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Abstract-The steroids of normal and male-sterile (Texas type) genotypes of maize were investigated during tassel 
development. A bioassay for estrogen activity of the normal meiotic and postmeiotic tassels was negative. indicating 
estrogen activity (estrone equivalent) much less than one rig/g of plant tissue. The sterols found were cholesterol, 
campesterol, stigmasterol, sitosterol, and probably isofucosterol, stigmast-7-enol, and 24-methylenecholesterol. In 
the premeiotic, meiotic, and postmeiotic stages of both genotypes between 300 and 400,~g of C,, and Cl9 free 
sterols per g tassels (wet wt) were found, the proportions of the sterols being ca 45% sitosterol, 30% stigmasterol, 
and 13% campesterol, with less than 5% each of the remaining sterols. In all three stages before saponification 
more free sterols were found in the normal than in the male-sterile tassels. The differences were significant at 
the 95% level in the meiotic and post-meiotic stages. The amounts of these sterols derived from esters decreased 
from approximately 140 pg/g in the premeiotic stage to 50 pg/g in the meiotic stage, and to an undetectable amount 
in the postmeiotic stage. After application of cholesterol-[4-14C] to the normal and male-sterile maize leaves for 
3 days at meiosis, the label was found in the free sterols and steryl esters of the leaves but only in the free 
sterols of the tassels. 

INTRODUCTION 

Pollen sterility occurs in many plant species and is 
widely utilized in plant breeding techniques for the pro- 
duction of hybrid varieties. In some cases the sterility 
is inherited with the nuclear genes such as in genetic 
male-sterile maize and in others, such as cytoplasmic 
male-sterile maize. it appears to result from the interac- 
tion of a factor in the cytoplasm with nuclear genes. 

Cytological studies of three genetic male-sterile maize 
strains show that pollen breakdown occurs between 5 
and 10 days after meiosis [ 11. The molecular basis for 
the male sterility condition is not known. Anthers of 
male-sterile wheat plants contain an increased level of 
free amino acids over that found in male-fertile 
plants [2]. A similar pattern of free amino acids is found 
in the anthers of other male-sterile plant species [3], and 
in male-sterile maize tassels after anthesis [4]. The in- 
crease in free amino acids in the male-sterile anthers 
could be the result of the degradation of protein, a low- 
ered level of protein synthesis for reasons of enzyme 
repression or absence of induction, or possibly defective 
transport because of modified membrane structures. 
Since steroid hormones have been shown to induce or 
regulate protein synthesis in a wide range of vertebrates, 
insects, and fungi, a study was initiated of the steroids 
at the time of meiosis in the tassels of normal (fertile) 
and male-sterile (Texas type cytoplasm) maize (Zeu mays) 
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plants. Three approaches were used: (1) a bioassay for 
estrogen activity, (2) a qualitative identification of the 
sterols and a quantitative estimation of the sterol compo- 
sition. and (3) radioactive tracer studies with cholester- 
ol-[4-‘4C]. 

RESULTS AND DISCUSSION 

Bioassay for estrogen activity 

The bioassay for estrogen activity of the normal meio- 
tic and post-meiotic tassel total ether-soluble lipids, base- 
soluble lipids, and ether extracts of water-soluble lipids 
after acid hydrolysis, yielded no positive results on mice 
which gave positive results with 800 pg estrone. This in- 
dicates an estrogen activity (estrone equivalent) much 
less than one rig/g of plant tissue. Since positive results 
were not obtained for the normal tassel tissue, in which 
steroid hormones could be expected to occur, the male- 
sterile tassel tissue was not assayed. Estrone was isolated 
from the pollen of the date palm [S] and confirmed [6] ; 
the androgens, testosterone, epitestosterone, and andros- 
tenedione were reported in the pollen of the Scotch pine, 
Pinus silvestris [7]. Estrogenic activity was found in the 
oil extracted from Zea wlays seeds [S]. 

Qualitutiue identification of the sterols 

GLC retention times of the free sterols on 3% OV-17 
and 3”/;, JXR columns relative to sitosterol were deter- 
mined and the major peaks were found to correspond 
to campesterol, stigmasterol, and sitosterol. A minor 
peak with a retention time longer than that of sitosterol 
on the OV-17 column was probably due to a mixture 
of isofucosterol and stigmast-7-enol which were 
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Fig. I. The total Czs and C,, sterols from mairc tassel cther- 
soluble lipids. unsap. = unsaponified. sap. = saponified. 

reported [9) in maize oil. The retention times of the TMS 
derivatives of the sterols on a 3”;; OV-I 7 column relative 
to sitosterol were also determined and found to corrc- 
spond with those of the TMS derivatives of cholesterol. 
campcsterol. stigmasterol and sitosterol. 

MS of the free sterols from the saponified ether-soluble 
lipids of the normal postmeiotic tassel tissue confirmed 
the presence of campesterol, stigmasterol, and sitosterol. 
The MS of the minor peak appeared to show a mixture 
of isofucostcrol and stigmast-7-enol. Analysis of the MS 
fragmentation patterns of the TMS derivatives of the 
male-sterile tassel cthcr-soluble lipid supernatant. saponi- 
fied before digitonin precipitation. showed the presence 
of hydrocarbons. fatty acids. and stcrols. The sterols 
found were cholesterol, campesterol. stigmasterol. sitos- 
terol. and probably isofucosterol. The fragmentation pat- 
tern of the latter peak corresponded very closely to that 
reported for the TMS derivative of isofucosterol [lo]. 
Campesterol, stigmasterol, and sitosterol [ 1 I] and cho- 
lesterol [ 121 have been reported to occur in maize 
shoots. Isofucosterol, in addition to the other stcrols. h:ls 
been reported 1131 in the leaves and roots of maize. 

Barbier [14] reported the sterols of maize pollen to 
be 59?:, 24-methylenecholesterol. 17’1, sitosterol, I?),, 
campestero!. and 12”,,:, stigmastcrol. Argentation TLC in- 
dicatcd 24-methylenecholesterol may be present in the 
developing tassel but in relatively small amounts, The 
proportions of sterois found in the tassels were approxi- 
mately 45”< sitosterol, 3OU;; stigmasterol, and I Ii”,, cam- 

pesterol, with less than S”, each of the remaining sierols. 
cholesterol, isofucosterol, stigmast-7-enol. and -74-mcthk- 
lenecholcsterol. 

Qumfitcctirc cstiurrrrim of ,stc~ol mirpositio~l 

The results of the quantitative stud! of the sum 01 
the CJx and C1, stcrols bq GLC arc shown in Fig. 1. 
The greatest change found during tassel development 
was in the amounts of cstcrified stcrols. In the prcmciotic 
stage 142 ~16 sterols derived from esters per ii normal 
tassels (wet u t) and 136 pg)g from the malt-stertlc tassels 
were found. In the mciotic stagt‘ 24.3 /[g, g (normal) and 
73.0 /Lg/g (male-sterile), and in the postmeiotic stage un- 
detectable amounts in both normal and male-sterile 
plants were found. The amounts of fret sterols before 
saponification were slightl) Frcater in the normal pre- 
meiotic, meiotic, and post melotic tassels than in the cor- 
responding staees of the male-sterile tassels. The diffcr- 
ence was signlhcanl at the OS”,, level for the latter two 
stages. 

Radiotrctiw tr‘trc’w .studics lr.silzy c,hol~,.stc,rol-[~-'"Cj 

The specific activities of the cthcr-soluble and water- 
soluble lipids of the maize tissues after esposure to cho- 
lesterol-[4-“%Z] are reported in Table I. After the ?-day 
exposure most of the radioactivity was found in the cth- 
er-soluble lipids of all of the tissues, and after the 17-da) 
exposure most of the radioactivit> was found in the 
water-soluble lipids of the tassels. After the 3-day expo- 
sure more radioactivit) was found m the water-soluhlc 
lipids of the normal than the male-sterile tassels and 
stems and pctiolcs. After both e\;posurc times the ratio 

Table I. Specific radioactivity of rnalz tissue lipids after epplicatlon of cholesterol-[3-‘1CJ (dpm g 
wet wt) 

Exposure to cholesterol-[3-‘l(‘] 
? Days 17 Days 

Leaves Stems and petiolcs Tassels TX& 
Lipids N* MS-I N MS N MS N MS 

Water-soluble 4.45 X 10” 5.25 X 104 131 3x II2 66 124 132 
Ether-soluble 1.41 X 10” 1.42 x IOi 167 660 250 197 44 83 

__~~. 
* N = Normal; 5 MS = Male-sterile. 
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of radioactivity of ether-soluble to water-soluble lipids 
of the male-sterile tassels was almost twice that of the 
normal tassels. 

The results of chromatography of the normal and 
male-sterile leaf ether-soluble lipids are shown in Table 
2. The greatest difference in radioactivity between the 
normal and male-sterile extracts was found in fractions 
I1 and 13, with more radioactivity present in the male- 
sterile fractions. These fractions could contain metabo- 
lites of the labelled cholesterol or the products of its 
photolytic decomposition. Since photolytic decomposi- 
tion would be expected to be the same on normal and 
male-sterile leaves, the differences between the normal 
and male-sterile fractions are more readily accounted for 
by differences in the metabolism of cholesterol-[4-14C]. 

TLC of fractions 11 and 13 (Table 2) in solvent system 
L, and fractions 4 and 8 in solvent systems F and G, 
respectively, did not disclose any qualitative differences 
between the normal and male-sterile extracts. Cholester- 
ol-[4-r4C] was found to co-chromatograph with the 
major peak of radioactivity of fraction 8 in solvent sys- 
tem G (Fig. 2). Fraction 8 was further fractionated by 
PLC in solvent system G. The regions of greatest 
radioactivity (Fig. 2) were collected and rechromato- 
graphed in solvent systems J (Rf 0.11); H, K, and J (R, 
0.32); H and I (R, 0.54); and H (R, 0.75). No qualitative 
differences between the normal and male-sterile extracts 
were apparent. The radioactivity at R, 0.32 was found 
to co-chromatograph with labelled cholesterol in all 
three solvent systems. Fraction 4 (Table 2), which was 
the only material less polar than fraction 8 with a signifi- 
cant amount of radioactivity, probably contained the 
esters of the labelled cholesterol or its metabolites. TLC 
of this fraction in solvent system F also revealed most 
of the radioactivity (R, 0.5-0.7) to be less polar than 
labelled cholesterol (Rs 0.04). 

Autoradiography of a thin-layer chromatogram devel- 
oped in solvent system G of the normal and male-sterile 

Rf 

1. 
01 # Cholesterol-[4-l%] 

0.9 
0 Normal 
#i Male-sterile 

1 
0 102 0 

dpm, percent of total 

Fig. 2. TLC of fraction 8 recovered from column chromato- 
graphy (see Table 2). The plate was developed with solvent 

system G. 

leaf ether-soluble lipids indicated that most of the 
radioactivity co-chromatographed with labelled choles- 
terol between R, 0.6 and 0.7. Radioactivity between R,, 
0.9 and 1.0 became very faint after saponification verify- 
ing the formation of labelled esters in the leaves. Two 
fractions were found with radioactivity more polar than 
the labelled cholesterol in agreement with the chromato- 
graphy data (Table 2). 

Autoradiograms of unsaponified normal and male-ster- 
ile tassel ether-soluble lipids developed with solvent sys- 
tem G showed most of the radioactivity in the same 
region (Rf 0.60.7) as the labelled cholesterol. No less 
polar bands were found but at least three faint bands 
more polar than the labelled cholesterol were visible. 
These results indicate that steryl esters formed from the 
labelled cholesterol or its metabolites were not present 
in significant amounts in the tassels as a result of either 
translocation or biosynthesis. Although it is possible that 
metabolites of radioactive cholesterol could be translo- 
cated from the leaves to the tassels, it is also possible 
that the polar bands represent the conversion of labelled 
cholesterol to compounds with shorter side chains 
and/or additional oxygen functions. If the tassels are the 
site of hormone biosynthesis, such transformations 
would be expected. 

EXPERIMENTAL 

Preparation of materials. Zea mays L. seed of the genotypes 
ND405 x NDBS, fertile, and ND405T x NDB8. male-sterile 
with Texas type cytoplasm, were provided and planted by the 
Agronomy Department at North Dakota State University. All 
plants were harvested within a period of 8-10 days. Tassels 
were dissected from the stalks, and segregated according to 
developmental stage (premeiotic, meiotic, or postmeiotic) by 
external appearance of the tassels and microscopic examin- 
ation of the microsporocytes. The wet wts were determined and 
the tissues stored under N, in the freezer. Lipids of the maize 
tissues were extracted after homogenization with CHCla- 
MeOH (2: 1) using a final solvent vol 20 x the tissue volume, 
assuming a tissue density of 1 g/ml [IS]. Filtrate was evapor- 
ated under vacuum to a few ml and the resulting thick syrup 
was partitioned between Et,0 and HzO. The crude ether-solu- 
ble and water-soluble lipid fractions were each studied further. 
For the qualitative GLC analysis of the sterols, the ether-solu- 
ble lipids were saponified under reflex [16]. For the quantita- 
tive analysis by GLC and for the studies with radio-labelled 
cholesterol, the saponification was done by the same method 
only under N, in the cold with stirring. 

Bioassay for estrogen activity. Bioassays were conducted on 
the crude ether-soluble lipids, on the base-soluble portion of 
the crude ether-soluble lipids [17] and on the ether-soluble 
material produced by hydrolysis of the crude water-soluble 
lipids by refluxing with 2 M HCl in MeOH (20% H,O). The 
Et20 extraction was performed after evaporation of the 
MeOH and neutralization of the hydrolysate to pH 7. The 
bioassay for estrogen activity was done by the mouse intrava- 
ginal assay [lS]. The vaginal smears were examined to deter- 
mine whether an estrous response had occurred, the presence 
or absence of leucocytes in a vaginal smear indicating a nega- 
tive or positive response, respectively 1191. A positive response 
by the mice was brought about by a total intravaginal appli- 
cation of 8OOpg estrone (4 applications over 2 days) with 
examination in the morning of the third day. 

Preparative and analytical TLC. TLC was on Si gel IB (J. 
T. Baker Chemical Co.), Si gel G, Polygram Sil G (Brinkmann 
Instruments, Inc.), and 20% AgNO,--Si gel G. The solvent 
systems used were: A, C,H,-Et20 (4: l), for separation of the 
steryl esters from the free sterols [13]; B, C,H,,-EtOAc-NH, 
(100: 100: l), for separation of sterols and fatty acids; C, C,H,- 
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Et-0 (7:3) for the supernatants of the sterol digitonides; D. 
C,H,2&,H, (5:2)[%], and E. C,H,,&,H, (5:3)[21]. for 

.~ckno~/~,dilunl~rlt,s-~~The authors are indebted to Dr. H. R. 
Lund. Dr. E. Deckard, and Dr. H. Cross of the Agronomy 

the stervl acetates; and F, CHCl>- C,H, (1: I ), G, CHCl,- 
EtoAc is: 1). H. c6H,2--EtoAc (1.11)~ ‘i. C,H,-M~OH (9: r). 

Department of North Dakota State Universily for supplying 
and planting seed. We gratefully acknowledge Mr. T. Krick 

J, CHCl,-MeOH (9:1), K. C,H, ~MeOH (4: 1). and L, of the Gortncr Laboratory at the University of Minnesota 
CHCl,-MeOH (1: 1) for TLC of radio-lahelled cholesterol. for GCMS. and Mr. R. Zaylskie of the USDA Metabolism 
Visualization was by spraying the plate (or the edges for PLC) and Radiation Research Laboratory at Fargo. North Dakota. 
with H,S04--MeOH (I : 1) and heating at 110 for 5 min [22]. for MS. This research was supported by the North Dakota 
Sterol fractions were eluted from the preparative plates with State 1 lniversity Agricultural Experiment Station (Journal 
MeOH. Article No. 633). 

Srer-ol deriuatiw preparafion.s. The saponified ether-soluble 
lipids were treated with digitonin [23] to ppt. the more abun- 
dant sterols, thereby enriching the supcrnatant in the less 
abundant sterols. PLC of the supcrnatant emplo>cd solvent 
system C. TMS derivatives of the stcrols were prepared using 
Regisil/TMCS;‘TSIM (3:2:3 by ut) in C,H,N at 75 for 
30 min. The samples were taken up in Skellysolve B for GLC 
and CC EMS analysis. For argentation TLC, acetates were prc- 
pared [24] of the stcrols from the ether-soluble lipids and of 
cholesterol, which was used as a refercncc compound. 

Idrnrificntion by GC MS. GLC of the fret sterols was done 
using a glass column (3.5 mm x ?OOcm) of 3”,, OV-17 on 
Chromosorb W(HP). X0!1OOmesh, with a 1: I split of the 
eflucnt for collection. He was the carrier gas (155 ml/min) 
and the temp. was programmed at 1 ‘:min between 235 and 
270 The R, of sitosterol was 26min. After collection of the 
main sterol peaks. the fractions were rein.jected into the chro- 
matograph and recollected for MS. GLC of the free sterols 
was also done using a glass column (2 mm x 300 cm) of 37<, 
JXR on Gas Chrom Q, 100./120 mesh, gas flow 55 mlimin 
and temp. programming at l’/min from 200 to 240’. The 
retention time of sitosterol was 32 min. GLC of sterol-TMS 
derivatives was on a glass cohnnn (2 mm x 300 cm) of 3”” 
OV-17 on Chromosorb W(HP), X0/100 mesh, pas flow 55 
ml/min. and temp. programming at 6 /min from150 to 175 , 
yielding and R, of 26 min for sitosterol-TMS. or at lO’/min 
from 150 to 275,‘, yielding an R, of 19 min for sitosterol-?MS. 
GC-MS of the sterol-TMS derivatives prepared from the 
supernatant after digitonin ppt. used a glass column (2 
mm x 150 cm) of 3’;; OV-17, gas flow 22 ml/min and temp. 
programming at 6.5”/min from 150 to 275 yielding an R, 
for sitosterol-TMS of 23 min. 

Quauritatiw rsrinzufio~t of stem/ composifim. For the quanti- 
tative comparison of the free sterols by GLC. using the 3:,, 
OV- 17 column first described. 5x-cholestanz was added to the 
tassel tissue before extraction as an internal standard. The 
GLC response to Sa-cholestane was linear. and correction fac- 
tors for quantitative measurements of the sterols were deter- 
mined by simultaneous injection of 51.cholestane and Sr-cho- 
lestanol. a homologuc of the sterols [25]. 

Rudimctiw truccr .studie.s. CholesteroI-[4-‘4CJ (3.3 PCi per 
plant) was applied [26.27] to the leaves of normal and male- 
sterile maize plants. and the plants were harvested at the end 
of meiosis. which lasted approximately 3 daqs. after a j-day 
or a 17-day exposure to the labellcd cholesterol. Radioactivi- 
ties of the ether-soluble and water-soluble lipids were deter- 
mined by liquid scintillation spectromctry using Instagel for 
the scintlllator. An internal standard of tolucne-[14C] was 
used to determine the counting efficiency. Ether-soluhlc lipids 
of the leaves were fractionated by column chromatography 
with Si gel (7.5 g of 0.05-0.20 mm Si gel), applying the lipids 
in 0.5 ml CHC13 and developing the column with 20 ml each 
Skellysolve B and Skcllysolve B-C,H, (4: I j, and 30 ml each 
Skellysolve B--C,,H, (1 :1). Skellysolve By-CHCl, (I : I). CHCI,, 
CHCI, EtOAc (9: 1). EtOAc, and MeOH. The radioactivity 
eluted was determined and the most radioactive fractions wcrc 
analyzed further by TLC using solvent systems F. G. H. 1. 
J, K, and L. Autoradiography 1281 was done on thin-layer 
chromatograms of the leaf and tassel ether-soluble lipids. 
Polygram Sil G thin-layers were developed in solvent system 
C three times (leaves) or four times (tassels) and exposed to 
X-ray film for 11 or 25 days. respectively. in the freezer. using 
a Si gel dessicant. 
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