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ABSTRACT

During male pmetophyte development the synthesis of several pro-
teins occurs from transcripts of the haploid genome. Alcohol dehydrog-
enase (ADHI), a developmentally regulated protein, was chosen for study
to determine the stage at which its synthesis was initiated and the pattern
of its synthesis during microsporogenesis. The ability ofADH to reduce
p-nitro blue tetrazolium chloride in situ was used as an indicator of
enzyme activity. Maize strains heterozygous for adhi were utilized to
provide an internal control, 50% of the gains being adhkl and 50% being
adhl-. No ADH activity was detectable when tetrads were first formed
after meiosis. Activity was initially detected soon after the tetrads began
to break apart but before the microspores in the tetrads had completely
separated. The transcription of the adhl gene from the haploid genome
must thus occur very soon after meiosis is completed. ADH activity
increases at a constant rate thereafter until microspore mitosis when an
increase in the rate takes place which lasts until generative cell division.
Thereafter, there is a marked decrease in the rate of accumulation of
ADH activity.

The synthesis of several proteins during the development of
the male gametophyte of angiosperms is dependent on the tran-
scription of the haploid genome. ADH2 in maize is one such
protein that has been conclusively shown to be transcribed and
translated after meiosis (4, 8). Similar evidence has been obtained
for other enzymes in corn (1, 3, 6, 7), in Clarkia dudleyana (14),
in tomato (13), and in Cucurbita (5). The precise stage after
meiosis during which the synthesis of these proteins is initiated
is not known, however. Our study was undertaken to determine
the stage in pollen development when the synthesis of ADH, a
cytoplasmic protein that is known to be under the control of the
haploid genome, was initiated, and also to determine the pattem
of accumulation of the enzyme in the developing microspore.
These results have been briefly reported (12).

MATERIALS AND METHODS

Two strains of Zea mays L., CH701 x A36-3-1-3 and T232 x
IL 14H, heterozygous for adhI (adhF/null) were used (seed kindly
provided by Dr. Major M. Goodman). Plants were grown in the
greenhouse and in the field. Anthers were collected from tassels
dissected out from the plant before their emergence or for later
stages, after tassel emergence. The length of the anthers from
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each floret was used to identify the approximate stage of pollen
development. Each floret contains three anthers at the same
developmental stage (2). One anther was squashed and stained
with Trypan Blue (10) to rapidly determine its stage, a second
was fixed in acetic acid:ethanol (1:3) for 4 h, then placed in 70%
ethanol for a more permanent staining by the Feulgen reaction.
The third anther was processed immediately for ADH activity.
The ADH assay used was basically that described by Freeling

(4). Anthers of the same developmental stage slit open to release
the microspores, were placed in a Petri dish with 30 ml of 0.1 M
Na phosphate buffer (pH 7.3). The samples were frozen at -20°C
for 3 to 4 h on a metal tray. They were then thawed at room
temperature while shaking at 30 rpm. The buffer was replaced
with 20 ml of staining solution containing 86 mm Na phosphate
(pH 7.3), 0.3 M p-nitroblue-tetrazolium chloride (Sigma Chemi-
cal Co.), 1.0 mM NAD+ (ICN Nutritional Biochemicals), and
9.5% ethanol. The microspores were stained in the dark for 3 to
4 h at 30 rpm. The reaction was stopped by replacing the staining
solution with 100% methanol. The preparations were photo-
graphed with a Zeiss CS-matic 35 mm camera attachment on a
Zeiss Universal Microscope using a planachromat 6.3/0.16 or
an achromat 40/0.85 (oil immersion) objective and Kodak Ek-
tachrome ASA 160 (3200 K) slide film. Bright field illumination
was used with a 12 v, 100 w Halogen lamp operated at 12 v to
give a color temperature of 3200 K. The film was processed
commercially. To determine the density of ADH staining, each
pollen grain on the color slides was scanned across its diameter
in three different directions in an LKB 2202 Ultroscan Laser
Densitometer and Integrator and the values averaged. To deter-
mine whether the stain density in the color slides was propor-
tional to enzyme concentration, different amounts of ADH
(yeast, crystallized and lyophilized, containing >90% protein;
activity, 200 units/mg protein; Sigma) were placed in wells of a
horizontal 11% starch gel and the enzyme caused to enter the
gel by electrophoresis. The conditions of electrophoresis and
assay for ADH activity were as described by Schwartz and Endo
(9). The stained gel bands were photographed with Ektachrome
ASA160 (3200 K) film. After processing the film, the stained
bands were scanned in the densitometer.

RESULTS AND DISCUSSION
Developing microspores and pollen were collected at different

stages starting with cells during meiosis and including stages up
to mature pollen grains. Strains heterozygous for adhl were
utilized because they provided an internal control, 50% of the
grains being adh positive and 50% adh negative (Fig. 1, E and
F). These results also confirm the specificity of the assay for
ADH activity. The assay forADH activity is based on the ability
ofthe enzyme to reduce p-nitroblue tetrazolium chloride in situ.
The results with both strains were identical, hence only the results
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FIG. 1. Microspores at different stages ofdevelopment stained for ADH activity. A, tetrads; B, tetrads in the process of separation; C, microspore
mitosis; D, mature pollen grains. A to D are at the same magnification. Low magnification view (E) of young microspores in interphase prior to
microspore mitosis and (F) mature pollen grains, showing 50% adh+ and 50% adh- grains.
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FIG. 2. Changes in ADH activity during microsporogenesis; average

values of three to five grains ±SE; a, tetrads; b, microspore mitosis; c,

generative cell division; d, mature pollen.

with T232X ILI4H are presented. No staining for ADH activity
was seen in microsporocytes (results not presented) or when
tetrads were first formed after meiosis (Fig. IA) or when the
microspores were still within the callose wall. Low levels of
staining were seen soon after the tetrads began to break apart
but before the microspores in the tetrads had completely sepa-
rated (Fig. 1 B). This would indicate that the transcription of the
adh gene from the haploid genome must occur very soon after
meiosis is completed. The ADH activity increased at progres-
sively older stages reaching a maximum in mature pollen grains
(Fig. 1, C-F).

Densitometer scans (Fig. 2) of the stained grains showed a
constant rate of increase in intensity of stain (i.e. ADH activity)
from soon after the beginning of tetrad dissolution until the
microspores became vacuolate prior to microspore mitosis. Soon
after microspore mitosis, the rate of ADH accumulation in-
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FIG. 3. Relationship between enzyme concentration and density of
stain. Purified ADH was electrophoretically introduced into a starch gel,
stained, photographed, and the stained bands then scanned in the den-
sitometer.

creased dramatically until generative cell division when it rapidly
leveled off. The intensity of the stained reaction as measured by
the densitometer appears to be an accurate reflection of enzyme
content ofthe grains. Different amounts ofthe crystalline enzyme
were introduced into a starch gel by electrophoresis and the
enzyme activity assayed (9). There is a linear relationship be-
tween enzyme concentration and density (results not presented).
The stained bands on color slides obtained by photographing the
gel also show a linear relationship between enzyme concentration
and density (Fig. 3). The linear relationship between enzyme
concentration and optical density of the stained reaction product
is thus maintained in the photographic reproduction on color
film. One is justified, therefore, in assuming that the densito-
metric scans of stained microspores are a measure of the relative
amount ofenzyme present in the grains at the different stages of
development and reflect the rate of synthesis and accumulation
of the ADH enzyme. Although the intensity of the stain in pollen
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and in the enzyme bands in a gel was within the same range, the
width ofthe regions scanned in the two cases was quite different.
The relative densitometer units of the two thus cannot be quan-
titatively compared. In an accompanying paper in this issue,
Singh et al. (1 1) report that a similar pattern of synthesis as seen
for ADH in corn is also found for ,B-galactosidase in Brassica
campestris which is an enzyme similarly synthesized from tran-
scripts of the haploid genome. The ADH enzyme is, however,
synthesized somewhat earlier in development than is the ,B-
galactosidase.
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