM, Crouch ML (1990) Characterization of a gene family
abundantly expressed in Oenothera organensis pollen that
shows sequence similarity to polygalacturonase. Plant Cell 2:
263-274

7. Chu CC, Hill RD (1988) An improved anther culture method
for obtaining higher frequency of pollen embryoids in Triticum
aestivum L. Plant Sci 55: 175-181

8. Davis LG, Dibner MD, Baftey JF (1986) Basic Methods in
Molecular Biology. Elsevier, Amsterdam, The Netherlands

9. Dellaporta SL, Wood J, Hicks JB (1985) Maize DNA miniprep.
In R Malmberg, J Messing, I Sussex, eds, Molecular Biology of
Plants: A Laboratory Course Manual, Cold Spring Harbor
Laboratory, New York, pp 36-37

10. Feinberg, AP, Vogelstein B (1983) A technique for radio-label-
ling DNA restriction endonuclease fragments to high specific
activity. Anal Biochem 132: 6-13

11. Goldberg RB, Hoschek G, Tam S, Ditta GS, Breidenbach RW
(1981) Abundance, diversity and regulation of mRNA se-
quence sets in soybean embryogenesis. Dev Biol 83: 201-217

1 749

https://plantphysiol.orgDownloaded on February 26, 2021. - Published by 
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved. 

https://plantphysiol.org


1750 REYNOLDS AND KITTO

12. Gubler U, Hoffman BJ (1983) A simple and very efficient
method for generating cDNA libraries. Gene 25: 263-269

13. Hanson DD, Hamilton DA, Travis JL, Bashe DM, Mascaren-
hasJP (1989) Characterization of a pollen-specific cDNA clone
from Zea mays and its expression. Plant Cell 1: 173-179

14. Holmes DS, Quigley (1981) A rapid boiling method for the
preparation of bacterial plasmids. Anal Biochem 114: 193-197

15. Kyo M, Harada H (1990) Specific phosphoproteins in the initial
period of tobacco pollen embryogenesis. Planta 182: 58-63

16. Logemann J, Schell J, Willmitzer L (1987) Improved method
for the isolation of RNA from plant tissues. Anal Biochem 163:
16-20

17. Mascarenhas JP (1989) The male gametophyte of flowering
plants. Plant Cell 1: 657-664

18. Mascarenhas JP (1990) Gene activity during pollen develop-
ment. Annu Rev Plant Physiol Plant Mol Biol 41: 317-338

19. Pechan PM, Bartels D, Brown DCW, SchellJ (1991) Messenger-
RNA and protein changes associated with induction of Brassica
microspore embryogenesis. Planta 184: 161-165

20. Raghavan V (1979) Embryogenic determination and ribonucleic

Plant Physiol. Vol. 100, 1992

acid synthesis in pollen grains of Hyoscyamus niger. Am J Bot
66: 36-39

21. Raghavan V (1981) Distribution of poly(A)-containing RNA
during normal pollen development and during induced em-
bryogenesis in Hyoscyamus niger. J Cell Biol 89: 593-606

22. Raghavan V (1986) Embryogenesis in Angiosperms. Cambridge
University Press, London, UK

23. Sambrook J, Fritsch EF, Maniatis T (1989) Molecular Cloning:
A Laboratory Manual, Ed 2. Cold Spring Harbor Press, Cold
Spring Harbor, NY

24. Twell D, Wing R, Yamaguchi J, McCormick S (1989) Isolation
and expression on an anther-specific gene from tomato. Mol
Gen Genet 247: 240-245

25. Vergne P, Dumas C (1988) Isolation of viable wheat male
gametophytes of different stages of development and varia-
tions in their protein patterns. Plant Physiol 88: 969-972

26. Wenzel G, Foroughi-Wehr B (1984) Anther culture of cereals
and grasses. In IK Vasil, ed, Cell Culture and Somatic Cell
Genetics of Plants, Vol 1. Academic Press, New York, pp
311-327

https://plantphysiol.orgDownloaded on February 26, 2021. - Published by 
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved. 

https://plantphysiol.org

