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Summary. Immature tassel meristems (1.0-1.5 cm long) 
of Z e a  m a y s  L. inbred, Oh43, and single cross hybrid, 
Se60, cultured on a nutrient liquid medium underwent 
extensive development through to maturity and pro- 
duced normal, mature, trinucleate pollen grains. The 
grains germinated on nutrient agar and on receptive silks 
and also produced viable kernels. No differences were 
observed between in vitro-produced pollen and in vivo 
pollen (pollen from greenhouse-grown plants) in charac- 
teristics such as pollen size, in vitro and in situ germina- 
tion, and pollen tube growth in vitro. The kernels pro- 
duced with in vitro pollen grew into mature plants 
(in vitro plants) which were similar to in vivo plants 
(plants produced with in vivo pollen), with no significant 
differences for all the morphological characteristics mea- 
sured, and no phenotypic and cytological abnormalities. 
Gel electrophoresis of polypeptides revealed no major 
differences between in vitro and in vivo seedlings. This 
demonstration of fertilization and production of normal, 
uniform plants with pollen from cultured tassels has sig- 
nificant potential in basic and applied research studies. 
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Introduction 

The in vitro culture of immature flower primordia allows 
a number of exploratory and manipulative research op- 
portunities which may not be possible on the intact plant. 
In addition to the factors underlying flower morphoge- 
nesis, the biochemistry and physiology of meiosis, mega- 
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and microsporogenesis, and pollen production might be 
studied in both normal and mutant genotypes. Also, in- 
vestigations of the nutritional and environmental factors 
necessary for normal inflorescence growth and differenti- 
ation are possible. 

Despite many attempts at in vitro culture of floral 
primordia (see review by Rastogi and Sawhney 1988), 
reports of normal growth until maturity are rare. The 
normal development of stamens and ovules, and the dif- 
ferentiation of pollen were documented in cucumber, 
Viscaria,  tobacco, Begonia  and tomato (see Rastogi and 
Sawhney 1988). In cereals, the culture of immature inflo- 
rescences leading to normal development has been docu- 
mented only recently (Polowick and Greyson 1982; 
Pareddy and Greyson 1985), though the in vitro culture 
of inflorescence for callus or plantlets is more common 
(Vasil 1985). The initial reports of tassel culture of maize, 
both from cultivars Se60 (Polowick and Greyson 1982) 
and Oh43 (Pareddy and Greyson 1985), documented that 
immature tassel primordia undergo exensive normal de- 
velopment from anther initiation through meiosis and 
microsporogenesis to the production of normal, trinu- 
cleate pollen. The ear shoots of maize were also shown to 
produce mature pollen in vitro under certain conditions 
(Bommineni and Greyson 1987). 

The production of germinable and viable pollen from 
in vitro-cultured flower primordia (Pareddy et al. 1987) 
had not been demonstrated in any plant species prior to 
our preliminary report. Here, we extend our observations 
to the production of normal, germinable and viable pol- 
len from in vitro-cultured maize tassels and report on the 
function of in vitro-derived pollen (in vitro pollen) in 
relation to in vivo pollen, by comparing some pollen 
characteristics. Also we document that plants produced 
with in vitro pollen are normal and uniform with no 
detectable morphological or cytological variability. 
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Materials and methods 

Plant material 

Seeds of Zea mays, field corn inbred Oh43 (Sul/Sul)  and sweet 
corn single cross hybrid Se60 (sul/sul) were germinated and 
grown, 1 -2  per pot, in 20 cm plastic pots containing a standard 
greenhouse soil mixture of  loam/sand/peat (8/5/4). The plants 
were raised in the greenhouse with an 18 h photoperiod supple- 
mented by fluorescent and incandescent illumination. The day/ 
night temperature was maintained at 24/18+2~ A soluble 
fertilizer (20-20-20) was applied at weekly intervals. 

Tassel culture 

Shoot segments were selected, surface-sterilized and dissected 
aseptically as described previously (Pareddy and Greyson 1985). 
The immature tassels of 1.0-1.5 cm size were placed into 125 ml 
Erlenmeyer flasks containing 40 ml of liquid basal medium. The 
medium was composed of Murashige and Skoog (1962) major 
and minor elements, White's (1943) vitamins and glycine, myo- 
inositoL (100rag/l), sucrose (0.1-0.3 M), casein hydrolysate 
(30 mg/1) and kinetin (10 -7 M). The pH of the medium was 
adjusted to 5.8 before autoclaving. Flasks were incubated with- 
out shaking in growth cabinets at 28_  1 ~ and with 18 h light 
(40-50 laE m -z s-1)/6 h dark photoperiod. 

Pollen collection and measurements 

The cultured tassels were harvested after 16-25 days of culture 
when the spikelets extruded anthers. Freshly extruded anthers 
were excised, dried on either Whatman no. 1 or no. 3 filter paper 
in a desiccator containing a mixture of dehydrated silica gel and 
CaC1 z for 0 .5-5 h while the pollen was shed. Unextruded an- 
thers were also excised from spikelets and dissected to release 
pollen in either liquid pollen-germinating medium or paraffin oil 
(Cook and Walden 1965). For controls, pollen was collected 
from greenhouse-grown plants between 10.00 and 12.00 o'clock. 
In each case, pollen was used for germination or fertilization 
within 15 min of collection. For pollen measurements, freshly 
collected pollen was stained in propiocarmine and photo- 
graphed. Pollen dimensions were measured from photo- 
micrographs or projected negative images. 

In vitro germination of pollen 

In vitro germination of pollen was conducted on the medium 
containing 12% sucrose, 0.03% CaCIe .2H20  and 0.01% 
H3BO 3 (Cook and Walden 1965) modified by increasing the 
agar content from 0.7% (Noble agar) to 1.5% (DIFCO 
no. 0140-01 agar) (modified Cook and Walden basal medium, 
MCWBM). Pollen grains from (1) extruded anthers; (2) un- 
extruded anthers, or (3) greenhouse-grown plants were applied 
uniformly to the medium in petri dishes (Falcon no. 3002) in 
sealed containers with a relative humidity in approximately 
90%-100% and were incubated at 26~ Samples were col- 
lected after 1.5-2 h of  inoculation, fixed in FPA and stored at 
4~ (Pfahler 1967), with the germination response measured 
directly with a compound microscope at a magnification of 40 • 
(10• Pollen was classified as: (1) germinated, (2) un- 
germinated, or (3) ungerminated and burst (Cook and Walden 
1967). Five fields were choosen randomly from each of 4 - 8  
replicate petri dishes and photographed at the magnification of 
100 • (10 x 10) on 35 mm Plus-X film (Kodak). Tube lengths 
were measured from the projected images of the negatives. 

In situ germination of pollen 

Greenhouse-grown plants were detasseled and ear shoots were 
bagged prior to silk emergence. After extrusion, the silks were 
trimmed to within 2 -3  cm of the tip of the ear husks 16-18 h 
prior to pollination. Pollinations were carried out in the labora- 
tory by carefully spreading pollen on the silks with a clean, dry, 
artist's camel's hair brush. Samples of silk, 2 -3  cm long, were 
removed at 1 h intervals and fixed in absolute ethanol and 
glacial acetic acid (3:1) for 12-24 h, cleared in 5 N NaOH for 
approximately 18-24 h (Reger and James 1982) and stained in 
decolorized aniline blue (pH 10). Pollen tubes were detected by 
the fluorescence of the callosic inner layer of the tube wall 
(Linskens and Esser 1957). 

Pollination 

Controlled pollinations were carried out according to the proce- 
dure of Neuffer (1982). Greenhouse-grown plants, prepared as 
described above including prior removal of the tassel, were tak- 
en to the laboratory, where all pollinations were performed. 
Pollinations were made with the pollen from three sources: (1) 
extruded anthers of cultured tassels; (2) unextruded anthers of 
cultured tassels, or (3) greenhouse-grown plants. With un- 
extruded anthers, the pollen suspension, either in liquid germi- 
nating medium or paraffin oil (Coe et al. 1966), was spread on 
the silks. After pollination, ears were bagged and the plants were 
returned to the greenhouse for approximately 40 days before the 
ears were harvested. The ears were air-dried at room tempera- 
ture for several days before the numer of kernels and ovules per 
ear were counted and P (fertilization ability) values were com- 
puted (Walden and Everett 1961). 

Morphological analysis 

Samples of seeds from each progeny produced with in vitro 
pollen (R 1) and their selfed progeny (R2) and controls, F x and 
F 2, produced by sibbing and subsequent selfing, were grown in 
the greenhouse in 1985 and 1986 for preliminary observation. 
Larger plantings were observed in the field nursery during the 
1985 and 1986 seasons. The following characteristics were 
recorded: (1) plant height, (2) number of leaves per plant, (3) leaf 
width:average width of  top ten leaves measured at tassel 
emergence, (4) tassel length, (5) number of tassel branches, (6) 
pollen fertility, (7) fertilization ability (P) and (8) seed weight 
x 100. 

Pollen fertility was determined by staining freshly collected 
pollen betwen 10.00 and 11.00 o'clock, with iodine potassium 
iodide (IzKI) solution. Mean values and standard deviations of 
all measurements were calculated. Count data and percent data 
were transformed by using square root and arc sine transforma- 
tion, respectively (Zar 1974). An analysis of variance was per- 
formed and mean differences were tested by Scheffe's multiple 
range test (P = 0.05) to study the significance of morphological 
variation. 

Cytological analysis 

Chromosome counts from slides prepared from fixed root tips 
from 45 plants were made according to Chen (1969). For meiotic 
analysis, immature tassels were removed, fixed in Farmer's solu- 
tion for 24-28 h at room temperature and then transferred to 
70% ethanol and stored at 4 ~ Bivalents and meiotic structures 
were observed in microsporocytes from 40 plants produced with 
in vitro pollen in addition to 10 controls. 



Gel electrophoresis 

The terminal 1.0 cm tips of plumules and 2.0 cm, tips of radicles 
from 5-day-old seedlings of Oh43 and Se60 (both in vitro pollen- 
derived and controls) were excised, labelled with 3 SS_methionine 
and extracted in cold plant extraction buffer containing 200 mM 
TRIS-HC1 (pH 7.5), 5% SDS, 7.5% 2-mercaptoethanol and 
1 mM PMSF, as described by Baszczynski et al. (1982). Protein 
concentrations were determined by a turbid• assay (Com- 
ings and Tack 1972), and radioactivity was measured as de- 
scribed in Baszczysnki et al. (1982). 

One-dimensional gel electrophoresis in the presence of SDS 
was carried out according to the method of Laemmli (1970), 
except that the separating gel consisted of a 7.5%- 17.5% poly- 
acrylamide linear gradient. Two-dimensional gel electrophoresis 
was performed as described by O'Farrel (1975) with some modi- 
fications: Noniodet P-45 and ampholines (consisting of a mix- 
ture of 80% pH range 5-8 and 20% pH range 3.5-10) were 
added to the samples prior to isoelectric focussing. The former 
was added to yield a final NP-40 :SDS ratio of 8 : 1 and the latter 
were added to yield a final concentration of 2% ampholines. 
The second-dimension slab gel consisted of 7.5 % -  17.5% poly- 
acrylamide with a 3% polyacrylamide stacking gel. Fluoro- 
graphy of Coomassie brilliant blue G-250 stained gels was done 
according to Lasky and Mills (1975). 

Results 

Tassel maturation and pollen production 

Immature  tassel meristems o f  Se60 and Oh43 explanted 
to a nutrient medium grew to matur i ty  after 16 -25  days 
of  culture and produced 100-200 'normal '  spikelets 
per tassel. Frequently,  2 0 % - 5 0 %  of  normal  spikelets 
yielded extruded anthers with elongated filaments. 
Freshly extruded anthers,  each containing 1,000-2,000 
pollen grains, dehisced and l iberated pollen after 0 . 5 - 5  h 
in a desiccator.  The pollen was normal,  trinucleate with 
considerable starch. The diameter  of  in vi t ro-produced 
pollen (in vitro pollen) was similar to that  o f  in vivo pol- 
len (greenhouse pollen) for both  cultivars, Se60 and 
Oh43 (Table 1). However,  Oh43 pollen was consistently 
larger in diameter  than Se60 pollen (ca. 96 Ixm compared  
to 90 lam). 

Pollen germination 

The results o f  in vitro germinat ion of  pollen from three 
different sources are summarized in Table 2. Pollen from 
extruded anthers germinated well on the surface of  an 
agar  medium. F o r  Se60 and Oh43, approximate ly  70% 
and 50% of  the pollen germinated,  respectively. The rest 
of  the pollen either remained intact  or  burst  without  
germinating.  Germina t ion  of  in vitro and in vivo pollen 
from both  the genotypes was not  different (Table 2). Sur- 
prisingly, pollen f rom unextruded anthers also germi- 
nated ( 8 % - 1 1 % ) ,  but  at a reduced rate for both  culti- 
vars. In these, a higher percent  (10% - 1 5 % )  of  "pol len  
burs t"  was observed (Table 2). The pollen tube growth 
responses o f  in vitro and in vivo pollen were also similar, 
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Table 1. A summary of diameter of in vitro- and in vivo-derived 
pollen from two genotypes, Se60 and Oh43 (N= 100), from two 
different experiments 

Genotype System Pollen diameter 
(l~m) ~ • S.E. 

Se60 in vitro 88.3 • 0.5 
in vivo 90.6__+0.4 

Oh43 in vitro 96.5 • 0.5 
in vivo 96.9+0.4 

Table 2. A summary of pooled data from three different experi- 
ments on germination on MCWBM of pollen from (1) cultured 
tassels (in vitro) and (2) greenhouse-grown plants (in vivo) from 
two genotypes Oh43 and Se60 

Geno- System Anther type Pollen Pollen 
type burst germinat- 

~• ed ~• 
(%) (%) 

N 

Oh43 

Se60 

in vitro unextruded 14.9_0.7 7.5-4-1.2 3,261 
in vitro extruded and 1.3+0.2 50.0+1.7 2,920 

dehisced 
in vivo extruded and 4.1-t-0.5 52.7-t-0.5 2,237 

dehisced 

in vitro unextruded 10.2 + 1.5 10.6 + 1.5 2,300 
in vitro extruded and 1.8+0.3 68.8+2.2 3,244 

dehisced 
in vivo extruded and 3.9-4-0.4 72.4__+4.5 2,832 

dehisced 

with no significant differences in the growth rates for 
either genotypes (data not  shown). 

The germinabil i ty of  pollen collected after increasing 
the interval of  drying of  extruded anthers is shown in 
Fig. 1 A. F o r  both  genotypes, pollen germinat ion de- 
creased with increased drying time until 5 h. No  growth 
of  pollen was observed after drying the anthers for 5 h. 
Overall,  germinat ion of  Se60 pollen was higher than 
Oh43 pollen. 

In  situ germinat ion of  in vitro pollen was also ob- 
served and compared  to that  of  in vivo pollen. Al though 
the percentage of  germinat ion on the silks and lengths of  
pollen tubes was not  measured,  no obvious differences 
were detected between the pollen from cultured tassels 
and that  produced on the tassels of  greenhouse-grown 
plants. Generally,  pollen germinated through tr ichomes 
and, occasionally,  on the body of  the silk directly. The 
tubes grew for a short  distance between the cells of  the 
cortex and traversed into the t ransmit t ing tract  similar to 
that  observed with in vivo pollen. 
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Fig. 1 A and B. Germination and fertilization response of pol- 
len from extruded anthers dried for different times in a desic- 
cator. A Germination response. Each point represents a mean 
value _ S.E. counted from 20 microscopic fields from 4-5 repli- 
cate petri dishes (N> 1,500). B Fertilization response (P). Each 
point represents a mean value + S.E. of P (P = number of ker- 
nels per ear/number of ovules per ear). The data from Oh43 and 
Se60 were pooled. The number above each point shows the 
number of ears used to calculate P value 

Fertilization 

The in vitro-produced pollen, after pollination, not only 
germinated on silks but also fertilized ovules to produce 
well-developed, viable kernels. Kernels were produced 
on all ears that were pollinated with fresh pollen, ob- 
tained within 5 h from the start of desiccation. Approxi- 
mately 100-200 kernels were produced per ear with pol- 
len collected from 500-1,000 extruded anthers from 
about 2 - 5  tassels, depending on the cultivar and percent 
extrusion of anthers. 

The fertilization ability of pollen in relation to the 
drying time of anthers is plotted in Fig. 1 B. As observed 
with in vitro germination, the fertilization ability of pol- 

len also declined with the increased drying time of an- 
thers. Nevertheless, a considerable number of kernels 
was produced with pollen collected within 1.0 h. Howev- 
er, no kernels were produced with the pollen collected 
from extruded anthers which had dried for more than 
5 h. Also, pollinations with pollen from unextruded an- 
thers did not result in fertilization. 

Analysis of variability 

The kernels produced with pollen from cultured tassels 
had 90%-100% germinability upon planting in the 
greenhouse or the field and yielded mature, healthy, fer- 
tile plants. No phenotypic abnormalities were detected 
among the progeny of the F1 (N=290) or F2 (N= 80) 
grown in the field and greenhouse. The statistical analy- 
sis of morphological characters showed that both the 
plants derived from in vitro pollen (R 1) and their selfed 
progeny (R2) were not significantly different from the 
control plants. 

Cytological analyses of root tip cells from 45 in vitro 
pollen-derived plants (in vitro plants) showed that all 
plants were diploid (2n =20). Analysis of microsporo- 
cytes from 40 plants consistently showed 10 tetrads at 
diakinesis and metaphase I, no bridges or fragments at 
anaphase I and II, and no other abnormalities at the 
quartet stage as seen in the control plants (N=  10). In all 
plants tested, mature, fertile pollen was observed. 

The analysis of polypeptide patterns by 1-D gel elec- 
trophoresis in plumules and radicles of Oh43 and Se60 
produced with in vitro and in vivo pollen showed neither 
qualitative nor quantitative differences between the 
in vitro and in vivo plants. The analysis by 2-D gel elec- 
trophoresis showed no qualitative differences but minor 
quantitative differences between in vitro and in vivo 
seedlings for a few polypeptides. However, apparent 
qualitative and quantitative differences were observed 
between plumules and radicles, and between Oh43 and 
Se60. 

D i s c u s s i o n  

The present study demonstrates that pollen produced 
from cultured tassels is normal, germinable and viable, 
and yield normal, fertile plants with no morphological or 
cytological abnormalities. The in vitro pollen and in vivo 
pollen, based on characteristics such as pollen size, 
in vitro and in situ pollen germination, and pollen tube 
growth in vitro were very similar (Tables 1 and 2). The 
similarity of in vitro and in vivo pollen was consistent, 
despite the differences observed between two genotypes 
(Oh43 and Se60) for pollen size and pollen germination. 
The genotypic differences were noted previously for pol- 
len size (Rambaugh and Wahlen 1973) and pollen germi- 
nation (Herrero and Johnson 1980) in maize, and the 
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pollen germinat ion values obtained here are similar to 
those repor ted  previously for these genotypes (Cook and 
Walden 1965, 1967; Herrero and Johnson 1980). The 
pollen tube lengths, however, were similar for these geno- 
types containing Sul  (Oh43) and sul  (Se60) allele as 
described in earlier studies (Pfahler and Linskens 1972). 

The percentage of  germinat ion and ferti l ization abili- 
ty (P) of  in vitro pollen decreased with the increased 
drying time of  anthers in a desiccator (Fig. 1 A and B). In 
maize and other grasses, pollen has a water  content  as 
high as 60% (Knox et al. 1986); consequently, it remains 
viable for only a short  per iod even under op t imum condi- 
tions (Johri and Vasil 1961; Walden 1967). Further ,  it has 
been shown that  loss of  water  content  generally results in 
a decrease in the percentage of  pollen viabili ty (Dumas  
et al. 1983). In the present  study, the rapid  decline of  
pollen viabili ty may  be due to the water  loss of  pollen at 
a faster rate in the desiccator. 

The seed produced with in vitro pollen yielded nor- 
mal, fertile and uniform plants  which were apparent ly  
similar to in vivo plants  (controls), with no significant 
differences for all the morphologica l  characters mea- 
sured and no detectable chromosomal  or phenotypic  ab- 
normalities.  The electrophoretic  da ta  also supported the 
view that  in vitro plants  are similar to the controls,  as no 
observable major  differences between polypept ides  of  
these plants  were detected. The tissue culture-induced 
variabili ty,  somaclonal  var ia t ion (Larkin and Scowcroft  
1981), may  be useful for some breeding purposes but  it is 
an undesirable complicat ion,  especially where genetic 
modif icat ions of  plant  cells or tissues in vitro are ex- 
pected. Since no major  changes were observed in the 
progeny produced with in vitro pollen, the tassel culture 
technique might be conveniently used for genetic modifi-  
cations of  pollen. 

This and our  earlier repor t  (Pareddy et al. 1987) are, 
to our knowledge, the first reports that  demonstra te  that  
the pollen from cultured flower/inflorescence pr imordia  
germinate and fertilize ovules to produce seed. Wi th  this 
demons t ra t ion  that  the in vi tro-derived pollen is normal ,  
germinable and viable, and produce normal,  uniform 
plants,  a number  of  basic research studies and genetic 
manipula t ions  such as t ransformat ion,  mutagenesis and 
selection of  pollen can be contemplated as can at tempts  
on haploid  product ion  and chemical reversion of  genic 
male steriles. These possibilities can be ant icipated in 
other  cereals when inflorescence culture is successfully 
demonstra ted.  
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