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Summary. A light and electron microscopic investigation 
revealed that  ogu cytoplasmic male sterility (CMS) in 
cybrids of  Brassica napus is pr imari ly  a deficiency of  the 
tape tum and clearly time and site specific. Three pat terns 
of  ogu CMS were found, and specific conclusions drawn. 
First,  the par t ia l ly  male fertile cybrid 23 was highly vari- 
able. I t  sometimes produced heterogeneous stamens with 
an endothecium formed exclusively around the fertile 
locules, thus delineating each microsporangium as a 
functional unit. The second type, including cybrids 27, 58 
and 85, on the contrary,  was stable and completely male 
sterile. In the four locules of  normal  length, microspores 
were observed to die at the vacuolate polarized stage 
while the tape tum disappeared prematurely  through ex- 
cessive vacuolizat ion by the end of  meiosis followed by a 
rapid  autolysis during the tetrad or early free microspore 
stage. The subepidermal  layer of  the locule wall failed to 
form characterist ic thickenings. The male-sterile stamens 
were completely indehiscent. A t  the time of  anthesis they 
contained only collapsed empty exines adhering to each 
other. These cybrids, 27, 58 and 85, were closest to the 
ogu CMS trait  of  radish and seemed to be the best suited 
for further use in plant  breeding. The third pat tern was 
found in cybrids 77 and 118, which besides showing 
abor t ion  of  the microsporangia  also showed a feminiza- 
t ion of  the stamens. We suggest that  this feminization 
might  be due to an al loplasmic si tuation associating 
Brassica napus nuclear genes with the mi tochondr ia l  
D N A  of  radish. 
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Introduction 

Originally found in radish (Raphanus sativus) by Ogura 
(1968), the male-steri l i ty-inducing ogu cytoplasm has 
subsequently been transferred to Brassica oleracea and 
then to Brassica napus (Bannerot  et al. 1974). 

This ogu cytoplasmic male sterility (CMS) was highly stable 
(Bartkowiak - Broda et al. 1979), but progeny plants showed a 
chlorophyll deficiency and low nectar production (Rousselle 
1982). These two defects have been corrected by protoplast 
fusion (Pelletier et al. 1983), and male-sterile, chlorophyllous 
cybrids with well-developed nectaries are now available. The 
cybrids' cytoplasms can be distinguished from each other and 
from the ogu cytoplasm by their chloroplastic and mitochondri- 
al genomes (Pelletier et al. 1983; Chetrit et al. 1985; Vedel et al. 
1986). Thus different cytoplasms are now available in this CMS 
system. 

By means of light and electron microscopy on paraffin-em- 
bedded stamens from the male-sterile radish he had just discov- 
ered, Ogura (1968) noticed that pollen degeneration occurred 
suddenly at the microspore stage and that this degeneration 
seemed to have some relation with the early collapse of tapetal 
tissue. Bartkowiak-Broda et al. (1979) also used this technique 
to investigate the cytology of sterile stamens of Brassica napus 
with ogu CMS. They found degeneration of the tapetum and the 
microspores after the tetrad stage, but their study was not very 
detailed. Some meiotic aberrations encountered in the flower 
buds were not expected to be the origin of the CMS, but rather 
a result of successive crosses. 

Polowick and Sawhney (1991 a) used light and electron mi- 
croscopy after aldehyde fixation and resin embedding, which is 
a more precise technique, for studying the influence of tempera- 
ture on microsporogenesis in one ogu CMS line of B. napus in 
comparison with a normal line. The most prominent effect of 
temperature was the production of carpelloid stamens at the 
lowest temperature regime (18 ~ ~ day/night) or bisexuate 
flower parts at the intermediate temperature regimes (23 ~ 
18 ~ From their cytologic study they concluded that there was 
an extensive variation in the abnormalities affecting mi- 
crosporogenesis in ogu CMS of B. napus under their experimen- 
tal conditions. 
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Cybrids of  B. napus provide a new material  both  for 
p lant  breeding and research in genetics. Our cytological 
study on six cybrids and their compar ison with the ogu 
CMS line from which these cybrids were derived and also 
a comparison of  our da ta  with those of  Ogura (1968), 
Bar tkowiak-Broda  et al. (1979) and Polowick and Sawh- 
ney (1991 a) led us to make a retrospective survey on the 
expression of  this CMS in Cruciferae over a per iod of  two 
decades. The transfer of  the CMS from the genus 
Raphanus to the genus Brassica probably  created an allo- 
plasmic situation. This will be discussed along with the 
process and consequences of  cybrid format ion in rape- 
seed. 

Materials and methods 

Plant materials 

The male-sterile B. napus lines studied were one ogu line with ogu 
cytoplasm and six cybrids. These cybrids have been described by 
Pelletier et al. (1983). Cybrid 77 has B. campestris triazine-resis- 
tant chloroplasts and R. sativus mitochondria. Cybrids 23, 27, 
58, 85 and 118 have B. napus chloroplasts and B. napus/R. 
sativus recombined mitochondria. All except cybrid 23 give ho- 
mogeneous male-sterile progeny. Cybrid 23 is male-sterile ex- 
cept for one semi-sterile branch and gives rise to distinct proge- 
ny. The male-sterile part of the plant has completely male-sterile 
progeny 23-2. The semi-sterile part of the plant produced two 
progeny: (1) 23-3, which segregated in male-sterile and partially 
male-sterile plants and (2) 23-5, with only partially male-sterile 
plants. 

The plants studied were grown in the field and in the green- 
house in 1986, 1987 and 1988, 

For comparison purposes, the male-fertile B. napus lines 'Jet 
neuf' and 'Bienvenu' were also studied. 

Light and electron microscopy 

For rapid examination of the androecium and comparison of 
the locule content in male-fertile lines versus the male-sterile 
ones the stamens were mounted on a microscope slide in a drop 
of Alexander's stain (1969). Some of these whole mounts were 
first covered with a cover slide and then crushed with a needle 
during the experiments in order to distinguish the specific cont- 
nets of each locule; others were kept overnight at 30~ prior to 
observation. 

For electron microscopy (TEM) whole or sliced anthers at 
different stages of development were fixed in glutaraldehyde 
(2.5% w/v) for 14 h at 4 ~ and post-fixed in osmium tetroxide 

(1% w/v) for 2 h (both in 0.1 M cacodylate buffer pH 7.2). After 
dehydration through an ethanol series and propylene oxide, the 
samples were embedded in epoxy resin. Ultrathin sections were 
stained with uranyl acetate and lead citrate and examined with 
an electron microscope operating at 80 kV. Semi-thin sections 
(1 I~m thick) from each sample were stained with toluidine blue 
and mounted in resin for light microscopy. 

For scanning electron microscopy (SEM), both male-fertile 
and male-sterile flowers devoid of sepals and petals were fixed, 
dehydrated by the critical point method and then observed after 
gold sputtering. 

Results 

Cybrids 23-2, 23-3, and 23-5 

Male sterility was variable in these three lines. In cybrid 
23-2 the stamens often contained collapsed empty exines, 
but  occasionally one locule showed a mixture of  normal  
pollen grains and empty exines. This mixture was more 
generally observed in the stamens of  cybrids 23-3 and 
23-5. Sometimes the outermost  microsporangia  of  the 
stamens produced essentially normal  pollen grains, while 
the two innermost  microsporangia  of  the same stamen 
produced only empty exines (Fig. 1 A, B). In this semi- 
sterile (or semi-fertile) stamen, a true endothecium only 
appeared close to the fertile microsporangia .  The further 
the endothecial  cell was situated from the normal  pollen 
grains, the greater the decrease in size of  the cell-wall 
thickenings; these thickenings were completely absent in 
the locule wall next to the ovary. Only the fertile locules 
opened. 

Cybrids 27, 58 and 85 

At  the stage equivalent to anthesis in male-fertile flowers 
the six anthers appeared completely desiccated and 
shrunken (Fig. 2 E). Their fi lament was shorter than that  
found in fertile flowers at the same stage. When  mounted  
in Alexander 's  stain, four longitudinal  narrow green 
strips were seen in places corresponding to the four 
locules. These were easily extracted f rom the stamen, and 
when viewed by SEM (Fig. 2H),  they were observed to 
be comprised of  empty, tricolpate,  normal ly  sculptured 
but  flattened exines almost  completely devoid of  cyto- 

Fig. 1 A-J .  Light microscopy of l-gin-thick, toluidine blue-stained sections. A Cybrid 23. Transverse section of semi-sterile anther. 
The two outermost microsporangia have formed pollen grains, while the two innermost only contain collapsed empty exines, x 90. 
B Cybrid 23. A larger view of the same section as depicted in A in which it is noticeable that cell wall thickenings are only present 
around the microsporangium with fertile contents, x 230. C Cybrid 58. Normal tetrads are present while the tapetum is abnormally 
light due to the presence of large vacuoles and clearing of the cytoplasm, x 250. Compare with the fertile line in IF. D Cybrid 58. 
The four sister microspores of the same tetrad remain close to each other. They have, however, reached a polarized, vacuolate stage. 
The tapetum (T) is almost completely autolysed, x 1,200. E Cybrid 58. Dessicated anther with four arcs of empty exines in the locules. 
x 220. F Normal line 'Bienvenu' at the tetrad stage showing the thick tapetum with binucleate cells, x 660. G Cybrid 77. Microspo- 
rangium at the tetrad stage. Note the excessive vacuolization of the tapetal cells and clearing of their cytoplasm. Compare with the 
fertile line in IF. x 880. H Ogu line. Transverse section of young flower bud showing anthers with a reduced number of microspo- 
rangia, x 220. I Ogu line. Microsporangium with excessive vacuolization of the tapetum (7) at late microspore stage, x 90. J Ogu 
line. Transverse section of a dessicated anther showing only two residual microsporangia, x 90 
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plasm apart from very small residues (Fig. 2 D, I). These 
green stips were also recognizable in semi-thin sections 
stained with toluidine blue (Fig. 1 E). Their ektexine 
components,  i.e. foot layer, columellas and rectum, ap- 
peared in TEM thin sections. The latter confirmed the 
absence of  cell-wall thickenings in the subepidermal layer 
of  cells. A true endothecium was never found in these 
indehiscent stamens. 

The LM and TEM study of  the developmental stages 
of  these sterile stamens revealed the moment  of  death of  
the microspores and premature lysis of  the tapetal cells. 
The appearance of  sporogenous tissue was normal as was 
meiosis (fig. 2A) and tetrad formation inside the callose 
wall. Primexine and the usual tricolpate pattern were 
formed before the callose dissolved freeing the young 
microspores. Contrary to fertile anthers, the four mi- 
crospores of  the same tetrad did not always separate and 
often continued to adhere to each other. These mi- 
crospores initially had a central nucleus, but they eventu- 
ally became polarized and showed a laterally situated 
nucleus and the formation of  the large vacuole (Fig. 1 D). 
At  this stage a progressive lysis of  the microspore cell 
contents occurred. Only the sporopollenin material of  
the exine and a very thin fibrous layer corresponding to 
the intine remained. These ball-like empty sporoderms, 
subsequently flattened to give the green strips (Figs. 1 E; 
2G,  H, I). 

By the end of  meiosis the binucleate cells of  the tape- 
turn showed one or two vacuoles that had enlarged con- 
siderably (Fig. 1 C). On the outer side of  these cells a 
normal electron-dense peritapetal membrane was formed, 
while the inner and radial cell walls cleared as in a fertile 
anther. But contrary to the latter, in the cybrid the tapetal 
cytoplasmic organelles disappeared prematurely with the 
cytosol becoming clearer and clearer (Figs. 1 C, D; 2C). 
At the end of  this process only a faint shadow of tapetal 
cells was left, and this adhered to the microspore cluster. 
The plastids of  the tapetum never formed the large glob- 
ules observed in fertile anthers (Fig. 2C). In the au- 
tolysing tapetal cells, during the tetrad stage, ribosomes 
were poorly represented. Mitochondria were often 

crowded together at the locular pole of  the cell. During 
the last stage of  tapetum lysis all of  the membranes lost 
their continuity. Chromatin remnants of  the nuclei per- 
sisted a short time, but eventually disappeared. This con- 
trasted strongly with the behaviour of  the microspores 
containing a normal cytoplasm and nucleus (Fig. 1 C). 

Cybrids 77 and 118 

Teratological stamens with prominent feminization were 
observed, especially for cybrid 118 (Fig. 2 F). These flow- 
er parts, often in reduced number (less than six), were 
flattened and vascularized like carpels or carpelloid 
leaves. They bore a stigma or stigmatoid regions at their 
tip and a variable number of  ovules on their lateral low- 
est margins. The number and lengths of  male sporangia 
in these bisexual flower parts were highly reduced. Their 
histology and development were identical to those previ- 
ously described, including the premature death of  tapetal 
cells, lysis of  microsporal nucleus and cytoplasm at the 
vacuolate polarized stage, collapse of  the exines and ab- 
sence of  cell-wall thickenings in the locule wall (Fig. 2 D). 

Ogu line 

A reduced number and shorter lengths of  microsporan- 
gia characterized this line (Fig. 1 H, J). However, their 
abnormal developmental pattern at cellular level was of  
the same type as that described for cybrids 27, 58, 85, 77 
and 118. It included the premature death of  the tapetum, 
lysis of  microspores followed by exine collapse and ab- 
sence of  a true endothecium (Fig. 1 I). 

Discussion 

The results of  our study on a number of  cybrids with ogu 
cytoplasm confirm and define more explicitly the princi- 
ple observations made by Ogura in 1968, e.g., an exces- 
sive vacuolization of  the tapetal cells leading to their de- 
generation prior to the sudden collapse of  the microspores. 
They are also in agreement with the light microscopy 
data obtained by Bartkowiak-Broda et al. (1979) using 

Fig. 2A-D.  TEM. A Cybrid 27. The nucleus ofa meiocyte showing synaptonemal complexes (arrows). x 7,300. B Cybrid 27. Partial 
view of a polarized microspore, apparently normal and probably still alive, showing an exine with a fibrous material between the 
columellas (asterisk), an intine (/), a cytoplasm with numerous organelles and one nucleus (N). x 15,000. C Cybrid 58. Thin section 
adjacent to that viewed in 1C. At the stage where tetrads of the microspores are present in the locules, there is a prominent 
vacuolization and degeneration of the tapetum. Plastoglobules remain small inside the plastids (arrow). No structured endoplasmic 
profile is present, and the cytosolic compartment between organelles is very clear (asterisks). x 9,250. D Cybrid 77. Thin section of 
collapsed empty exines in the dessicated anther at time of anthesis. Notice the absence of cell-wall thickenings in the endothecial layer 
(en). x 2,400. E-1 SEM. E Cybrid 27. At a time corresponding to anthesis the six stamens are shrunken and completely indehiscent. 
Their filaments are shorter than those in fertile flowers, x 21. F Cybrid 118. In this flower the sepals and petals have been removed 
to show the feminization of the androecium. Stigmatoid regions are observed at the tip of these carpelloid flower parts, which bear 
ovules laterally near their base and which sometimes contain a reduced microsporangium, x 16. G Cybrid 27. An anther has been 
broken in order to view the clustered empty exines, x 360. H Cybrid 27. A strip of material can be removed from each Iocule. x 125. 
I Cybrid 27. Flattened empty exines adhering to each other. The apertural system and tectal surface of these exines are apparently 
normal when compared to fertile pollen grains, x 1,900 
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paraff in-embedded samples of  rapeseed and cor robora te  
many  features noticed by Polowick and Sawhney (1991 a, 
b) (vacuolization of  tapetum, complete abor t ion  of  mi- 
crospores, carpel loidy and part ia l  feminization). Howev- 
er, contrary  to the latter, we did not  observe a conspicu- 
ous reduction in sporopollenin deposits in the exines of  
microspores.  

Ogu CMS is different from other CMS of Brassicaceae, such 
as the Bronowski system (Bartkowiak-Broda 1979), or the ctr 
CMS of oilseed rape studied by Grant et al. (1986). It also differs 
from the most commonly studied sterilities of main crops like 
corn (Lee 1976; Warmke and Lee 1977; Lee and Warmke 1979; 
Lee et al. 1979; Lee et al. 1980; Colhoun and Steer 1981), soy- 
bean (Albersten and Palmer 1979; Graybosch et aI. 1984; Gray- 
bosch and Palmer 1987), sunflower (Homer 1977; Laveau et al. 
1989), sorghum (Overman and Warmke 1972, Wannke and 
Overman 1972). 

Our  ul t ras t ructural  study points  to three defects that  
occur along a time sequence at precise stages of  develop- 
ment: first, the vacuolizat ion and premature  death of  the 
tapetum beginning at the end of  meiosis and soon com- 
pleted (while fertile stamens retain lipidic tapetal  materi-  
als until the trinucleate pollen stage); second, the sudden 
loss of  cytoplasm and nucleus breakdown only when the 
microspores have reached their vacuolate stage; third, 
the indehiscence of  the s tamen due to the absence of  a 
true endothecium with cell-wall thickenings and the per- 
sistence of  the interlocule septum. This sequence was 
found in all the male-sterile cybrids included in this 
study. 

Are these three events independent of each other and sepa- 
rately encoded in the genome or are they physiologically depen- 
dent? One could expect the early dysfunctioning of the tapetum 
and its subsequent complete desintegration to be sufficient to 
alter the subsequent development of the microspores, especially 
if we assume the trophic role attributed to this tissue (Echlin 
1971; Vasil 1967; Heslop-Harrison 1968; Dickinson 1973; Mas- 
carenhas 1975). However, it must be noticed that the mi- 
crospores kept their cytoplasm and nucleus a long time after the 
tapetum had been lost. They seemed to grow normally in the 
locule, achieving their exine development and eventually becom- 
ing polarized as if they were normal, until this stage. Therefore, 
they can be considered to remain alive. This assumption is cor- 
roborated by the successful production of haploid plants from 
these microspores by anther culture at the late uninucleate stage 
of male-sterile lines of ogu or cybrid cytoplasm (unpublished 
data). In sterile stamens with ogu cytoplasm, the microspores 
received sufficient nutriments until their vacuolization. For fur- 
ther development of the microgametophyte a functional tape- 
tum seems to be required in vivo. 

Complete indehiscence of the stamens is a prominent feature 
of the archetypal expression of ogu CMS in radish stamens, and 
this was also found in the completely sterile locules of Brassica 
napus cybrids and ogu lines. Nevertheless, the unstable progeny 
of cybrid 23 provides material for studying the relationship 
between locule content and dehiscence. Since we found a true 
endothecium with U-shaped wall thickenings only around 
locules containing some apparently normal pollen grains, it ap- 
pears that the microsporangium behaves as a functional unit 
where both centrifugal and centripetal movements of metabolites 
or growth regulators are to be expected. From a genetic viewpoint 
the instability of cybrid 23 progeny could mean that this cybrid 

may not possess the complete set of sterility genes of radish 
origin or that some of these genes could have their expression 
modified by physiological or environmental parameters. 

A completely male-sterile pat tern of  abor t ion was 
found in cybrids 77 and 118. Both showed the three 
characteristic features of  ogu CMS, i.e. premature  decay 
of  the tapetum, death of  microspores at the vacuolate 
stage, indehiscence, and also a more or less pronounced  
feminization with reduction of  the microsporangia.  In 
the ontogeny of  a stamen, early events must  be impaired 
to produce these teratological, often bisexuate flower parts 
(Kaul 1989). Polowick and Sawhney (1987, 1991 a, b) 
have shown that  a low temperature regime (18 ~  ~ 
or a moderate  temperature regime (23 ~  ~ during 
bud development  favors feminization of  the androecium 
of  Brass ica  napus with ogu cytoplasm. We have also ob- 
served feminization traits in some B. napus ogu lines in 
previous studies (unpublished data).  Cybrids 77 and 118 
also seem to possess these temperature-modif iable  char- 
acters, while cybrids 23, 27, 58 and 85 probab ly  do not  
since they never express a feminization of  the androecium. 

Cybrids 27, 58 and 85 showed the abort ive pat tern  
closest to the initial description of  Ogura.  Restora t ion 
experiments carried out  on them (Pel lan-Delourme 1986; 
Pelletier et al. 1987) indicated that  they are more easily 
restored to fertility than cybrids 77 and 118. Thus, our 
light and electron microscopic study is in good agreement 
with the breeding experiments. 

At the end of their paper concerning the same cybrids, 
Pelletier etal. (1987) assumed that "Ogura" mitochondrial 
DNA bears more than one factor and that cybrid recombinants 
possess fewer "factors". They also hypothesized that "Ogura" 
mitochondria lead to CMS because of two independent deter- 
minisms: the "Ogura" male sterility, already expressed in radish, 
together with an alloplasmic male sterility expressed when 
radish mitochondria are in the presence of a Brassiea nucleus. 
Within the frame of this hypothesis we might be able to relate 
the abortion of microsporangia to the specific CMS expressed 
by Raphanus sativus, while size reduction and feminization of 
the androecium in ogu lines and in cybrids 77 and 118 might be 
more related to the alloplasmic situation. Another alloplasmic 
male sterility, with Brassica napus nucleus and Diplotoxis mura- 
lis cytoplasm, also shows an abortive pattern that includes fem- 
inization of the androecium (Pellan-Delourme and Renard 
1987). The reduction in size of the androecium is determined at 
an early stage of the flower bud. Let us hypothesize that this step 
is the same as the one which differentiates towards a carpelloid 
morphology through a gene-controlled and hormone-mediated 
process. If we are right, it might be assumed that all of the 
cybrids have retained ogu CMS traits but that only cybrid 77 
and 118 have kept feminization traits. This might be related to 
the mitochondrial DNA of these cybrids. Actually, cybrid 77 has 
radish mitochondria and cybrid 118 has mitochondria that are 
closer to those of radish than to those of rapeseed. On the 
contrary, the mitochondrial DNA of the other cybrids are closer 
to that of rapeseed (Chetrit et al. 1985; Vedel et al. 1986). Cybrid 
formation proceeds as a phenotype and genotype "sorter" 
(Fig. 3). 

All  of  the studies on cybrids with respect to their 
various characteristics - nectar secretions (Mesquida 
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Fig. 3a, b. Expression of ogu CMS in Raphanus and Brassica (ogu lines and cybrids). I Radish archetype (Ogura description): the 
male-sterile flowers at anthesis had six shrunken stamens with four collapsed locules each; early breakdown of the tapetum followed 
by sudden degeneration of the microspores; complete indehiscence; quite stable and hereditary character, a Transfer to Brassica 
oleracea and then to Brassica napus (ogu lines). II Once transferred from Raphanus to Brassica an alloplasmic situation was created. 
The CMS now exhibited some variation in its expression, like feminization of the androecium or reduction in number and length of 
the microsporangia, b Protoplast fusion after plant regeneration led to different cybrids. III Our cytological and anatomical study 
showed cybrids 27, 58, 85 to have the same phenotype, one close to the radish archetype. Cybrid 23 was unstable, partially male fertile. 
Cybrids 77 and 118 have retained the feminization of the androecium due to alloplasmy. On the whole, cybrid formation proceeded 
as a phenotype and genotype sorter. Cybrids 27, 58 and 85 have eliminated some undesirable characters of.alloplasmic origin 

et al. 1991), pat terns  of  abor t ion  in the stamens, restric- 
t ion pat terns  o fmi tochondr ia l  D N A  and genetics of  male 
fertility restorat ion - are convergent. They define the 
same groups of  cytoplasms. All of  the results emphasize 
that  p ro toplas t  fusion is a useful tool for recombining 
and sorting out  cytoplasmic characters. I t  was thus pos- 
sible to select cybrids that  had  eliminated the bad charac- 
teristics of  the ogu lines (chlorophyll  deficiency, low nec- 
tar  secretions, feminization of  the androecium), but  kept  
the high stabili ty of  male sterility. 
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