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M ale sterility in higher plants is likewise 
not a uniform phenomenon. In  general, we 
can distinguish three different types:

— cytoplasmic male sterility,
—  genetic male sterility, and
— interaction of both these types.

In the present paper, a  review upon the 
last two groups of male sterility is given. 
Since m any reviews on cytoplasmic male 
sterility have appeared in the recent past 
(Caspari 1958; Edwardson 1956, 1970; 
Laser and  Lersten 1972) it is no t consider* 
ed in the present paper. '

T he  genetically conditioned m ale sterility 
can be due to a failure of archcspore differ­
entiation. The flowers of these mutant> 
appear completely normal but there is. no 
tissue in which microsporogenesis can take 
place. O ther possibilities for genetically 
conditioned male sterility are the non­
dehiscence o f anthers, the failure of stamen 

Z u v ih '  en \n p .'‘ hrm Tverr‘conrisrs“*'r;f * drvH opnirnt or the transformation of maJ^-

^ In  general, four different groups o f genes 
control the fertility of higher plants. Three 
of them are dircctly correlated w ith the

«irioiic behaviour. The ai*genes cause 
. . iiapsis, that is, the failure of homologous 

rh'omosomes to pair during the early 
Mages o f the first meiotic prophase. Tlie 
</>genes control the chiasma frequency or 
prevent chiasma formation at all. ^ t h  
these gene groups act principally in a 
similar way, both in micro- and megasporo- 
genesis. Tlie th ird  group, the mj-genes, 
become only effective in microsporogenesis 
and do not influence the meiotic behaviour 
of the cmbryosac m other cells. Thus, they 
cause male sterility. Tlie fourth group  is 
not related to the meiotic system bu t induc­
es a miiidifferentiation o f the sex organs due 
lo abnorm alities in the differentiation f»f 
the growing points destined for flower for­
mation. 'rh e  gene a^rtion o f the first three 
groups can be well defined and leads to 
mutant*- showing a relatively high degree 
f'f uniformity in each o f the three groups.

- c .̂ having discJgcat rflecis. The respe<-
i'-> niutatus cannot be combined lo a 
single uniform group. The sterility can be 
due to a num ber of completely different 
causes such as the failure of ovule differen­

t i a t io n ,  formation of open carpels or strong 
^ ■ d u rtio n  or diminution o f the ^ex organs 
.^ n d e r  the influence o f the m utated gene.
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sexorgaiis into lem alt ones. Sunic example.' 
for these gene actions are given in the di.'v- 
cussion. O n  the other hand, a relativel) 
large group of genes seems to be present 
in the genom e o f all the higher plants that 
lead to  the breakdown o f micr(»porogenesis 
in the m utant condition. OnK the genes of 
this relatively uniform group is being 
considered in the present paper. In the 
first p a n , the action of those genes is dis­
cussed for which a co-operation with the 
cytoplasmic male sterility is not known. 
This interaction is discussed in the second 
part. Furtherm ore, the species exhibiting 
male sterilit\' have been arranged accord-



inp  lo tlieir laxnnoniir posilioi) in iho pre­
sent text.

U nfortunately, no t only tlic gcnetic back­
ground o f  m ale sterility bu t esscntiall)- the 

. cytological situation of the genot>*pcs is not 
' studied in  detail in m any cases. Therefore, 

the tim e o f action o f m any genes of this 
group can.not exactly be given. O ne of the 
aims o f this review paper is lo point out 
this lack o f inform ation. In  fact, the phe­
nom enon o f  genetically conditioned male 
sterility as a  w hole would l>e belter 

P  understood when these detaili arc knosN-n. 
W e -^'ere no t able to  consider the ^ho le  
literature. \V e aim ed to present a survey 
o f the known facts about this field of 
cytogenetic research and  have tried to 
arrange the num erous heterogenous find­
ings in to  a  classified and  orderly system 
w ith a  hqpe th a t this shall facilitate the 
fu ture  analysis o f the problem  in  a  relatively 
simple way. Furtherm ore, the present work 
represents the  first p ap er revicH-ing sys­
tem atically  the  phenom enon o f  genetically 
c o n d itio n ^  m ale sterility* in relauon to 
genetic background and .gene action.

(J) G E X E S  CO.KTROLLLKG M ICRO- 
SP O R O G E X E SIS

T he com m on feature o f all the genot^-pes 
brMncrtno: tf' jlii‘ prorip hcc in their h a \‘in^'

r ij r . p i i a l  ■‘ • i i r .  N l M i . ' v j j o y i -
gcne^i' b ec in ' com pletely norm ally speci­
fic. But in a ccriain  sLagc ol nieiosis. 
charactcrislic for each  gene o f  the group, 
a rap id  degeneration o f the iiv'ing contents 
o f pollen m other cells, microspores or poll­
en craitis r»crur.‘> and  only the em pty cells 
rem ain. W ry  often, the anthers of these 
genotypes arc sm aller, shrunken and 
non-dchisceni. J 'u rtherm ore, they usually 
possess a difTereni colour th an  that o f the 
fertile p lants o f the sam e families or strains. 
H an d  pollination a n d  natu ra l cross polli­
nation  lead to a  norm al seed set in the 
m ale sterile p lan ts  indicating thereby that 
the female sex organs of the flowers are 
fulh- fiinctiouable. In  rare in«;tanrfv, a ver\ 

.:;i( 4)f st.-iiiifiblt py lliii grains i'- 
; ... .. majorir>' of the poljen gei.s

degenerated. Behavio\ir of thest- 
pollen grains is also no t unifonn, In some 
genotypes, a very small seed set is obtained 
after selfing indicating the functionabiiitv 
o f the pollen grains and  male gametes. In 
o ther cases, however, the stainability of tljp 
pollen is not equivalent with their func* 
tionability.

Since m ale sterile plants usually do not 
differ morphologically from the feriilt 
ones, their identification prior to floral 
anthesis is not possible in most o f the cases. 
In  m any species, they, however, are easlh- 
discerned during fruit and seed develop, 
m ent because of their sterility. As a result, 
these plants rem ain green and continue 
om ogcnctic  development’ while the fertile 
plants of the same families are alread\’ in a 
state o f drying. In  certain families, the 
cytological investigation of the m ale sterile 
p lants is difficult because all the pollen 
m other cells (PMCs) present have alreadx' 
undergone microsporogenesis when the 
m ale sterility of these plants can be discern­
ed morphologically. This is valid for legum­
es and  grasses. In  these cases, decapitation 
of the plants is necessary. This recults in 
the developm ent of lateral branches beai- 
ing flow’ei-s from which anthers with 
appropriate  meiotic stages can be fixed. 
In  o ther species such as tornato such in- 
flore‘.cences in the upper regions of the 
'•be ' nrc viil) formed xnIj* ti male '•tnili’v' 
becomes evident in tlie k - . i i

Most of the genes belonging lo ilu- ?/<'- 
group cam e the breakdown of microsporo- 
genesis or o f postmeiotic stages when pre­
sent in the recessive state. However, this 
cannot be generalized because some in­
stances are kni^vn in which dom inant genes 
are responsible for these anomalies. M ore­
over, the phenom enon of male sterilit>' 
can  be due to the jo in t action of several 
mj-genes or due to an interaction of ms- 
genes and the cytoplasm. T he findings 
exi«iting are classified according lo the four 
possibiJiries as given above.

(a. T h e  a c tio n  o f  s in g le  re c e ss iv e  
g e n e s  on  m ic ra s p o ro g e n e s is
T iic plicnonjfjjojj of m ale sicrilit)- has bern



o f .n'F i k : c d n t k o i  o r  M i(.R o « 'i-o K r)r.F .N rs is ir>

rxiensivrly studird in n vcrv ‘iniall 
,.r specic-s in which a high num ber of 
■ ooniancously arisen or experim entally 
jaduced m utations art* availaWe. This is 
valid for tomatoes, peas, maize and  barley. 

I Jn the fij-si two m entioned species, a 
thorough cytogcnetic anals'sis including 
meiotic behaviour of the m utants has been 
made. In  most of the o ther spccies, only a

* very small num ber of m ale sterile geno- 
' types Jiave been isolated so far.

^rassica oleracea, B. campesCris:
" n  B. oleracca, investigation.^ on male sterile 
lines have been carried out in tlxe varieties 
capilata. botryfis. grmmifera and italica. A 
case of genetically conditioned male sterility 
in green sprouting Broccoli [B. oleracea 
var. iuUica) was reported by Cole in 1957. 
Subsequently, the  respective m u tan t was 
analysed cytogenetically. T h e  plants are 
slovi' in growth, possess reduced vigour and 
brown, shrivelled, non-dehiscent anthers. 
T he male sterilit)- was found to be controll­
ed by a spontaneously m utated recessive 
gene. In  the homozygous condition, the 
wj-gciie induccs a  breakdown in jnicros- 
porogencsi' im nirdiatcly after tlic m icro­
spores are formed. T he development o f the 
J’MCs up  to this stage is normal. The 
separation of the four microspores in the 
niicrosporocyte does not take place; they, 
v main fu'^cd together and got graduallv

* -itovfd C..1. V j.v -

i lie linkage Cii anoihei gciie i'or male 
''terility designated as m5-l with a gene 
controlling anthocyanine synthesis w’as 
studied by Sampson (1970). The anthers 
nf thi< m utant are fleshy, pale green and 
Jicarj)- nor/naJ sized, J/j ihis material,, a 
tjuadrivalent is present in all the PM Cs 
•-'■■.•sides 7 bivalents as a constant cytological 
Stature. However, there is no relation 
ijetween quadrivalent form ation and male 
^ierility.

tem perature sensitive m ale .*i(eriie m utant 
Broccoli wa'v investigated by Dickson 

1970;. Giown in jhc grecuhouse. the
At a lemocra*

tuit* of 24“C day and 17 ('. J i i g h i .  ronj- 
pleie male sterility is observed. Ai 17 () 
day and 12'^C night, only a s l i g h i  degree 
o f  abnorm al pollen developm ent occuis. 
Finally, a t lO'G, the plants a re  highly m ale 
fertile. T he same m utan t w hen subjected 
to fluctuating tem peratures that average 
from 12'* to 14®C produced sm all am ounts 
o f pollen having a fertility o f  36-61 per 
cent. T he aw rage seed set ranged  from 
0-3*5 seeds per fruit with a m ean o f  J-2. 
In  the fertile plants, the corresponding 
range was 2-14-5 and the m ean 7*1 
(Borchers 1971). T he gene designated as 
rwj-6 behaves as a recessive. U nfortunately, 
no cytological details are available. A ccord­
ing to crossing experiment.s, the gene is not 
allclic to the ms- genes studied by  Johnson  
(1958), Cole (1959), N ieuw hof (1961) 
and  lu rchers (1966).

In  Brussels sprouts {B. oleracea var. gemmi-  ̂
fera), a recessive gene becomes likewise 
effective after microspore form ation. So 
far, no allelism tests of these t\vo genes have 
been made. Nevertheless, it can  be assum­
ed. that the t^vo m utants a re  no t identical 
because of certain m orphological differ­
ences. 7'he anthers of this m utan t are not 
shrivelled unlike most o f rhe w /-m utants 
of other species. Moreover, the  flowers are 
smaller and paler in colour. M ale sterility 
is in this case likewise due to the action o f a 
'̂ inc’le reccssivc pene nM-2. 'I t"- Hoiniiuiiice 
of tlic alicl -U.‘-2 is oljvioti.-.A iw>i Vmnplcte. 
Plant*; having the helero7vec)us constitu­
tion Als-2ims-2 possess about 1 p er cent 
male sterile flowers. T he expression of 
dominance is not influenced b \ ' tem pera­
ture (Johnson 1958). Furtherm ore, plants 
of Brussels sprouts exhibiting either com ­
plete or partial m ale sterility have been 
found by Nieuwhof (1961). I 'h is  type of 
sterility is controlled by rece&sivc genes 
whose inheritance pattern seems to be 
complicated. F urther cytogcnetic details 
arc not available. T h e  sam e m ateria l was 
subjected to different tem peratures and 
the expression o f  m ale sterility was studied. 
O ut o f 11 clones, three originated from 
plants having hhort stamens aiKl shrnnkrn 
non-dehiiccnt anthers. I'Iu-m.- \> ere coniple-



icly male ilerilc. In ilic fii-M. man;, 
exhibiiiii^ partial male sterility were obser­
ved showing an irregular developm ent of 
their androecium. Six clones derived from 
such plants were utilized for the experi­
ments. Ac 17°C, the developm ent of the 
stamens was norm al bu t the am ount of 
pollen grains uas very low. At IO®C, how­
ever, more pollen was produced in both 
m ale sterile and parfially male sterile 
plants. Their pollen rrrtility langed from 
45-58 and 55-77 per cent, reipcctively. 
T h e  am ount o f pollen grains produced at 
14®C was interm ediate, t hus, high tem­
peratures supress poUen formation in these 
gonotspps. Tl^e female ferrilitv of this 
m aterial, in g<*neral, was good. At 14 and 
1 7 Li. .:ccd h:uid pf'iliiuitions w.i'
similar in all the clones biii a t lU C. seed 
set of male sterile plants was a little lower 
than  that of the m ale fcftiles. Thus, the 
phenom enon of m ale sterility ob.served 
here does not have a direct correlation 
w ith ihe runctionability of the female sex.

G ene msA  was found in an  inbred line of 
purple cauliflower {5. oleracea var. boiTytis) 
by Borchers (1966), T h e  expression o f this 
gene is srable and is not influenced by 
environm ental factors and  several chemical 
treatments. The an thers dehisc normally 
bu t the pollen grains are  fused with each 
o ther forming a stiff pollen strip rather 
than  loose am orphous pollen po^ider pro­
duced  in normal anthers. Nlany o f the 
pollen grains are small, non-staining and 
abortive; furtherm ore, their size is consi« 
derably variable. Details on the course of 
microsporogenesis arc not given: therefore, 
the  time and type o f  degeneration is not 
ye t known. Gene mj-4 shows a monofactori­
a l recessive inheritance.

A nother male sterile m utan t due to the 
action of a single recessive gene in cauli­
flower has been studied by Xleuwhof 
(1961). Plants homozygous for this gene 
have petals that unfold slowly and parti­
ally. Their stamens are small having poorly 
developed anthers th a t never dehisc. The 
course of microsporogenesis is not investi­
gated.

In  cab b ag f*  o m a tx tt v«».
iterilc plants were found w hich were nor 
able i*> produce any seeds. T hey were 
m aim ained by means of cuttings. \Vh«*n 
pollinated w ith pollen o f fertile cabba;^^ 
and  cauliflower, no seed set was obtained. 
Investigation of the em bryo sacs indicate^ 
the presence of cellular grow th th a t possihlv 
leads also to female sterility »\ieuulu>f 
1961). Thus, neither the genetic situation 
nor the exact kind and causes o f sterility 
are known In this m atrrtal.

The findings ju st m entioned refer to differ* 
ent varieties o f the species B. oleracea. 
Moreover, male sterile m utants were ob­
served in iwo varit'tics o f brow n and ycKiv ;

n  O ne of them  ha I i
lUnciional n;a(o iU'riIit>. In the uihcv 
the anthers are reduced in  size and  com.iiii 
non-viable pollen grains. The meiotic be­
haviour of this m utan t is riormal up to 
the formation of tetrads. F urther develop­
m ent is inhibited. T h e  microspores are 
present in the form of a crum pled mas>, 
of thin-walled cells containing very little 
cytoplasm th a t stains lightly. Tapetum  
develops norm ally und l te trad  formarion 
in the PM Cs is completed. W hile the 
tapetal cclls of fertile p lan t start degenerat­
ing and finally disappear, in  m ale sterile 
plants the .tapetum does no t degenerate 
even after the disappearance o f the pollen 
grains. T he anom aly is due to a  single 
recessive gene (Clhowdhury and  Das 1966, 
1968).

Viola orphanidis:
In  r . orphanidis, plants having three diflW* 
ent chromosome .num bers arc knourt 
(2 n —20, 21, 22). No m orphological varia­
tion is found to be associated w ith th^ 
variability in chromosome num ber. A 
Swiss collection o f the species w ith 20 
chromosomes was male sterile (Clausen 
1930). T heir PM Cs were unable 
coniplete the first meiotic division. From 
the degenerating PMCs, branched fibriH- 
om  attachm ents project ou t foim ing a net- 
work-like structure w ithin the pollen 
The process of disintegration includes evt‘'i 
the tissues present between the pollen



L 'lifo i'liiria ic ly , tio itu-i.-Mi (!.tia  a rc  g iv m  m ilio -.p. . w liit li o ln 'io u s ly  is .......
\viuch would  be ucce'N->ary to judge the as a rc^iuU ofiiUriactiDti between cytoplasm 
ry togcnc tic  s ituation o f  the nuitams. a n d  a  n u c lea r  gene  ■ l^cteison 1958^.

Capsicum annuum and C. frutescens 
A m ale sterile m u tan t o f C. annuum desig­
nated as tns-3 was obtained by X -irradia- 
tion. T he plants homozygous for the 
ifcessivc gene do not difTrr from the fertile 
ones of the segregating familif^ with 
•I'Ljard to growth and jtvmphology. Their 
^considerably reduced am licrs contained 
alrtiost no pollen grains.-Only 1-3 normally 
de\eloped and stainable pollens were 
fou£id per .uither. [fie nieioric behaviour
i. r the m utan t h a ' n-ii b- r-n studi'-fl. I'lie 
n:.jle sierilitx' was neither inHuenced by 

u "II ■ ;i.-M ' ' I I'/' - ' I , 1)'. ,  ; .11 ■ illjf 
male fertile plants U.i>kaloif 

* a te r , the author isolated five more male 
sterile m utants got after X - and gamma- 
irradiation i DaskalolT I97I, 1971, 72.
1973a, b). In  all these cases, sterility is 
governed by a •>ing!e ri'ce'.>ivc g<*ne; the 
genes being non'allrlic. I'hey a te  desig­
nated as nw-4 to ms-8. M u tan t ms-^ is 
fuUy m ale sterile forming no pollen grains 
a t all. M u tan t ms-5, however, develops 
under greenhouse conditions a  small 
am ount o f sterile and fertile pollen. 
In  the field, it is completely male sterile. 
T he functioning ability of these normally 
looking pollen grains has no t been tested. 
T h e  possibility of an  interaction between 

m/-5 and the cytoplasm cannot 
Uc ru led out 'D askaloff 1971/72). In 
m utants ms-6, ms-7 and wj-8, a normal 
course o f meiosis up to tetrad  formation 
3vas observed, A complete degeneration of^ 
^ e  m atu re  microspores indicates that the 
disintegration of the cell contents takes 
place between microspore formation and 
their m aturation  (DaskalofT 1973a, b).
A sim ilar meiotic situation is valid for a 
spontaneously arisen n \u tan t in the Bell 
Pepper variety "All Big'*. Disintegrafion 
<̂ f the microspores takes place immediately 
^fter te trad  formation. 'I’he expressivity 
of the recessive gene involved is stable in 
field and  greenhouse • Shifriss and I'rankcl 
^%9y. M oreover, a >pceitie t \p e  ( yto- 
Pljxsmic male stcrilits' has i)een Ibund

3

Pochard 1970a) invcstiguled m aterial of 
Capsicum artnuum having 8 per cen t o f  
haploid embryos. After treadng the seeds 
with X -ra \s  and EM S, he selected three 
male sterile haploid plants i;7jr-9, me 309, 
me 705). By application o f colchicine 
diploid flowrrs were formed which were 
fertilized w ith pollen lioui fertile plants. 
T he analysis o f. the  progenies indicated, 
that the m ale sterility in all the three 
geriotspci is gtivcmcrl by a 'ingle rece>sivc 

nrliiuf 'o P'^i'hnrd. thr>?e difTerent 
g<?nes lK i\r niHhaed; hoxtcxer, alleJia/ii 
' r  t I- • • : ^  fl ■! l’! '̂-' ' • I I  e
ccrtaui ditii im cj-' in the incKxii.' behas iour 
of the th ree m utants. W hile microsporo- 
genesis in me 509 is arrested a t the tetrad  
stage, in  m utants mr 9 and  me 70p, the 
breakdow n can take place at any stage 
from propha>e [ to micio'-pore fortnafion
1 Pochard 1970b;.

In  Capsicum /ruUseens, three different types 
of sterility were observed by M artin  and 
Craw ford (1951). T h e  first type includes 
both m ale and female sterility; thiis, it 
is no t concerned w ith the problem  being 
discusscd in the present paper. T he second 
type was m ale sterility manifested -only 
under field conditions. T h e  th ird  type, 
finally, uas' m ale sterility only  observable 
under green-house conditions. In the field, 
such p lan ts are fully self-fertile and very 
productive. U nlbrtunately, also in these 
rases n o  ( yt4)genetical studies have been 
made. T herefore, no detailed informations 
on gene action, meiotic behaviour and  
the d ircc t causes o f male sterility can  be 
given.

ffebe pnrviflora and other species o f the genus 
In different .species o f  ihe genus Hebe, 
naturally  occurring male sterility in small, 
isolated populations iti \ e w  Zealand was 
found to be obviously controlled by 
reeessivc genes i I'rankel 1940). In  H. 
paniflorti and  II. nibalpina, degeneration 
occurs at pachytene. The bivalents coa*

ti - ' i - i t  ~ - ' f ' '



cavise this auotnaly. O ne of ilif gfiioiypcs 
shows complete, other ones have pditial 
sterility. Clomplcte m ale sterility was ob­
served in plants homozygous ibr gene ms-'Z 
(R ichm ond and Kohel 1961). T he anthers 
o f  the plants arc indehiscent and  the fila­
m ents are shortened. All the' stamens are 
com pactly placed along the staminal 
column. Pollen grains are formed but they 
are  small and lack spines on their exint*. 
Microsporogencsis appears to be Jicarly

* norm al. T he insignificant meiotic distur­
bances observed in these plants cannot 
be the cause of the complete male sterility

» of the m utant. Nevertheless, the pollen
» grains are non-functional while the feniule 

^crtn ocll' I 111 [)0 uM'd H i' •>‘ih( pr<>((u< iicti 
when cross-pollinated.

Homozygosity for gene mj-l causes com­
plete or partial male sterility. Such a plant 
was derived from a monosomic p lan t; its 
meiotic behaviour is iioc knoun ('Justus 
and  Leinwebdr 1960).

G ene ms-3 o f G. hirsutum causes no t com ­
plete bu t partial male sterility (Justus al 
1963). T h e  flowers of the plants homozy­
gous for this gene contain either no pollen 
grains a t all or a  reduced am ount of pollen 
depending on environm ental factors which 
are no t yet sudied in detail. Pardally  male 
sterile plants are more fertile under green­
house conditions than  in the field. This 
m utan t is not com parable to the mj-mu-

* tants o f other species discussed in this 
review because the little pollen produced 
in these plants is functional and can be

* used for self pollination or out-crossing. 
Thus, there must have been a  normal 
course of microsporogencsis in some of the 
pollen m other cells and the degenerative 
processes characteristic for nearly all the 
m ale sterile m utants do not occur.

A nother male sterile m utan t o f  G. hirsutum 
having nectarless flowers and glandless 
leaves »as .studied by W eaver (1968). 
According to test crosses, the male sterility 
o f this m utant is due to the combined ac­
tion o f two rcces.'iive genes designated as

/H.r-3 and  Tliis is the oiilv rcp tn i ,,f
male .sterility in G. hirsutum th a t is condl- 
tioned by two genes. Details concerning rh,. 
direct causes of sterility an d  the meiotic 
behaviour of the m utants are not known. 
Gene M s-7 is responsible ib r m ale sterility 
when present in the dom inant state. L , 
action will be described J.iter.

A/a/f 'ilerilily in le,^unies 
In Lt'guminosae, rohxtivcly large am oun t of 
information on the action o f genes causing 
male sterility is available. T he species in­
vestigated in this connection are Glycine 
irax, Lathyrm ndoratns. Lupinus mufabilii. 
Phaseolus lunatus, Pisum salivum, rrifolium

f ’-’ ; .'W'./ .inrl

/-’/jwm sativum
In  the garden pea, 13 male sterile m utauts 
Jiave been obtained after X -irradiation. 
T he course nf microsporogencsis. the time 
nf breakdown and the generic behavjorn- of 
all these m utants have been fully explored 
Gottschalk 1968, 1971, Gottschalk and 

Ja h n  1964, Gottschalk and  B aquar 1971, 
1972, Klein 1968, 1969).

T he action of the m utated  recessive genes 
is concentrated either a t early prophase 
stage or a t the final stages o f meiosis (figs
1,2). In  general the w -genes o f  the genome 
cause—-as in the other species m entioned 
above— breakdown o f microsporogenesis 
a t a specific stage followed by a disintegra­
tion o f the living contents of the cells. 
However, only some genes of this group 
exhibit ihis type of !>ehaviour. In  some 
other m utants, meiosis continues b u t the 
plants are unable to form functional male 
germ, cells. T he following m utants belong 
to the first group:

— M utants 69, 38B:
Degeneration in pachytene. These 
two m utants are obviously Identical 
in showing a completely sim ilar meio­
tic beiiaviour. Pairing o f the hom olo­
gous chroiTiosomes takes place n o r­
mally, bu t simultaneously, dcgrnera- 
tion nf all the chronu'sonu'S o f the 
nucli'i begins. Furtlu-rrnore, the nu-



rleoUis IS considerabiy i-niaigt'd aiici 
highly vacuolated. At this cimc, ihe 
bivalents can  still be observed as 
distinct entities o f the nucleus. But 
later, all the bivalents appear to be 
clustered forming a  structureless 
am orphous body (figs. 1 ,2 ).

M utant 503:
In this, degeneiaiion occurs between 
tnicrospore and  pollen formation. 
FurthermorCj two m ore m utants have 
recently been isolated th a t show 
degeneration in Icptotene and  during 
diakinesis and  prom etaphase. All the

i i i a i c  . m c i j i c  i h u u t i h i  • ; . . 

i//m >how additional anom alies vvliich 
are rrla ted  to their jneiotic behaviour.

In  m utan t 395, there is a  completely 
norm al course of microsporogenesis up to 
the second division. Q uadripartition  of the 
PM Cs in order to form the niicroipores is 
initiated bu t not completed. Tn intrrpha.se
11. broad cytoplasmic strands <nnne(;ting 
the four niicrospores are observed. Degene­
ration o f chromosomes and  nuclei takes 
place during the end o f microspore forma­
tion.

Pi?. 1. Pollen m other cells oi‘ the m ale 'iterile 
>nu(ant 38B o f  Pisum saliiuin during pachy tfjie  
'howing the brginning of th r  dfRrnrr;ui<»ti of 

cbronK'^OfJifs.

Fig. 2. T h e  sam e PM Cs as illusiratcd in figure I 
in A M>im*s\hat laU'r stage of nuclcar (iegcntraiion. 
.Ml ihe fhrt«ii»wonn;s are united I'ornung an am or­

phous chrom atin body.



\fu ta n ts  7iA. 73 and  98A show a  nearly 
sim ilar meiotic behaviour. \Vc art* not set 
able to state if these genotypes are identical 
and  have o ripnated  from m utation o f the 
sam e iocus in three different irradiated  
embryos. I t  is conceivable that several 
genes of the Pisum genome cause identical 
meiotic anomalies when present in the 
homozygous stare. This situation is reali>ed 
in aome ds-f^enes o f P. iativum i^GottschaJk
1968). Because of the sterility o f the ms- 
m utants, it is very difficult and  time- 
consuming to clarify the genetic situation 
I'xi-^ting ijetueen these m utants. T hey  do 
not onl>- -how dei^rneration of fh rir rh ro-

■ ! , ' M ( .  >. I > m  I b i ‘<Ku! - I -  ' p r  •-

irum  of meiotic irregularities can be ob­
served. All the«:e anomalies are transferred 
enblock from generation to generation 
obviously due to a pleiotropic action o f the 
genes,involved. This pleiotropic spectrum  
comprisc> :‘.Kchiiively of premeiotic. nieio- 
tic and  po^t-meiotic features \vhich are as 
follows:

—  Considerable reduction o f the num ber 
o f PMCs per anther.

—  Premeiotic anomalies resulting in 
hypodiploid PMCs.

—  Poor stainability of the chrom o­
somes.

—  Irregular chromosomal distribution 
in anaphase I.

—• Strong irregularities during the final 
stages of microsporogenesis. T h e  chro­
mosomal distribution in anaphase H 
is disturbed resulting in 4-16 m icro­
spores per PM C, the m ean being 9-5.

— ^ g in n in g  of a  third meiotic division 
a t the end of microsporogenesis. This 
division continues up to metaphase.

Furtherm ore, there are some other specific 
pecularities which are no t observed in other 
m ale sterile Pisxtm m utants. T he m ain effect 
o f the genes in question—the degeneration 
o f the living contents of PM Cs—docs not 
occur in a distinct meiotic stage. O n  the 
contrary, there are three different stages 
(luring which the genes are operative. 
Disintegration i-an occur during interpha.se
II prcvtMUiiitf uiioiospore form ation, fn 
o ih fr  I elN ->f iIk'nc* m utants, degeneration

takes place wht-n ihe microspore.s a ie  form- 
rd. In this case, the formation of intine and 
exine takes place not around the individual 
microspores bu t around the whole PMC. 
This is one o f the most characteristic ano­
malies in the three m utants and  also in 
this behaviour they resemble each  other 
fully. If  degeneration at thi^ stage would 
not occur, giant pollen grains wtiiild bp 
Ibrined Jiaving the tetraploid im tead  of 
haploid chromosomes num ber. In  a  rela­
tively small proportion of PM Cs. degenera­
tion occurs in the completely developed 
pollen grains.

ft iv pr: I . ’ai; ■!; i . '  ;f  ! , i , ;
groups of neighbouring PMCis in the an ­
thers of these male sterile m utants exhibit 
a  nearly undisturbed course of microspo­
rogenesis. In ipite of this norm al behaviour, 
the m utants never -̂ et seed. Therefore, it 
I an be u>ncluded that these ■ ni^rni.d'' 
PM Cs are unable to produce functional 
male gametes. This differential behaviour 
could be due to differences in the degree of 
expressivity- of the m u tan t gene. I t  would 
be w orth while to study the causes of these 
differences.

M utant 67 ofoiw collection shows in gener­
al the jam e meiotic and  prem eiotic lie- 
haviour as mendoned above. Also in this 
case, the earlFest anomalies are observed 
in interphase II and the whole PMCs 
are surrounded by a thick cell wall. Aft<‘r 
degeneration, only pycnotic and clump.. ! 
portions of protoplasm rem ain i'Klei;i
1969). This m utant does not show the 
complete pleiotropic spectrum  found in 
m utants 7 I.\, 78 and 98A. Therefore, it is 
obviously not identical w ith the o ther three 
genotypes.

M utan t i05B of P. sativum belongs likewise 
to the group of male sterile genotypes 
it shows a completely divergent behavit ' - 
that is not c'omparablc w ith the action • 
the other /«j-genes. Hence, it occupic-* 
^perial position within the whole groiip- 
In this m utant, there is an  u n d is tu rb e d  
normal course o f ineiosis up to diakiiu‘>i'- 
Degeneration begins during  promeiapli-''^’



•c.suUinjf in an  am ofphons chrom atin body 
ike th a t ia  m u tan t 38B. But the mciotic 
tagc o f this agglutination is no t firmly 
ixed. I t  can also occur during later stages 
jp to the end  o f  second meiotic division. 
I'he specific pecularity  of this mutant, 
lowcvpr. is fha t there is no breakdown of 
iiicrospnmifftu'sis. O n fh«* ''Ontrary. meio- 
is coaiim ic ' ia  'p ite  o f the anomalies 
nentioned above and  microspores arc pro- 
iuced. But the principal cfTect of the gene 
s also in this case the complete degenera- 
,ion and d isin tr^ration  o f the cell contents. 
!t takes place l)et\veen microspore and 

li’: ;• : ■ '11, Thus. ;:iuiaiu IfrjB
p̂̂ .‘cit^c t'harucicriitics o f the 

\ pical m ale sterile m utants, ^ •̂hile it deviat* 
*s from them  w ith regard to other features, 
since degeneration o f the precursors o f the 
nale gam etes finally rakes place, it seems
o he foa'.iblc to place it in the male sterile 
rroup.

\11 the m ale sterile Pisum m utants show a 
nonohybrid segregation. In  some geno- 
ypes, a  statistically significant dcftcit of 
ecessive p lan ts was observed in the segre- 
jating families. A  sim ilar deficit is known 
or m any Pisum m utan ts irrespective o f the 
pccific action  o f the concerned m utated 
jcnes (G ottschalk 1964). It is probably 
liie to weak com petitive ability o f the 
joUcn tubes containing the m utated 
jcnes.

^ria  faba
'n the broad bean, a male sterile m utant 
s known ibrnung a  very low am ount of 
>nllen grains w hich could not be stained in 
>ceto carm ine. C^n selfing such plants, no 
^ed sec was observed. However, cross 
>ollination led to the formation of seeds. 
;Ifnce, ihc fem ale sex organs arc normally 
'inctioniiig i Bond el al 1964). This is obvi- 
Hislv a true rase  of genetically conditioned 

sterility, bu t there are no details 
'̂̂ ■■'ilablc on ihe coiusc o f microsporogcne- 

rherctare, it is no t vet clear at what 
stage the g«'ne acts and in which 

ih»'(l*‘g«*ncration of the PMCs, micros* 
or p<illi-M grains occurs.

Lathyrus odoralus
In  the sweet pea, a  recessive gene leading 
to male sterility is known since the beginn­
ing of this ccn tury  Bateson ti i l  1903. 
1908). A ccording to Gregory 19)3 , rer« 
tain anom alies occur alread>' during the 
premeiotic mitoses resulting In a r e t i r e d  
tumiber of PMC's in the anther^;. .H'-zsevcr, 
the gene bccomes m ainly etfcctivc during 
niicrosporogenesis. A special 'niciotic fea­
ture of the m.T-plants consists in the delayed 
d isappearance-o f the nuclear membrane. 
Moreover, the bivalents in most '■f the 
PMC's are rnndninl\' rljsn-i!'’!' . ; nni 
o iit'iuaicd tiic ir((U.Uori4ii pi:;:* After 
ihe end of the second division, certain ano­
malies in cell wall form ation a re  ubserved. 
Obviously, no independent microbp^res are 
formed but there is only a cham ber l5r- 
mation w ithin the m irrosporor '-«, The 
final arrest o f  the meiosis is nut firmiv nxed: 
it can take place an\- time between diakines- 
is and  anaphase II . These differences in 
the expression o f  the gene seem to be en­
vironm entally controlled (Faberge 1937). 
T he female sex o f  the p lants is fully func­
tional (P unnett 1923, 1925, 1927,‘1932).

Trifolium praUnse
\  recessive m5-genc in Trifoliim  prcUnst 
was studied by .Smith (1971). Tlie p*>Uen 
sacs of the p lants homozygous for this gene 
were shrivelled and  the anthers were 
orange-coloured instead o f yellow. rhe>' 
contained only 3'G% stainable pollen grain.s.

'C onsiderab le differences in size were ob­
served w ithin the unstained, non-funciional 
pollen grains. A 3 : 1-segregation of gene 
mJ-1 was found; meiotic study of the plants 
is not yet carried  out.

Glycim max
The species Glycine max represents one of the 
examples w here genes for m ale steriliu’ arc 
acting but w here no cytological details .ue 
available. Plants hom oz)gous for gene ’’o-l 
are indistinguishable from fertile pl.ims tiU 
to pollen form ation and pod deveiopinent 
Brim and  Yoimg 1971', They 

only a fc\v o^c-^e•eded Heshy pod '. Thus, 
they can be idcniifird  either l)y ihr-r p.':ieii 
sterility or bv their cxtrcnioly rctlnred ' '’a l



set. In  a  natural crossing block, 99%  oi’ihc 
seeds produced in  the m ale sterile plants 
were ihc result o f cross pollination.

Vigna sinensis
In  the cowpea (V. siiiensis ssp. cotjung , a 
male sterile m utan t was studied by .Sen 
and Bhou-al '1962 . I he pKmts <*xcellrd che 
fertile plants in vegetative growth, bu t their 
floral organs were reduced and  the anther' 
were small and  not fully developed. Arches- 
pore cells were present bu t obviously in a 
reduced um nber. O n ly  a  few PMC's uere 
tunned 'iiul 'itc'f' rliowrcf brpnkdf»^vr :* 
mitiU 'porogcne'ib in <*aiK piophases. i ^ :  
latest meiotic stage observed in the mcao- 
cytes was the diakinesis. These cells degene­
rated very rapidly w ithout any further 
growth. Crossing experim ents ind ica t'd  
that male sterility is controlled by one -'»• 
cessive gci'je.

Phaseolus Imatus
In  lima beans, one m ale sterile p lan t occun 
in a population of ab o u t 20,000 plants due 
to spontaneous m utation . T he respecri\T 
gene shov̂ ŝ a  pleiotropic spectrum  affect­
ing the gross m orphology of the p lan t be­
sides the funcuoning ability o f the male «ex 
organs (Allard 1953). T h e  action o f the 
gene is discernible even a t  the seedling 
stage. T he shoot apex  o f the primary* axis 
stops its function in a  very early  stage i-«f 
ontogenetic developm ent and  the wĥ ^ ê 
shoot system is developed from lateral 
axes. .\s a  corisequence of this anom aly, the 
vegetative developm ent of the p lan t is sni- 
lially delayed. L ater, the p lants exceed the 
fertile plants of the sam e family in stature. 
In  addition, the m utated  gene influences 
leaf morphology an d  organisau6n as \\-eH 
as the chlorophyll content. T h e  anthers are 
shrunken and  fail to  dehisc. In  prinripJe. 
pollen g rain  form ation takes place, hut 
majority o f them are em pty. A  maxim um  o f  
7^0 stainability was obtained. Fruits were 
never formed in these plants. Since a 
derailed anahsis  o f  the niicrosp<>rogcnc^:s 
has not been m ade in tlii-; m utant, no cx.\ct 
information on the causes leading to :he 
production of the rm p ty  pollm  ijraiu ' > 
available. Genetic analvsis rcvcalfti .h *

sterility to be conditioned by one reccssivi; 
gene.

Lupinus mutabilis
From  the m aterial got from Peru, about 
35 per cent of the plants exam ined by 
Pakendorf (1970/ were found to be male 
.■sterile. la  the.se. microspotogenc'^lsprocctHj-, 
normaUy up to te trad  form ation but the 
tetrads degenerate before separating from 
each other. This degeneration is coupled 
with a  progressi\'e increase o f the endothc- 
cial layer whose cells are \vithout support­
ing bands. \Vhi(»* ♦̂ ap̂ t̂al rells in '
lertilc plants in ilio 'i t .
they remain intact and  nonvacuolatcd. 
T he nature and type o f  sterility is not 
known; moreover, the female fertility was 
not determined.

ihha/Uhus annuus
M ale sterility in sunflower was reported in 
a  Ru-ssian m aterial by K uptsov (1933). 
T he specific p lants were characterised by 
non-emergence o f stamens. W hen bagged, 
no seed set was obtained. After cross polli* 
nation, there v^as a  norm al seed setting. 
T he anomaly was obviously conditioned 
by a  recessive gene. M oreover, genetically 
controlled m ale sterility in Russian varie­
ties was observ'ed in France th a t _\vas 
likewise due to the action of a  single recessiv'c 
gene (citcd after P u tt and  Heiser 1966).

Putt and Heiser (I966j found two types <’f 
male steiility in sunflower: complete and 
partial sterility. Com plete sterility was 
exhibited in an ornam ental red-rayed 
variet)’ grown in Bloom ington/Indiana 
and  in another stock grown in Morden/ 
M anitoba. In  both the cases, the plants 
possessed anthers th a t split a p a rt before 
e.Ksertion. T he m ale steriles of the Bloo­
mington stock had  c ither no pollen of 
pollen grains o f uneven size th a t reuvn** 
clumped and unstained in aceto carnhiie- 
T h e  early stages o f microsporogenesis 
completely normal. F urther details indi* 
caring the degeneration o f microsporoc'V*^^' 
microspores or pollen grains are tacking 
I'he genctic control of this anom aly is nt’f 

\ r t  fiillv dea r. W hile in three crosses



S t e r i l i t y  appeared to be controlled b y  a 
single recessive gene, is two others ihe 
control appeared  to be due to duplicate 
Irenes.

Ill the maJe sterile plants of M ordeii stock, 
the poUon grains were uniformly sinailer 

tjiosft o f the frrtile plants and \'.ere 
5ioucluinping. lu  two thirds of the sterile 
plants, no pollen stained. Tn the rem ainder, 
only I per cent partially or »ormaUy 

sta in ed  pollen grains were - found. T h e  
*nom aly  is likewise due tn the influenct* o f 
,i siiiBflc reres«i\’c arrne. \n v  meintir it»‘f'-

• , cMiild ii'>; bo 111
^ i i e r iu l ;  therefore, it is not yet clear a t 
™ a t  postmeiotic stage the gene causcs 
pollen abortion. ‘

The authors made reciprocal intercros'es 
hciwcen the l\vo male sterile 'tock  and  got 
fertile F i'hybrids. TluTfforc. the niale 
sterility cannot be due to identical genes or 
alleles.

Besides p lants exhibiting complete m ale 
sterility, partially  m ale sterile plants w ere 
isolated in two inbred lines of the species. 
The genedc basis o f this type of sterility 
within the two lines is not fully clear. 
However, according to rros.sing experi­
ments, it appears that the genes controlling 
'ic^ility in the two lines are not identical 
although they originated from the <ame 
variety.

iMucus carola
The first cases of male sterility in carro ts 
are docutncnled in K nuth ’s book published 
*n 1898. T h e  au thor mentions abou t 
certain ’‘physiologically female" plants

«curring random ly in wild populations o f 
carota. They developed cither leafy 

stamens or stanu*ns with unbilled fila- 
•^cnts and  non-dchiscent anthers. M orc- 
’̂ 'Cr, partially  male sterile wild carrot-s 
have been fountl l)v Beivorinc k i IH85) in 

Xrilu-rlands.

ingle m ale sterile plant was detected 
coiumiMcial stock i-if the variety

- ii-n(iers\\'f*rt” b\- W 'rkh and (jrim bali

(1947). T lie  cytological behaviour o f the 
plant and  the gcnetic control o f this ano­
m aly were no t studied. T he female sex 
was norm al; therefore, it appears to be a 
case o f true genetically conditioned male 
'>terility. A  similar, bu t obviously not 
identical case was obser\*ed in some oiher 
lireeding lines of the .•>pccies. In two out 
of four cases, pollen grains'.wisre produced 
whose viability remains unknown while 
two others did not produce any pollen. 
In  all the four plants, seed set occurred 
as a result o f open pollination.

Utic uioic recessive gene rnS'^ and  one 
dom inant gene M sA  controlling m ale 
sterihty in cultivated carrots were reported 
by Hansche and  G abelm an (1963). In  
the m ale sterile plants, the collapse and 
desiccation o f the stamens took place jiLst 
before floral anthesis. ^\lso in this niaterial, 
no meiotic investigations have been made. 
This is likewise valid for the m aterial 
investigated by Braak and  K ho  (1958). 
In  these m ale sterile carrots, the flowers 
rem ained unrolled and  anthers w ere non- 
dehiscent. T hus, the umbels possessed 
female an d  sexless flowers due to stam inal 
abortion.

A complete microspore abortion in sterile 
plants o f  D. carota was observed by Zenk- 
teler (1962). This anom aly was associated 
with heterozygosity for a reciprocal trans- 
location leading to the formation of 
chrom osom e bridges and fragments. M icro­
spore form ation was coupled with a peri- 
plasm odium  form ation o f the tapetal 
tissue and  w ith an ther >vall deterioration.

The in teraction  o f m ale sterility genes widi 
cytoplasm in  D. carota is described In 
section 2 o f  the present paper.

I.ycopersicon esculentum
In  Solanaceae, an  intensive study o f male 
sterility has been carried ou t m ainly by 
Ilick. M oreover, genetically conditioned 
male sterility is known in ogg plant anti 
tobacco.

From the tom ato genome, 24 nis-g^nes arc 

lUit |-[j'



known (Rick 1944, 1945, 194B. l'J66, 
Rick and  Buder 1956, Rick and B o\ntoa 
1967, Rick and  Khush 1965). The linv? 
of action of these genes is distinct and 
specific; a  survey is given in figure 3. 
The earliest acrion is observed in m utants 
homozygous for mi-3. This gene becomes 
effective during the latest premeiotic 
stages. Only degenerated PMCs are ob- 
M.Tved la m ature anthers. As for matiy 
genes of the group, the time of action, is 
not strongly precise. In  some o f the PMCs, 
microsporngenesis proceeds up to meta- 
pha-ie and telophase I.

/f'Mip of ffxir genfv ratcses breakdoun of 
uu».ru-:p<>r<fgi'ncii> i.lujing ....i'nvnc •
of the Hrsc ineiotic prophase: ms-!0 in 

 ̂ early prophase, rr?s-\ in mid prophase, 
ms-5 obviously during  several sub­
sequent stages of prophase and mj-I8 in 
diplotene.

So far, no ms-gtnc^ of the tomato genome 
are known th a t specifically influence the 
stages mecaphase I to anaphase II. But 
there is a  large group o f rru*genes \vhich 
effect the final meiotic stages; these being 
ms'6 in  telophase I I  and  tetrad  stage, 
ms-2, ms-17 in tetrad stage, ms-4, ms-9 in 
early microspore stage and  mi-13, mj-14 
in late microspore stage.

T he action o f the mf-genes mentioned 
above arc more or less limited to specific 
stages o f microsporogenesis. Besides, three 
other genes can become effective during 
any meiotic stage; like, /m~8, ms-12 from 
prophase through tetrad stage; mj-T.from 
prophase to mid microspore stage. M ore­
over, a  case of variable m ale sterility 
exhibited in a  spontaneous m utant o f the 
variety  “ San M arzano” of Lycopersicon 
fsculenium was found by Rick and Boynton 
1 1967). This trait is controlled by a  reces­
sive gene derignated as rms m apped on 
chromosome 8. Microsporogenesis in these 
plants is norm al and  degeneration occurs 
after microspore formation. Most of ihe 
anthers do not contain stainable pollen 
grains. The few stained ones observed art* 
obviouslv non-funciioiuil as all i‘rtbr(s to

•■elf thobo pla^u^ lailed lo procUicc Nefrfs 
T h e  female acx organs are fully funciionint 
as could be evidenced by hand cross 
pollinadon.

T h e  m utant shows a  high degree of tem­
perature  sensitivity with regard to 
degree o f e.xpression o f male sterility. 
U nder C!alifornian field conditions betwccji 
June and October, the plants develop a 
defective corolla. The stumcns are higliK 
reduced,-m alform ed and  discoioured and 
show som e' additional morphological ab­
normalities, Even when the opened therae 
.\re tca-^ed pollen grains are never shcH. 
Belbre Ju n e  und under greenhouse cor..i - 
'i.->ns ihrr-'iijhout the- \r a r ,  fimven - 
nearlv iiouual. U nder mcfiihou.^o . . .  
tions, the plants show good fertility. Whcij 
the same clones were again grown in the 
field in the following sum m er season, 
they exhibited male sterility. Such be­
haviour was consistantly obtained from 
rooted cuttings or in seed progenies. 
I'his varied gene expression is due to tlu* 

differences in tem perature. A minimum 
tem perature of 30°C in the field and 32’C 
in the greenhouse are required to evoke 
the  male sterility of the m u ta n t The 
sensitive stage in which the high tempera­
tu re  acts as stimulus seems to be flower 
prim ordia of 0  075 mm or smaller dia­
m eter. Buds of this size are stiJl highly 
m itotic; meiosis takes place in them 
after 10 davs.

In  Ru-ssian m aterial, two m ale sterile 
lines due to spontaneous m utations h ’vc 
been investigated by Solovjeva (1970 . 
In  both the cases, '‘terility was inherited 
as a recessive character. Among the* 
sterile plants, a different expression of the 
genes was obser\'ed such as complete 
lack o f  stamens, underdeveloped or fcnii- 
nized stamens containing ovule like organs 
a t  their base. In some flowers, there are 
undeveloped stamens lacking pollen sacs. 
M ale sterility was I'bviously not cotnpi^f^ 
becauic in single flowers I -3 no: ■ • 
stamens containing viable pollen gt*'- 
were fornjeil. W hen cro.sspollinated. 
inal«* Nl('rilo plants arc able to form vccd'-
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j rart'!}'. fcv<' [joljj.u ar<f
In the licid. .i norir.'x* 'prfl :rr nf these 
plaiiu Has ob.M,'rvcd inrliianng the lull 

] (uJictionability of the fcniale organs.
Although no genetic details are available. 
ii appears to be clear that thi> type of male 
sterility is genetic.

Cu(urbita maxima:
The earliest observations of genetically con­
trolled sterility in (/'. maxima were m ade by 
Hutchins l!)44 . This material wias cyto-

* l>7gicall\ analysed by Siugi. and Rhodes
(1961). T h e  archespore cells do not enter 
into mciosis; on the contrary, they enlarge

• und develop vacuoles. Their nucleus be-
► , onies hyprrtrophied  and the cells degene­

rate. This is tbilou'ed by tapetal disinte-
Ill « -p • . .I N. -hf • rllcn mother

^  veils neither degcncraU' ni.r pa,-« ihiough 
niicrosprogcnesis. Instead, tiiey develop a 
thickened wall com parable to that of the 
pollen grains. This represents one of the 
very rare cases in which the action o f a 
’■jj-gene becomes discernible already be* 
lore the initiation o f Jucio>i\. In the same 
spccies, another male sterile m utan t was 
analysed by Francis and Bemis (1970). 
Meiosis proceeds norm ally up to quarte t 
stage after w hich breakdown occurs some­
time during the m aturation  of the micros- 
porcs. N o pollen is produced in the shri- 
\*elled and  necrotic anthers. This anom aly 
i.» correlated with a specific tapetal abnor­
m ality. D uring microsporo^enesis, the ta- 
petal cells undergo an  additional cell divi-

► >ion resulting in a two layered tissue ^vhich 
is not found in fertile plants of the species. 
At the onset of microspore formation, the 
tapetal cells incroaic to double size and 
expand into an ther locules; >imultaneou5ly, 
the microspores . 'S tart deteriorating. Accord­
ing to crossing experiments, the two m u­
tated  m^-genes m entioned above seem to 
be alleles.

In another male sterile genotype of C. 
maxima^ the sterilit\- in due to the abortion 
ot the androecium  is bud >tage (Scott and 
R iner 1946). 'I'his is a ca.'̂ e of "functional 
n>ale sterility '’ which is nor discussed in 
the present paper

bohn ai\d U ’hitaker 1549 fiu ;. * ■ '  — 
'U'rilitv in a ptiudej’s n">i>uiui ..
(:. mel(j governed by the {e(c;.siivc gc/jc 
mJ-l. This gene expiesses its action a t the 
end o f the second meiotic division by arrest­
ing pollen development. A iccond gene of 
this group—ms-2— was detected by Bohn 
and Principe (1964) in another powdery 
resistant line of the species. Xleiosis of 
plants homozygous for ww-2 is norm al up to 
telophase II . Cell wall formation during  
il\e (lovelopineni o f miriospores is hii^hlv 
irregular leading to cclU ihul vaiy in 
size, chromosome num ber and  spatial 
arrangem ent. Xo nuclear membranes are 
observed after the cell wall form ation is 
initiated and chrom atin fragments become 
di'^pf'rsed in the cytoplasm. The tinal de- 

;.iko  p k u '' ■! ^
formation. Genes /«j»l and mi'-2 are not 
identical and probably not linked. A 
m aterial of f'. melo supplied by W hitaker 
was stxidied by C hauhan and Singh ■. 1968 
They found, that the microspores fail to 
separafe and  rem ain cemenicd together. 
They possess only little cytoplasm and  a 
degenerated nucleus. T he authors analysed 
the activity o f acid phosphatase in the 
tapetum  and  found clear differences bet­
ween male fertile and  sterile plants, the 
latter lacking the enzyme.

In  C. sativus, tw o  m ale sterile lines w-ere 
developed after gam m a irradiation. T he 
anthers of the plants are rudim entary but 
microsporogenesiis" prO feedr norm ally till 
to microspore formation. The degeneration 
occurs after the course of pollen mitosis. 
Both the lines are  identical witli respect 
to the gene ms-2 (W helan 1972). Another 
type of m ale stenlity  was obseived by 
Barnes (1961) to be due to the abortion o f 
the stam inate buds. This seems to be. a  case 
of “ functional” male sterility which is not 
directly related to the problems being 
discussed in the present paper.

Gossypium hirsutum:
In  cotton, m ale sterility is known so far 
only in O. hirsutum where fix recessive and  
one dom inant genes have been found to



gulate into an  am orphous mass that 
disintegrates quickly. Simulaneously, the 
tapetum  tissue degenerates. A n apparently 
similar situation is valid for male sterile 
p lants o f H. transiersii. In  all the three 
cases, the ro«pectivc q^ene acts rapidly and 
regularly hke that described lor mutants

• 38R and  69 o f P i^ m  sativum.

In  Hebe salidfulia var. communis, degenera­
tion fak**?! p larc  at the «“nd o f th f second 
meiotic division. l\-irads arc  foimod but 
fh.' I>>fCs -vll.-jp. • , -piai- -y.
pDllrn an- p tm lu icd . Au even
Jater drgeneraiion \vas observed in a 
p lant u h ich  probably was a  natural 
hybrid between H. leiophylla and H. 
salicifolia. Pollen grains were formed but 
they shrivelled and cnllapscd rapidly and 
regularly. [ii / / .  Irairriii, the normall)' 
appearing pollen degenerated along with 
the tapetal cells.

A  completely different effect of a  ms~ 
gene was observed in  Hebe townsonii in­
fluencing the tim ing o f  microsporogenesis 
resulting in a  chim erical pattern  of 
different meiotic stages in the pollen 
sacs. Degeneration occurs after pollen 
grain formation.

In Gramineae, the phenom enon o f  geneti­
cally controlled m ale sterility has been 
itudicd in  Aieiia, DactyliSy Hordeum, Sor-̂  
_^hum, Triticum and  ^ea. Comprehensive 
findings are  available in Hordeum lulgare 
and  ^ea mays while in the o ther genera 
ju st m entioned only a  f(*w genes o f the 
group are known so far.

-̂ <’(1 maj>s
According to the catalogue o f genetic 
maize types, H  mjvgenes o f the genome 
were known in the beginning o f the 
fifties, most of thorn are already mapped 
W cijcr 1952;. Many' o f the respective 

nnuants have not yet been analysed cyto- 
logicully; ilierefort*. wc can  only give 
A \e ry  rouyli view o f their action. 17 ms- 
nuitanis ,uc drscribrd  by Readlc (1932); 
.ill till* r«’<ponsibfr (or ihis anomaly
.ue rfi«'ssiv<*. In all these cases, female

fertility is not influenced. In  general, 
anthers of these p lants arc no t exertr-,?  ̂
Thirteen genotypes o f this group  are .  ̂
able to produce functionable pn;:, , 
grains and  hence a re  completely male 
sterile. M utants ms-6, ms-VZ and  ms.[y^ 
however, arc only partially  pt^licn 

. In  ms-6, three different kinds of, antheq 
are developed. M ost o f  them  are  not ex* 
serted. . \  few, when cxscrti'd. do noi 
dehisc while <:ome others are able to ^hf’d 
functionable pollen grain-. I ho degcni , 
fir>n t.'ikfs in '
i\\IC 's ji:.'t bciori;. duriii',^ i.'i' ii.
phase J uhile in  the rem aining iiw, 
degenerauon is delayed till to poller 
formation. A sim ilar situation is valid 
for ?tu- 17 (Emerson 19321. .\/r-12 is
likewise a gene cau«in? partial polifr 
sterility. It lias not been studied in 'Ictail 
therefore, no precise features ori ihe t>pi 
and time of its action are known. Mutani 
m^-15 was available only in a heterozygmi: 
state and was not analysed further.

Genes m sS, ms-9 and  ms-17 induce dege 
neration of microsporocytes in the carl) 
and  middle stages o f  the first meiotk 
prophase. Gene ms-6 acts during diakinesii 
and anaphase I. AU the other gene 
studied induce breakdown of meiosis aftei 
microspore formation. M utan t ms-i \vx  
for the first time reported by Eysti-i 
(1921) and  cytologically anaI)«od hj 
Beadle and M cClintock ',1928). 'I'he ger.* 
involved was designated as ms-\ f>) 
Singleton and  Jones (1930).

T he morphology o f m utants ms-2, ms-’ 
and  w - l i  was studied by M adjolelo ?/«  
(1966). .According to their findings, 
neration of the pollen grains occurs Be 
tween 5 and  10 days after the completioi 
of meiosis. In general, the plants of tin  ̂
three genotypes were found tc> be Î^ol f * 
than their male fertile counterpart^. Tin 
difference becomes m ore obsious after il;i 
breakdown of pollen grains.

Besides the male iterile niiiiruii-i nu'H 
tioned above, some more ^encs inllui-ric 
ing microsporogenesis are known in coi n

___________________



^Iu tan t '^variable iUriU-l’’ studied by 
Eyster (1934) sho\s-s a lack of cytokinesis. 
The essential difference o f this m u tan t 
(itjm the o ther ones is that not all bu t 
(jnly a  relatively small num ber of PMCs 
is nlTerted by the recf*':<ive g^ne.

^§ h u m  lud^qre an4 '6’. bicolor. .
55 far, 7 geneS' causing 'm ale  sterility irt 
V. :uljiare arc kno\\n  and all of them are 
,i'c cssive. Gene mr-1 suppre*;^es obvintisK* 
pollen i <niipIoiL-ly while the

- I ' x  o r i j n n s  i t i ’  p - > r t i  ; ! ' •  f m i r t i n n -  

M(MU'j-. ■ • u' i:iui Mi.uicr ; ir gene 
*as observed by Avyangar and Ponnaiva 
|R 37). In  plants hoinozygous' for ms-2y 
:he an ther size is ha lf the normal size or 
ess. Xo PM Cs could be found indicating 
hat the gene action becomes effective 
iuring  early -stages of nnihcr dilfeientia- 
ioa. However, gene rns-2 shows certain 
variations in its expressivity. In a  few 
cattered  populations, plants of this geno- 
ypc w ith apparently  functioning anthers 
vere observ'ed. These plants can be dis- 
lerned from their pointed shape o f the 
KUiicle due to longer rachis and shorter 
achis branches. Moreover, they possess 
la  increased num ber o f lateral branches, 
rhe gene is linked with genes 4  la.wa 
ijrmation,' and  I*i, ichlorophyll forma- 
ion;. Furtherm ore, it could Ijc shown, 
oa t gene.s ww-1 and ms-2 are non-allelic 
Stephens 1937. Stephens and Q pinby 
945). A nother two male sterile Sorghum 
l^iotypes have been studied bv A \Tangar 
1942).

U1 the male sterile m utants of the species 
nentioned so far oiiginated spontaneously, 
•ome more m utants of this type were- 
fleeted in radiation genetic experiments, 
'lu ta n t wj-1645 obtiiined by Barabas 
1962) after havitij' used X-ra\-s in 
om bination with oolihicine shows a 
pccilir reaction lo phou>poriod. The action 
f  the recessive gene becomes only dis- 
« rnibU* under short li.iv couilitions. U nder 
''•<e pn'siippositions. only 1-2 per cent 
'inablc pollen are produced and
' r r  is no seed ser.

In  S. bicolor, a m ale sterile m utan t was 
obtained after gam m a irrad iation ; the 
gene was designated as ms-7 by Andrews 
and W ebster (i97Iy. Pollen grains are 
not p roduced in  the respective plants. 
T liey can be easily recognised by some 
addirionnl fea tu n s xu-'h as widely op< wcd 

.riowers an d  w hitish anthers with, reduced 
size. Fem ale, fertinty i» not influenced b y  
rhe m u tan t gene. In  crr»>ings w ith '?/'-! 
and mi-1 plants of .V. ■ ulgaie, nortnai 
!\;.brid< • i-rc <’ixaiii.rd. Thus <ill -i.c
three ?eiu's arc non-alleli''.

Dactyiii g'oirwiiHa
M ale sterility in orchard gra.ss was first 
reported by Stapledon '1931) and  Jenkin 
{1931}. T he respective plants had a  normal 
appearance and  anthers were characteristi- 
'■ally e.\err<‘d out bu t indcluM.ent. . \  rnotc 
detailed analx-sis of this phenom enon wa- 
carried ou t by Filion and  Christie (1966) 
using the tetraploid clone OD-1 o f the 
species. T h e  plants of this clone were 
morphologically norm al and had smaller, 
dark  green and  non-dehiscent anthers. In 
diakinesis, up  to 6 quadrivalents per 
PM C  were observed besides bivalents, 
univalents and  laggards. This behaviour 
is norm al for the autopolyploid spccies 
and has no connection with tlie pheno* 
menon o f m ale .•jterilitv. In  tiie male sterile 
plants, microsporogenesis continues till 
to micro.'iporc formation but immediately 
alter their release they degenerate rapidly’.

.Pollen grains are not formed. T he earliest 
differences Ix'tween male fertile and  male 
sterile p lants are obser\’ed in the tapeial 
behaviour. In  the initial stages o f meiosi^, 
the tapetum  o f the sterile aniliers degene­
rates very rapidly  while no sim ilar cH'ect 
is foimd in the fertile ones. Furtherm ore, 
in the m ale sterile anthers, no gradual 
elongation and  periclinai division o f epi­
dermal and endoiheoial cells occur. 
According to Filion and Cihri^tie, tin* nuile 
sterility is cither due m  the abnorm al 
tapetal behaviour or due to an iu- 
sulficient nu trition  piovided by the tape- 
tum  to the Nporogenous [Insuj'. . \  iliird 
pa.v>ibility «onld be ii ifoiieticalK’ (•ontrol!<'d 
breakdown <»f inicrosporo. yt<’s along with



tape ta l cells. O nly  when the last assump­
tion is confirmed, this type o f sterilit}- can 
be regarded as genetically conditioned. 
F u rth e r investigations concerning ihe in­
heritance p a tte rn  and studies of female 
fertility are nccessary for further clari- 
ficiition of th'- situation.

Arena strigosa,. .'I. byzaniiha 
fn  the diploid species J .  ifrii>osa. partially 
male sterile m utants were obtained after 
X -irradi.uiou S.itlanaga 19K3 . I he
n n th m  nf plants M^re >hrjv(*)|f=‘d ind
.'.nil’ll ' . .I- ' . la  iiuj't '-i
7 bivalcucs were observed but only 5-lU 
per cents o f the pollen grains stained v.ith 
potassium  iodide solution. This kind of 
sterility seems to be controlled by a >tngle 
recessive gene. According to Sadanaga, 
fhis gent* belongs (o the L*;:dc.T
greenhouse condition.?, mo<t of the parrially 
m ale sterile plants are completely sterile. 
T h e  fertile ones set a  relatively few number 
o f seeds. In  the field, the plants produce 
m ore seeds b u t most of them are shrivelled. 
T his increased seed production seems to 
be due  to na tu ra l cross-pollination.

An im paired m ale fertility appears to be 
present in a  nullisomic byzantim  line 
(R am age and  Suneson 1958). Pollen is 
defective in m any anthers of these plants 
and in m any o f them no pollen grains 
are produced a t  all. Even the pollen from 
most norm al appearing anthers ai;e >niall, 
shrivelled and  non stainable w ith iodine. 
Selfing produced 10 per cent seeds; 
m anual crosaing yielded seeds in about 
one fourth o f the florets. Thus, the fen^ale 
sex has a  com iderably better function- 
ability than the male sex. Therefore, it 
m ay be justified to regard the m utant 
as belonging to the male sterile group. 
A detailed cytological analysis of this 
m ateria l is no t yet available, however, 
a regular bivalent forttiaiion was ol)>er\cd 
indicating ihai the gene action does not 
becom e cifective during the lirst meiofic 
division.

Hordeum ndijnre
\  voluminous i Dlleciiou of nuilc sterile

barley m utants intensively studied l>y 
H ockett and  Eslick (1968, 1969,1970a, b ', 
H ockett f i  al (1968), R oath and Hock„-t 
(1971) and  H ockett (1972) is availaljie 
a t  Bozeman/USA. According lo allelisuj 
tt*sts, a t lca."»t 24 different recessive gem-, 
of ihc l)ar!cy genome arc known to in<lu(.- 
mule sterility. Some of them  have already

• been' localized., SincC: these m utants do  not 
differ morphologically from the non- 
iiiutated plants, their identification in tlu 
fi'-ld i ' noi pos.siblf cluriiig i';i;
'itagf'. of nniogenelic devt'lopm«’nr. H'

• ;. •. li'.'n r.'•fsi i: pl.u.' - •
lodge, the male sterile niucant-> icnui.a 
erect because they are unable to producf^ 
seeds. A second possibility for their quick 
an d  leliable selection is by observing their 
foliage leaf colour. While the leaves m 
the non-niuiciicd plants beconje yt‘llo\  ̂
dn ring  m aturity, the leaves of rh
m utants rem ain green. W ith the excep­
tion o f ms-9, m j-l5 and msA7, all the
o ther genotypes of this group do not
producc any seed after selfing. The deve­
lopm ent o f the anthers varies from a nearly 
norm al situation (ms-6, mx-16  ̂ to the
form ation o f strongly reduced rudim entar) 
organs (ms-3, ms-7). The female sex organs 
o f these plants are fully functionable. Thi? 
is evidenced by a good seed set after 
na tu ra l cross- or hand-poUinations. I'roni 
this behaviour, it has been concluded that 
the male sterility of this material is du-‘ 
to m5-genes and not toy^-genes causing 
desynapsis. T he t/j-genes would aflVf 
equally  micro- and megasporogenesis. H 
is pertinen t to mention that t̂ v•o im 
m utants of this group are able to produce 
sm all am ount o f seetls after selling. Ih< 
seed set of each of these genotypes dilTerec 
a t  two locations obviously due to differ­
ences of specific environmental fact‘»' 
not yet known (Hockett and Esli'4: 
1968;.

U nfortunately, a detailed cytological an­
alysis of the whole group is still lacking' 
Hencc. it is only possible to give some d^" 
tails regarding the time and mode «'f acii‘' '‘ 
(if a few genes and  to compai'c themw*^'’ 
sim ilar genes of other species.



III line mj-7, there is a  completely undis­
tu rbed  meiosis up to q u arte t stage after 
w hich the micro^pores become shrivelled 
.uxd periplasmodial. In a few pollen m other 
cells, t h e  developm ent o f  the microspores 

r'miiiues bu t ihrre is obviously nofornia- 
';i o f t u i i c i i o i i a b le  pollen g r a i n s .  I n  

■ctiutant mi-8, the a c t^ n -o f  the m utated  
^ n e  becomes h'ke\vise operative aftef the ‘ 
. r .i l  of niicrospor. < o n e s is  l o a d i n g  to rlu* 

^'.■•rmation o f  sluiv-llud pollen grains. In  
^  u n a ry  l u  o i h c r  aiucauts o f this group,

' vnnn fv!'” ’n nf}lh<'v .ind pn!!f'n
.■.i p i in - i i t  nft»vi ■ till.' Niiiiic llu'.'.fi '

^ r  even tlic same anther was observed. 
^R rley  has normally iwf) pollen sacs. This 
im ifant, however, possesses \miformly 
four lobes. Ver\- rarely, norm al pollen 
grains a re  formed in one o f the four 
p ’llon s a o  indic.r.i:;^ an  un->table expres- 
'i 'jn  o f the m u u icd  gene \vith regard 
to its action on the stages between micro- 
sporogenesis and  pollen formation.

T h e  most delayed acdon o f a  mj-gene 
known so far was found in m utan t ms-S. 
In  the plants of this genotype, meiosis 
proceeds norm ally and pollen grains also 
appear norm al. The exact time o f the 
breakdow n could not be observed. From 
the m ale .sterility of these plants, it can  be 
C2 ncluded th a t die gene action becomes 
‘-perative sometimes after flower anthesis. 
fa  the above rnerKiotied three w -m iitan ts, 
there is not a  \  ery clear t orrelation between 

^ ic ro sp o re  or pollen grain degeneration 
and the breakdown of the tapetum  tissue. 
In  non-m utarcd barley plants, the binu- 
i:I»*ate tapetum  colls degenerate when 
PM Cs undergo interphase II. T he whole 

-tissue is reduced to a thin layer of cells 
when the micro«p<ires are released from 
l*\ICs. At the litne nf pollen dehiscence, 
only traces of ihe tapetum  tissue are 

'oh^crvt•d. In  tiie sterile plants, there are 
Only slight dirtcrcnces in the behaviour 

tapciu in  dci^fucraiion in comparison 
'o the liMtile rin«'«. l>egeneration starts a

i‘ar!i«r; inoi-'Aor. a slight separa-
' '<;i <>!' Mpi tiiiii . !'• is observed in pre-

- .'j'i', ill fn ms-7, they
•uc: iioiin.il utiiil t('!»‘>phase 11.

A similar lack of cytological analysis 
exists in m ale 'terile barley m utants 
reported by m any authors. For instance. 
Suneson '1940) found a  single p lan t 
having rud im en tar/ shrunken an thers bu t 
a normal ovary. 1 his anom aly wus cer­
tainly i au-.cd by if.c action of a recrs^ive 
gene because a  3:1 segregation ■ was o b ­
served m Ihd ofT-pring o f  heterozygous' 
plants. Howcvei. it cannot reliably be 
concluded from these finrlings that the 
iiauan t gene in qic>tii)n t,l(nrs realK be- 
foncj fo f’-" (Jfroup r}u' npic:tl /-v 
It ij» like, is-* i(.n ;vabk* ih.u ilicit; .\a:  ̂
a lack of archespore difFerenriariou in the 
anthers thus leading to m ale sterility as 
Is known in a  pea m utant.

Kasha and W alker M960') have investi­
gated three non-aL ‘iic m ale sterile b.^rley 
mutants. In  one ‘.»f them  :ms-3j, male 
sterility is associated w ith dwarfness ob- 
\aously due to a  pleiotropic effect o f the 
recessive gene. T h e  m u tan t is com pletely 
sterile after selfing bu t it  shows good seed 
set after cross-pollinadon. Also m  this 
case, only the failure to  produce viable 
pollen grains has been reported  and  no 
details on the specific action  o f the gene 
on m icrosport^nesis are available.

Interesting experiments conducted by 
K.a.sembe d967) on two plants o f a m ale 
sterile barley m utan t show (hat the action 
of a  ffw-gene can  be reduced by treating 
the plants w ith growth regulators. By 
spraying gibberellic acid in concentration^ 
of 100 and 300 p.p.m . upon the leaves 
some seeds were obtained. T h e  ears of 
these plants had  carefully been bagged ; 
therefore, the seeds were really produced 
as a  result o f  selrtng. T hus, a certain 
am ount of functioning m ale germ  cells 
had been produced in these m ale sterile 
mutants which are never form ed in im- 
treated plants of this genotypic constitu­
tion. I'Vom the seeds plants homozygous 
for male sterility developctl. I’hrsv 
findings >how', that a certain  degree of 
restoration of the fertility can  occur u n d rr 
the iuHuonce o f  this growth regulator 
but it is not possible to suppress the action



of the 7?w-genc completely and perm anently. 
10 different mi-lines of barley were studied 
by K aul and Singh (\% 6, 1968) and 
Singh and  K aul (^1966). M ale sterility 
o f all of ihem  appears vo be genetically 
conditioucd. AH the anihcrs of the respec­
tive iniit.uits do not d'-hi-iC. riu-y arc 
small and  shrivelled containing em pty 
pollen -grairis havm g no- cytoplasmic' c6n- 
tetite. Their walls are shrunken. T he 
plants are female fertile showing a seed 
•>(.*t o f about 93 whi.-a (.i- "cd  'T  luuid-
p o l l in a te c l .  S o tn * ' o f  m Tir:inr-; w r v e

V -. (I .l;! -!u'. l l .r  '.III'- .'.".-BJ
and  »w-B6 were isolated from two-row 
barley. In ms-3, two types of cytological 
anomalies concerning PMCs and  tapetum  
cells are regularly observed w ithin the 
same plants. In  the uppermost 3-4 spike- 
lets lif rhe spikes, the tapetum  ti«ue 
degenerates before meio'is bogin.s. A little 
later, degeneration o f the PM Cs occurs. 
Anthers developed in the lower parts 
o f  the ear show a  different acdon o f the 
gene. T he PM Cs are  arranged on the 
periphery o f the pollen sacs. Meiosis 
begins, bu t there is no continuation of 
microsporogcncsvs l>ecause o f the disinte­
gration of the nuclei o f the PMCs. Break­
down o f the tapetum  tissue occurs in 
these anthers considerably later, when 
the PM Cs have completely degenerated.

In line mJ-B6, there is obviously a norm al 
meiotic behaviour up to tetrad  sfage. 
PM Cs increase enormously; furtherm ore, 
a  high am ount o f vacuolation takes 
place pushing the nucleus towards the 
periphery o f the cell. Degeneration of 
the PM Cs occurs approxim ately together 
along with th a t of the tapetum  tissue 
a t  the end o f the second meiotic division 
resulting in the formation of a mass of 
disintegrating tissue.

In  six-row barley, the  iwo m ale sterile 
lines mj-Bl and mj-B4 were isolated. 
Degeneration in the PMC*s takes place 
a t the end of microsporogoiicsis when 
mirrospores leave the PMCs. .\Lso in these 
cases, tapetal degeneration folloNV? im m e­
diately after the degeneradon ol' tiiicro-

spores takes place. T he tapetum  cells are 
highly vacuolated having a  reduccd 
am ount of cytoplasm. M oreover, a 
of acid phosphatase activity was observed. 
Obviously, the tapetum  tissue is not fvUly 
functionable. Tins will proljably be the 
cause of the ijrcakdown o f microsporn- 
genesis. ^

Triiicum aesluum, T . durum 
Pugslcy and  O ram  {1959) reported  about 
m ale sterile plants o f Triiicum aeslivupi 
that thev nh riin rd  in crocsinir - exp 

m  A  , I I’l i '  .ic i
is conditioned cither by a single recessive 
gene or by two com plem entary loci. 
T he data  available do not perm it definire 
conclusions. Moreover, the expression of 
the sterility is considerably influenced by 
seasonal and onvirunm ental factors. 
According to \ \ ’aningc and  Zeven (1968;, 
Pugsley’s male sterile plants are not 
completely euploid. Some plantlets investi­
gated by the authors had  chromosome 
num bers o f 2 n = 4 l  o r varying from 
40-44 besides the euploid num ber o f 42. 
This variation occurs obvioiisly w ithout 
regularity. T he microsporogenesis has not 
been studied. Tlie use o f this m aterial in 
cross breeding program m es was discussed 
by Suneson (19621. T he gene or the genes 
o f Pugsley’s male sterile w heat w'erc 
transferred by Briggle (1970) to “ Chan­
cellor” variety. In  these e.xperiments, 
the transmission of the rccessive gene by 
the male gametes occurred a t the same 
frequency as by the female gametes. 
Therefore, ■‘Chancellor” seems to have a 
com patible genetic background for the 
expression o f male sterility governed by 
these w-genes.

A nother male sterile nm tan t o f T. aestivtif  ̂
appeared spontaneously in England. Plants 
homozygous for the recessive gene have
a completely norm al microspor<^encsis
but pollen development fails (Lupton and 
Bingham 1066 . As the pl.ints tu rned  oul 
(o be Jcniale tortile, there is no doub^ 
iliat this reprtseius a  true case o f genctf 
rally ('ontrolled male sterility. A  sinvU^*” 
situutioii sccnu to be .re^li?t;d in a  Russia^



m aterial. .\lso  in this case, the female 
fertility is unim paired (K rupnov 1968). 
'I'hese English and  R ussian m utants arc 
incorporated in w heat Ijreeding pro- 
grainnies fn the field o f heterosis breeding. 
Fossati and Ingold ' 1970) selected an 
i - r a y  inciurrd male sterile m utant of 
Triticum aeslivum. T he  plants do not dUTer 
rnorphologicaUy from the  fertile ones b u t 
ihe ir florets rem ain open a t flowering. 

R e ta ils  on the course o f  microsporogenesjs 
arc not given, but a microscopicaTexamina-- 
tion revealed exclusively em pty pollen 

I ' ii)i* jiiilir i ., riiiis. s/fiic arric)n 
.Ippeats to ijccome cifective *il the end of 
meiotic division or d u iin g  the post meiotic 
stages. The male sterility of the m utant 
i.s due to a single recessive gene.

In T. ilurum. segregation for male sterility 
was observed in F,-generation. 1 he pollen 
grains of the respective plants weie empty 
and  agglutinated when stained by aceto- 
carm ine. Isolated spikes d id  not set any 
seeds while open pollinations resulted in 
a good seed production. T h e  full function- 
ability o f the female sex was likewise 
evidenced by hand  pollinations of isolated 
spikes giving a  very h igh seed set. Male 
sterility was inherited in a  monogenic 
recessive m anner; the respective gene was 
designated as mj-dl by Bozzini and 
Scarascia-M ugnozza n 9 6 8 ). The anaKsis 
of microsporogenesis shows a  norm al be- 
rtfcnour tip to tetrad  stage. Consequently, 
the degeneration of the microspores sets 
in between microspore and  pollen forma­
tion. The plants have cjbviously arisen by 
a  spontaneous m ufation.

T h e  a c tio a  o f  d o m in a n t  A /f-genes 
on  m ic ro s p o ro g e n e s is

•So far, only very few cases are known in 
which male sterility is controlled by 
dom inant gene?. An elaborate example is 
the .\(s-Q gone of Gos.\}piurn hirsutum. It 
causes formation of anthers of reduced 
<ize containing .i 'iiiall anioiuit of non- 
viable pollen W eaver and A>hley
19711. There is a noriiuil course fif niii.i'0- 
sporogenesis up to niirrospon* forinaiion.

Some pollen grains are produced which 
resemble the norm al pollen in gr»>>s 
morphology. I t  was obviously not possible 
to state any degenerative alterations in the 
microspores o r  pollen grains; neverthelt-ss, 
the plants a re  completely male sterile. 
A nother dom inant gene, .V/r-4, causcs 
m ale sterility in a completely dilicnrtic 

•raatmer. The., archesporc tisisue is ,not 
differentiated in the rudim entary anthers; 
neither PM C s nor pollen graiiu  were 
observed in all the plants containing this 
gene. Hence, it  does not specifically belong
to  (hf* g ro 'U '-  <^f b '* i> '7  fP ..............! !,}
the {ire'jcni paper.

The dom inant gene F  of the genome of 
Origanum iitl^are causes anther abortion. 
Its action can  be suppressed by anotlttjr 
d<iminant gene H  which is epistatic to 
the sterility gene. T h a t means, ihat only 
plants having the genetic consiituiion 
FFhh are m ale sterile. Plants containing 
both these genes in  the recessive state are 
lethal (Lewis and  Crowe 1952). In  the 
orchard grass [Dactylis glomerata)^ a  domi­
nan t Afj-genc is known showing 4 certain 
interacdon w ith a  specific cytoplasmic 
condition (M yers 1946). Cytological details 
o f this m aterial are not available.

(c) T h e  c o m b in e d  a c tio n  o f  se v e ra l 
re c e s s iv e  m i-genes on  m x cro sp o rc^  
g en es is

•
The findings discussed so far refer to 
examples w here male sterility is controlled 
by single genes. But there are cases in 
which the sterility is governed by a jo in t 
action of two or more genes or by an 
additive action of several genes. TTiese 
cases are described in the following 
section.

Arachis hypogaea
In  the ground nut, two genes are known 
which pos.sibly belong to the group of 
OTj-genes. Plants homozygous for both 
tiiese genes are dw arf and show some 
other additional morphological anomalies. 
They develop only a few flowers having 

em pty pollen grains (Patel d  al 1936).



I'»2 w  o o t t « ; k a l k  a n d  m l h  k .m  i

U ntbrtunaiely, no details on the course 
o f inicrosporogencsis arc given; therefore, 
it is not possible to ascertain w hether the 
respective genes are comparable w ith ihe 
typical m -genes of other species. M ore­
over, these genes influence also the differen­
tiation of the female *:ex organs, the stigmas 
l)eing undeveloped. *\ccording to the 
segregations, ^vo different recessive g^enes 
« -/ and  n-2 are responsible for the sterility. 
T hey arc  possibly identical with two genes 
causing sterility reported by Hayes ri933). 
A detailed dtscriprion of these West
\!r  ::i I’ • ' ■ i, ;• . i u. ,\

' i m i l a r  situation is  voporied l)v K . a t a y a i u a  
and  X agam oto ,sec Ashri 1968;. It would 
be neccssar>' to know some details about 
the macrobporogcncsis of the plants in 
O l d e r  to classify specifically the genes 
invoKed. Tlie male sterility could be due 
to a pleiotropic mj-gene influencing not 
only microsporogcnesis but also the deve­
lopm ent o f the stigma. This interpretation 
is only valid if macrosporogenesis remains 
undisturbed. T he same effect is expected 
as a  consequence of the action o f as- 
or <£r-genes with an  additional pleio­
tropic influence on stigma development. 
In  this case, the situation could not be 
considered as a typical example o f male 
sterility. Hence, an  analv-sis of rhc m acro­
sporogenesis is necessary to ascertain the 
cause o f steriHtv. I 'h e  usual test by utilizing 
the plants as female parents in cross 
pollinations cannot be used in the present 
m aterial becausc of the misdiffercntiation 
o f the gynaecium.

In crossing experiments, Ashri (1968) 
found some dw arf F^-pIants with certain 
morphological anomalies showing com ­
plete m ale sterility. Their anthers were 
reduced in size and contained no pollen 
grains. However, the gene action is also 
in this case not limited to the male sex, 
it influences also the female se.x. The 
plants were cither female sterile or were 
imable to support embryo development. 
According to Ashri, two duplicate genes 
cuntrol tht^ inheritance of this type of 
'(c-rility in majority o f the crosses he made. 
H<nvcver, in one case, a third locus was

found which seems likewise to be a.vNo, 
d a te d  w ith this sterility. T he nature r|' 
this gene, whether it operates indep •-, 
dently  or as a modifier for the gf*:. 
mentioned above is not yet clear. Ln- 
fortunately. also in this case no d e ta i ls  
on tiiicrospr.rn^encsis are available so | j |  
Therefore, it is ditfic.uit to , ju d g e , the 
genetic- basis of this anomaly. Th«j w ac t 
classification of this type o f steiilit)' re­
m ains undecided due to the  lack of 
relevant information.

\  '  • ’ • . •  ( !• • •.  . i : ! '  ^  ' i . m ; .  p r

recessive iulicritance v\as found . 
Hull !'1937- in a  F.^-family obtained 
from a  cross o f ‘’V irginia R unner”  x 
"Tennessee Red ’. In  other families of the 
same cross, the m ale sterile plants did not 
appear. 'rhi>> indicates the possibility that 
a gene not directly related with male 
sterility influences the action o f the ms- 
gene. Cytological details on the mciotic 
behaviour of this genotype are  not 
available.

T h e  above given findings dem onstrate 
th a t the genetic and  cytological back­
ground o f the phenom enon of male 
sterility in Arachis hypogaea is not clear. 
This may partly  be due to the complicated 
phylogenetic status of this tetraploid  
species. . \  thorough cytological analysis 
o f the m aterial would certainly contribur * 
in understanding the nature o f this typ'* 
of sterility.

Medicago sativa
In  M . satira, male sterility was found to 
be associated with certain tapetal anomalies. 
Childers (1952> used a male sterile m utant 
(P -/-5 ) in crosiJes w ith fertile counterparts. 
In  Fj, he obtained two diflerent types of 
steriles: plants having complete mahr 
sterility and  plants with partial sterility. 
T he complete sterile plants exhibit an 
extremely iriegular fnicrosporogeiicsis cou­
pled with specific anonulics in tapetal 
grow th and d e \i‘lopmcnt. Prior to the 
initiation o f m irrosporogeuois, tlic tapetal 
cells enlarge consid«*rably an^l become 
richly cytoplx^mic. SituuUancously, a



sirong vacuolation of the cytoplasm of 
the archespore cells is observed. T he 
degeneration of most of the P \fC s  takes 
place during leptotene and zygotene.

Ac this time, nucleoli and weakly staining 
^ ro in a iin  iiiaierial are observed as rc-

• m nants of the rnicrosporocytes. T he actidn 
of the gene or the genes, respectively, on 

1^ 0  functioning ability o f the tapetal 
q |sue varies considerably u  far as the 
time and intensity is concerned. In

• rhcfs <howin^ onlv n slight of
i.u .ikci 'uiiwa. .1 ii-., u i i t l c ig n t .g

.\ i l  were observed. Some of the mtcros- 
porocytes were able to go through the 
uhole  course of meiosis forming thick 
walled pollen grains. However, they can­
not be used for pollination because the 
-luunken anthers do not dchisc. It is not 
mentioned w hether these pollen grains are 
capable for ferdlization if  applied to the 
stigma artificially. T h e  anom alies o f the 
fully male sterile plants are obviously due 
to the action o f two recessive genes giving 
either a  3:1 or a  15:1 segregation. T he 
genes are designated as m s-l and  ms-2.

In  the partially m ale sterile plants, a 
norm al course of meiosis up to the form a- 
tior^ o f young microspores is obser\ed. 
Degeneration occurs at this stage du ring  
which the microspores become vacuolated 
and shrunken. Finally, they are completely 
dcW id of cell contents. This anom aly is 
not observed uniformly in all the plants 
belonging to this group. Microsporogenesis 
seems to be norm al in a  certain proportion 
of PM Cs varying from plant to plant. Thus, 
t l^ ir  poUen sterility ranged from 5*5 to 
t*81  per cent. In  these plants, an  atypical 
tapetal behaviour is found. A t the initial 
stages o f microspore growth, the tapetal 
cflls do not elongate and  touch the PMCs. 
Microspore degeneration initiates im m e­
diately after this abnorm al tapetal be­
haviour. In  some cases, however, th r  
tapetum  behaves norm ally probably resull- 

in the formation of functionaljle iiial<? 
gerin cells. T he partia l sterility appe ars to 
bo controlled by a  group of a t least iluce 
genea A f and  the action o f which

is highly influenced by environm ental 
factors.

Furtherm ore, another three w -genes of 
the genom e were isolated by C.’hilders 
and M cLennan 1060) in sfgrnsrating 
families I'ollowing hybridisations and  back 
crossing o f’two fertile strains. T h e  antfiers 
of these plants were brow n and  shrunken 
and  d id  not contain any  pollen grains. 
Microsporogenesis- was- norm al till to the 
end o f the  second meiotic division. Degr-

- v a s  -tx a t  n ...........
a . T i  m i l  l o i p u i ' -  i M r i u u i i i ' i i ,  i i u -
microspore walls, nuclei and  the whole 
cell organisation got disintegrated. At the 
same tim e, the tapetum  becam e densely 
cytoplasmic and a  separation o f the tape* 
turn cells from the inner walls of rhc 
anther lt>cules as well as liie separation 
of the cells from one another was 
observed in contrast to m ale fertile plants. 
Finally, the whole tapeta l tissue dege­
nerated an d  was absorbed by o ther tissues 
of the an ther. From  the findings, Childers 
and M cL ennan  concluded th a t three 
genes (ms-3, ms-4, ms-S) a rc  involved in 
the m ale sterility o f the m aterial studied.

I’accinium angustifoUum 
O ut o f the 24 plants o f Vaccinium anousti- 
folium investigated by H all and  Aalders 

1961), three plants were found to be 
lyale sterile. Thoir flowers were similar to 
those o f the male ferule ones bu t their 
stamens were shorter having shrunken 
pollen sacs that contained no pollen grains. 
Cross pollinations by hand gave 80-90% 
seed set indicating the full functionabllity 
o f the female sex organs. Later, these 
plants were developed into clones desig­
nated as () 5, .\'68 and  7 7 /,. T he  cyto- * 
logical exam inations o f the m aterial re­
vealed ccrta in  ditfercnces in the time and 
t\p e  t)f gene action inducing male sterility 
.X.Tlders and  Hall 1963).

In  ()., strain , die microsporocytes aiul the 
tapeiiun cirlls <.li'iioncrate m ore or less 
sitnult.ini'>»ii->l\-. In m ature flowers, no 
tracc -t’f  poHi'ii is observed. (M)viously, 
the action o f (he ^eue responsible for thii.



breakdown [becomes effective a t the end 
o f microsporogenesis. In  clone JV68, the 
earliest signs o f abnorm alities in the male 
sex appear somewhat later w hen pollen 
tetrads are already formed. T h e  pollen 
im m ediately degenerates and  collapses to 
a  darkly stained mass. Both, the middle 
wall la\'crs and  rhe enlarged tapetal colls 
begin to 'dissolve • out. F inally, in clone 
TH 8, the developm ent o f PM Cs is nor­
m al up to tetrad formation. In  this stage, 
the PM.Cs d e g ^ e ra tc  and no t a  single 
viable pollen grain is obsen,Td. The 
^pnf*ti<' of rhis t\'pf* '^f m.ile

; not yci olucidaicd. U appcat'j 
th a t either the male sterility is due  to more 
than one gene or that there arc different 
tvpes of male sterility inherited in a 
different manner.

Flattfago laiu'dAatd. coronopus, lagopus, ovata, 
major
In  P. laticeolatq, male sterility was found 
to be controlled by two recessive genes 
(Ross 1969). A m ale sterile p lan t was 
found in a  natural population in Berkshire, 
England. In  its descendants, segregation 
rados of 1:1, 3:1, 7;1 and  15:1 were 
observed. Furtherm ore, divergent results 
were obtained in the offspring o f other 
m ale sterile plants indicating the presence 
of some other additional factors infiuencing 
the inheritance of m ale sterility in this 
species.

rhe phenom enon of male sterility is also 
known in P. coronnpus. Paliwal and  Hyde 
(1959) studied the mitotic and  meiotic be­
haviour o f this material in three successive 
generations. Microsporogenesis was norm al 
b u t a B-chromosome was invariably ob­
served in the somatic cells an d  the micro- 
sporocyles. Not all the microspores received 
the B-chromosome, bu t in every case they 
degenerated before pollen mitosis took 
place. I'he shrivellecl anthers contained 
only the w alls of the PMCs. T h e  degenera- 
fion of the inicro>p»)rocytes hindered ferti- 
litv, bu t it <lid not influence the propaga­
tion. bci*.ui>e tho male sterilcs tu rned  out to 
1)0 aponiiLfio. ft is not: yet known whether 
the m.ilo f<*itilo p l.inii a re  also apomiciic.

Ross (1970,1 invc:itigatcd the m aterial t)f 
P. coronopus obtained from H yde. He found 
two types of male sterile plants. In  one type, 
the anthers were extremely small arrl 
were either not at all or only to a 
small extent ex>erted. T hey  produced 
very little or no pollen grains. This 
is obviously a •.a.se o f funotioiial male 
sterility, ■.̂ s no  mciptic s tu d io  'yere carried , 
out, a definite derision regarding rhis type 
of sterility cannot yet be m ade. In  the 
[second type, the anthers w ere exserted but 
they produced likewise very little pollen as
• 'om pan’d m the f-'rtilo plant'-. T lie Etcnf’' '  

is - I-Mi. riu tii tl.. - i ' 
sing data, the action o f c} topiasm ic factors 
cannot be ruled out.
Furtherm ore, male sterility has been ob­
served in Planlago lagopus 'K n u th  1909), 
P. ovala C handler and P. major 'Roiis 
1970'). .\> the sterility of the above material 
has not been cytogenetically analysed in 
detail, it is not possible to m ake reliable 
conclusions on the genetic systems control­
ling the anomaly.

Solamm venucosum
In  the diploid M exican w ild potato S. 
verrucosum, an  interesdng type of gene- 
controlled m ale sterility \vas found by 
A bdalia and  Hermsen (1972}. Indepen­
dent, isolated pollen grains a re  not formed 
in these plants; on the contrary , the pollen- 
like structures produced r^*pre.sent the 
whole microsporocytes. In  the cell waili, 
surrounding these structures, four “ points' 
resembling the pores of norm al pollen 
grains are observed. This anom aly  is de­
signated as “ undivided microsporocyte 
sterility” by the authors and  is probably 
conditioned by the two recessive genes um-1 
and  um-2. This gene action is sim ilar to that 
described for m utants no. 71.A, 78 and 9̂ JA 
o f Pisum sativum. This is obviously a  case of 
homologous m utauons: homologous gen-^s 
belonging to the genomes o f diiferc’-f 
genera that cam e sim ilar anomalies ii- 
microsporogenesis when present in ih'-" 
m utated state.
In  the sanie spccies, two more typos of nuil*-' 
stcrilitv have been found bv .\b d a lla  and



Kerm sea (1072.. The “ordinary steritity” 
is charactciized  by the formation of shrun­
ken, irregularly  shaped pollen grains. In  
plants showing ' ‘bubble sterility” , the cyto­
plasm o f  the pollen  degenerates. For both 
-these cases a polygenic control is assumed.

^liliCurn ai;ituuin
M ale sterility in  different Triticum spcaes 
Has already been discussed in Section “ la ’*‘ 

g |f  the present paper. In  these cases, the 
^ o t t ia iy  is due  to the actioil o f single 
recessive genes. Furtherm ore, a  specific 
t'.-pr r * f i n  T.

• -■ .i.i , . ; u u i  io v fu i!
ffi India, m ale sterile wheat plants were 
found in an  R, population showing a  wide 
range in the expression o f this anomaly 
(A thwal H al l'J67). In  the PMCs, there 
was a norm al course of meiosis. Xeverrhe- 
Icss, m any m atu re  anthers possessed only 
tew shrivt'ilcd and  non-s(ainabIe poiien 
grains. This can , however, not be gene­
ralized for the whole m aterial because 
the pollen fertility o f different male sterile 
plants in segregating Fj-families v'aried 
betw een 1-5 an d  43*8 per cent. N o meiodc 
anom alies o r chromosomal aberrations 
were observed which could be the cause of 
the sterility o r extremely reduced fertility. 
O n  the o ther hand, the degeneration of 
PXIC's. rnicrospores or pollen grains charac­
teristic for uiost o f the m-genes was not 
observed in this m aterial. From  the findings

Sorted , it can  be concluded that dege- 
ation occurs probably after the end of 
microsporogenesis. T he male sterile plants 

show norm al seed set when pollinated by 
fertile varieties. Thus, the female sex organs 
o f the plants are  fully functioning, .\fter 
selfing, a seed set ranging from 1-8 per cent 
Avas observed while the corresponding 
values for open pollination varied between 
k5-7l p<'.r cent. According to the segregation 

Ratios, only one recessive gene seems to be 
iuv'olvecL How'ever, the genetic basis of 
this typ<? o f rnaie sferiHty is not so simple.
It is obvious, th a t the male sterile plants 
^tudi'•d are not "genetically uniform: on 
ihe c-omrary. ih ry  represent different classes 
having a tliffcrent genetic background. 
M oi eov cr, lUc uction of the genes iavolved

is highly innucnced by environxnenral fac­
tors no t yet analysed. According to a hypo­
thesis given by Athwal e/ al M967', three 
major genes w ith additive effects are ope­
rating  in these groups. Plants homozygous 
for all the three genes show a  high am ount 
of sterility. The smaller chf* num ber of genes 
present, the less is the cxpio^iou ufiicriliiy.

. T im  indicates that.the phenom enon of m a le . 
sterility’ is controU'ed by an  additive p o ly - ' 
meric system in  this case.

(2’1 T H E  L V T E R A C T IO J^ OF ms-CENES 
A \ 0  C Y T O P f.A ^ M
AH lAi; /h  ^
the present p ap er refer lo casc» in which 
male sterility seems to be exclusively con­
trolled by genes. In  »ome o f  these rases, 
there m ay be a co-operation of the ri’spec- 
tive genes w ith a  specific cytoplasm but this 
inieraction has not yet lj»^rn e,V (^»® *t'ln  
those cases, in which the c\top'.isuuc icillu- 
ence is very weak it will be arduous to dis­
cern this type o f  co-operation. O n the other 
hand, this in teraction is distinct in certain 
species th a t a re  being discussed in rhc fol­
lowing.

Allium cepa
In  the com m on onion, three diffeient as­
pects concerning the problem  of male 
sterility have been studied, namely, the 
cytogenetics of m ale sterile genotypes, the 
frequency an d  distribution of these genes 
in various cultivars and the effect nf tempe- 

V ature on the expression of m ale sterility.

T he cytogenetics o f male sterile onions has 
been studied  by M onosmiih ({926'. Jones 
and Emsweller (1936), Jones and Clarke 
(1943), T a tab e  (1952), Kobabe .1958), 
Lichter and  M und ler (1961). Early in 1925, 
a  sterile plane o f  an  Italian Red Onion was 
investigated in California having a nor­
mally functioning female sex Jones and 
Emsweller 1936^. The meiosis of this geno­
type was regular. The first indiiMnon of 
abnorm ality  was the appearatu<- <'i'hyper­
trophy in a  few centrally locau'd uipetal 
cells; they clegenerateil in an .il'::orniaI 
way. Ixnniediately after this, il\o luioros- 
pores degenerated . . \ t  the rime ot ,\nrhcr



dehiscence, th e  contents of the poHen sacs 
rem ained cem ented together > Xfono^miih 
1926). T h e  results o f  crossing rxperimenis 
dem onstrated rhat jnale sterility results 
I'rom an  in teraction between a reccisive 
i^ene and  a  specific cytopluiuiic factor 
Jones and  (iKirk All p!^r.>

with norinai jV‘-cytoplasm  irrespective pi 
fheir genetic- crtasritiition produce m bl<‘ 
pollen. Plants hom ozygoiii for the ffu-gene 
in  combinationL w ith the 5-cytoplasm arc 
male sterile. T hus, the relations between 
•|’.e tjcnom ir .ind <\tr>pl,ismic factors >n 
/7«i rncUjSri^ OkL '

.V M s  Ms.- 
\  M s ms: 
. ms ms: 
S M s Ms.-
> M s rns: 

-i ins iih:

m ale fertile.

m afe sterile

Biochemical analyses o f the male sterile 
line Ita lian  R ed  13-53 and  of their hybrids 
with some o ther Allium  species revealed 
clear differences betw een fertile and  sterile 
anthers w ith reg ard  to the synthesis of 
nucleic acids (Saini and  Davis 1969;. 
-According to their results, the degeneration 
of the microspores is due to an  insufficient 
RXA and  D X A  conten t in the anther 
!oculi. Furtherm ore, the anthers of the n'.ŝ  
plants are  unab le  to utilize the speciric 
nucleotides thym idine an d  uridine required 
for R N A  and  D X A  syQthesis. *

T atabe  i.l952,, w ho analysed Japanese 
m aterial, found a  sim ilar meiotic beha­
viour. T h e  m^-gcne becomes effective at a 
fomewhac la te r stage. Microsporogenesis is 
normal up  to the liberation of the micro* 
spores from tetrads b u t pollen mitosis does 
not take 'p lace. Sim ultaneously, the tapetal 
cells behave abnorm ally . T heir \valls break 
down and  the <'clf contents fuse to form a 
periplasm odiuin th a t soon dcnojuTaies. At 
this stage cl'dcvelopnicn t «}»• flcgcncT.ui'>n 
of the microspores takes plucc. In three 
New Zealand selections, recessive ^cues for 
male sterilitv in leiacting  u iih  \tiipl.isv. 
have been ‘.^lulied by Von ' l‘*:V> . f ix  
plants produce a >uiall atnuunt o f s(<\ii:.il-io

pollen grains whose nuclci were undergoing 
degeneration. These plants when selfed 
were unable to produce any  seeds. .\s  no 
detailed cytological analysi5 has beenmad..-, 
it is not known w hether the majority of th-.* 
PMCs degenerate in earlier stage* of micrc- 
>.p»>rogeno>is nr w herhrr the rota! num hfr 
of- PM Cs in the anthers is extremely re- , 
d\iced under the influence o f  the gene. The': 
interaction of the specific genes and the 
cytoplasm  is similar  th a t found by Jones 
and  Clarke (1943).

in »<jine .\juerican and  O crm au niui.u. 
Microsporogenesis o f these m ale ?tm ie 
plants is norm al. D egeneration takes place 
in the young pollen grains. At th a t time, 
the tapetum  is still norm al in appearance.
. \  very careful work on the cytogenctii-i i>f 
male sterile onion plants has been done by 
K obabc (1958). H e investigated the Ger­
m an variety “Z ittauer G elbe” . T he micro* 
sporogenesis of the m ale sterile plants is 
norm al up  to the tetrad  stage and the early 
stages o f pollen form ation. T he pollen 
grains shrivel \yhen they get freed from the 
wall o f  the P \IC . Occasionally, a small 
proportion of viable pollen grains is indi­
cating th a t the phenom enon of male steri- 
lit>’ is influenced to a  certain extent by 
environm ental factors in this material. 
Selfing o f these flowers leads to a small seed 
set while abundan t seed production occurs 
when cross pollinated. <

C om parative investigations o f the tapeiuin 
of sterile and fertile plants revealed 
distinct diflTerences in the tapetal beha­
viour. In  the fertile plants, the dis­
solution o f the tapetal cells begins after 
tetrad form ation in the PM Cs. W hen the 
pollen grains have been liberated from the 
PM C wall, only the rem nants o f the tape- 
tum tissue are present. This degeneraticn 
is obviously a  necessary prerequisite for the 
nutrition o f the PMCs and  the norn^J 
course o f microsporogenesis. In  the 
sterile plants, the tapotum  remains ini-ut 
for a lo!iger pcriixl. Its degeneration 
onlv when the pollen grains begin to shnv**̂  
and w hen their cytoplasmic coiuents



cleiid. Also ihe cndotheciuin shows an 
abnorm al behaviour in so far as the  forma­
tion o f the opening m echanism  o f the 
ihecae is delayed. According to K obabe, 
niale sterilit\’ of this m aterial is not a conse­
quence o f a missecrction of the tapetum  but 
■ >f the dcla\‘ o f an im portant nutriiioiial 
'function ot ihis ii>juc. Am erican male 
sterile onior^s shoW the s j ^ e  behaviour in 
all the details.

t

»The m ale sterility o f  these plants is due  to
the action of a ®inG;le recessive c:rnc acting in 
(•f'-opcrrinon 'A-irh f frnv (".•it .

aos&jM
populations is very hi^h in relation to that 
of ihc dom inant A/i-allele. 'I’he sam e situa­
tion was found and  interpreted by Jones 
and  C'larke 1947 for A m erican male 
'te rile  onion«. T he inrr(‘a>ed IVequency <if 
(lu* w.v-allcle is possibK’ due to a .sliglu in­
breeding effcct. M ale sterile p lants seem to 
be o f wide occurrence in G erm an as well 
as in  Am erican varieties. T heir origin ii the 
result o f two independent m utational 
events: namely, {i) the cytoplasmic facior 
. V' m utates to S  and  («) a nuclear gene Afs 
m utates to ms. T he  chance com binadon of 
both  these events results in m ale sterility.

Sim ilar findings were obtained by Lichter 
."Ujd M iindler ; 1961.. rhe\- found the gene 
ms to be present in 7 out o f 8 G erm an  and 
.\m erican  varieties tested. Tw o types of 
^ n n f s  am ong tlic male stciUcs were ob- • 
^ rv i 'd .  'I’he fust group comprises o f com­
pletely sterile plants haying shrivelled pol­
len grains wliich are not stained by aceto- 
carm ine. Tlie second group consists of 
plants in which a  small proportion o f pollen 

j.'^rains a re  more or less stainable. Some- 
tinies. the renm ants of the nuclei are dis­
cerned, bu t they are not viai)le and  are not 
<om parable with the 'viable appearing 
{X )llen  grains'* in the material described by 
Barham  and  .\Iunger 1950). T he authoi's 
;ire o f the opinion, th.it the two groups are 
no t fuadanieiuaJly dilKrront from each 
')ther. *f'he tliirerciKi"^ just nu'ntioiu’d are 
'•l)viou.sIv onlv due to a delayed um e of 
'ifgeneration  in tlic, xn oiid group. Further­
more, liu* authots f<Min<l in m ale fertile

plants a  clear dependence of the degree of 
pollen fertility upon environm ental factors, 
particularly  upon the tem perature. In 
the m ale sterile plants, such a dependence 
could be observed only to a very small ex­
tent. Considering the findings o!)tained by 
Lichter and M tindler 1961'. it I-; com civ- 
able that ap a rt I'roni the com bination 

. •: ^rcytoplasm /w  w -g e n ^  ..
there m ay  be sdll other factors existing 
that influence the degree of m ale lertiJity.

The spontaneous occurrence o f male «terile
plants in dlfr<T. r.' 
wa.' >Uaiicd i)v a iui;:u>t;r oi iuvi 
who obtained widely varying results. Little 
et al [ 1944; found that 25 ou t of 29 com m er­
cial varieties possessed genes o f this group. 
In  the G erm an variety ''Z ittau e r G elbe” . 
the proportion of male sterile plants varied 
between 1 and 2-9 per t cut : K obabe 1958 . 
In contrast to this relatively high frequency, 
the proportion of male sterile onions was 
only 0-03 per cent in the D u tch  varieties 
*‘Prim eur” and  “ VVijbo” (Banga an d  Pedet 
1958)> In  the variety “ Scott C ounty 
Globe” , frequencies of 0-84 an d ' 0*96 per 
cent of m ale sterile plants were found in 
field trials (Peterson and Foskett 1953). In 
the last m entioned m aterial, obviously no 
cytoplasmic factors are involved. Davis 
1 1957) collectcd onions from France, T he 
Netherlands, England, Russia, Turkey, 
Syria, India, Jap an . Korea, New Z ealand 
and South Africa. He found th a t genes for 
male sterility are present in the m aterial 
collected from all the above m entioned 
countries except that of South Africa. M ost 
o f the introductions were not homozygous 
for the mj-genes. The m aterial from T urkey 
shows m ore genetic variability than  that 
from any other country investigated so far 
(^Davis 1958). T he great frequency of ms- 
genes even in small samples indicates th a t 
the spontaneously m utated genes of this 
group are widespread. The type o f sterility 
is the sam e than that reported by Jonca 
and Clarke (1943). It is not yet known, 
whether the same gene is p irscu t in [lu sir 
populations or whether the gcnrtii' div(rr- 
sity m entioned above In due to a r<*laii\ct\- 
high num ber of different m.i-^fcnes o f the



genom e as know n in  tomato and pea. 
A ccording to  Davis (1958,. some o f the 
genes seem to  be identical with those re­
ported by Jones and  Clarke (1943). 
Furtherm ore, the frequenc'.' of genetically 
conirolled m ale sterility studied in 
o ther >elecuons o f some coir.monly grown 
ouion \arictic-> in ’Fhc lands. In  the

. Wi(Jesprcad varie ty  “ R ijn sb u ^er” , the^.fre­
quency o f th e  genetic factors govenjing' 
male sterility was 0-95 per cent while the 
cytoplasm ic factor S  was foimd ia  a  fre­
quency o f less th an  O-Ol per cent (van der 
M fcr nnd van  B«*nnekom K-*"! ^ Acrordine

/rti-genes in the D utch va.-.eties "R ijni- 
b u rg e r '’ and  "\oordholland5C  Strogel” is 
essentially Iiigher than  that reported by 
Berninger 1956; for French and by 
P ienaar 1958 for South African material.

Investigations ^,oncln■ning the expression 
o f the mj-genes were carried cut by Barham  
an d  M u n g er (1950) using different com­
m ercial strains and  the male sterile line 
already  stud ied  by Jones and Emsweller 
(1937). T h e  m ale sterile plants were grown 
a t  tem pera tu res ranging between 21- 
26*5®C. T h e  experim ents i.how, th a t the 
tem peratu re  has a  profound influetKe upon 
ihe m ale sterility o f the plants. I t  afts 
during  the developm ental 'tage between 
itiicrospore form ation and  pollen mitosis. 
Below 2! XI, no  viable pollen grains are 
formed. At 2l-26*5'’C a  fc'.v pollen are 

 ̂ p roduced w hich  germ inated on sugar-agar 
m edium . H ow ever, no seeds were obtained 
when these p lan ts  were selfed. This failure 
could e ither be due to a  physiological weak­
ness o f the pollen or due to non-deshiscence 
o f the an thers. Differences in the genetic 
background do  not influence the expres­
sivity o f the mj-genes studied. The effect of 
tem peratu re  on  the expression o f male 
sterility was likewise studied by van der 
M cer an d  van  Bennekom 1969). M ore­
over, these authors grafted male sterile 
Howcr stalks on  male fertile plants in order 
ro determ ine w hether ‘‘cytoplasmic male 
’•icrili/ing sub'itances” can be transmitted. 
I'his transm ission was not observed (van 

der M ccr an d  van Beimekom 1970).

Allium porrum
In  a  frequency of 10~*, male sterile plant! 
were found in Allium porrum by Schweisguth 
(1970). T h e  genetic situation of this male 
sterility is especially complex because th< 
species is basically a  tetraploid. The gene­
tic background I-* not yet completely clear. 
According to some ''’grogations, 'ingle 
r-ecessive genes appear to be. in v o lv ^  
while in o thers,-2*3 genes', not linked vrWh 
each other, were found to control the 
sterility. • — v • i

Dauais carnla

carrots have already been dc>cnl)ca if 
section “ l a ” of the present paper. An in­
tensive study of the inheritance o f m ale 
sterility in wild and  cultivated carrots 
been m ade by Thompson (1961^ using 
diverse >ourccs. Fie luuiid an iiiterac:it>n <,( 
two dom inan t genes dcNi^natod as M i- l  
and  M s-2  th a t in teract with a  cytoplasmic 
factor S  influencing the male fertility in d ie 
following m anner:

SIM s M s:  
SI M s ms:
SI ms ms: 
JVjMs M s: 
jVjM s ms: 
Xjm s m s:

m ale sterile, 

m ale fertile,

T he M j-genes can only act in the presence 
o f *9-cytopIasni while they are rendered 
ineffective w ith A'-cytoplasm. According to- 
the segregation ratios, the possibility of 
involvement o f three or four dom inant 
genes canno t l>e ruled out, Cytological 
details concerning the meiotic behaviour o f 
the plants are  not available.

Sorghum vulgare
M ale sterility in S. vulgare is not only gene­
tically conditioned but like in other species 
it is also a  cytoplasmic phenomenon which 
will not be dbcussed in the present paper. 
However, it seems, that sperifit: genes oi 
the Sorghum genome influence the cyto­
plasmic m ale '<terilitv. l lie e.xact mecha­
nisms o f this interacdou is uot fully 
understood, ijut it apj)»-aiN that inorr* dian



two genes are involved (Stcplicns et al 1932, 
Stephens and  Holland 1954). Also M aun­
der and  Pickett (1959) found a  gene ms-c 
interacting with ' ‘factors” causing cyto­
plasmic male sterility. IMants homozygous 
(i>r ms-c undergo normal meiosis and  pollen 
grains are formed. T h e y . are. however. 
4*<>n-v table and cannot be used for Icrii- 
liza tjon .. A  similar behaviour, has been 
reported by M ittal et al (1958) in  a  single 

^rg h u m  p lant of an  Indian  variety.

§eta vulgaris
In suear b r r r s .  the interaction hctw rrji 

m u  is cv'cJi more cdih-
jfl^cated because two recessive genes are 
involved. Investigations carried ou t by 
Owen T942) show that two different types 
of cytoplasm are present in the m aterial 
studird. .N'-cytoplasm permits the prochir- 
tiou of funciionable pollen grainj; while S- 
rytoplasm  renders ihe plants m ale sterile. 
I 'h e  pollen development in 5-plants is in ­
fluenced by the two recessive genes x  and  
Z showing com plem entary effects. T h e  pos­
sibilities of interaction and  their effects can 
be visualized from the following d a ta : 
Sjxx z z :  M ale sterility with white em pty 
anthers.
S lX x z z . Slxx Z z , S IX X  zz , Slxx Z Z ’ Parti­
ally male sterilit}'_ with yellow anthers; 
little or no viable pollen.
S ' l c  SJXX s iX x  S IX X  z z -  
M ale fertility; m ore or less norm al pollen 
development influenced by environm ental 
c(^ditions.
From  the crossings of O w en’s m aterial with 
other male fertile genotypes, a  m ore 
detailed analysis o f genes x  and  z  was 
carried out by BUssand G abelm an (19651. 
They confirmed O wen’s findings w ith re- 

* i r d  to gene-cytoplasm co-operation. 
I'urtherm ore, they found th a t the two 
,!?enes are not linked w ith each other. The 
dom inant allele Z  hypostatic to X  and  
restores partial fertility to plants having 
>V-cytnplasm. Plants containing A*-cyto- 
plasm arc  male fertile regardless w hether 
the\- contain the male sterility genes o r not.

I.atcr, O wen -1052} found another icces- 
■'ive gene designated a responsible for nialo

sterility in Bela vulgaris. In  the male sterile 
plants at bud stage, the flowers have white 
to greenish shrunken anthers that turn 
brown at anthesis. They are completely 
devoid of pollen. T he female parts of the 
flowers are functionally norm al. T heurer ■ 

1968} studied the linkage of this ijene with 
(i other genes oi the genome.

Chtolaria mucronata
K em pana and Sastry (1958) Ibund a  m ale 
sterile p la n t norm al population o f
Crotolaria mucmnala. The progeny o f this 
'genotype as stud ied ')v  Edvvnrd-'On- 
..!io tbund utMnial cour>c oi mciusi.s but 
the pollen produced were non-viable. T he 
male sterility was found to be controlled 
by two reces-sive genes, mS'I and  mS‘2. that 
interact w ith a  specific type of cytoplasm.
The restoration of the fertilir\' is alrendv 
obtained when one of ihe two //w-genes are 
present in the dom inant state.

D isc u ss io n
The manifold findings described in the 
empirical p a rt of the present paper demons­
trate clearly th a t the genedcally condi­
tioned male sterility is not a  uniform  pheno­
menon. The original concept th a t all the 
ffii-genes act principally in a  similar \s’ay 
and distinguish each other only w ith regard 
to their time of action during  micro- 
sporogenesis appears to be too narrow. So 
far. a t least four different groups of male 
sterile genotypes are known. ^ la le  sterility 
causcd by a breakdown of microsporogene- 
sis or o f post meiotic stages can  be due to: '
(i) the action of single recessive genes; (it) 
the action o f single dom inant genes; (Hi) 
the jo in t action of several recessive genes;
{iv) the co-operation o f recessive /nj-genes 
with a specific type o f cytoplasm.
Instances for these four groups are given 
in the empirical part.

The gcnctic control of the whole process 
becomes particularly  clear w hen a very 
large minibor of gtuics belonging to these 
four groups is considered. U nfortunately, 
many of the male sterile genotypes of dif­
ferent species are not analysed cytologically 
and/or genetically. 'I'herefore, m any ms-



genes existing since several decades in 
p lan t populations cannot reliably be a r ­
ranged  in the whole system because their 
tim e o f action during the course o f  micro- 
sporogenesis is not exactly known. Sim ilar 
uncertainties exist with regard to the jo in t 
.\ftion o f mf-g»*nes. .Wvertheless. uu- 
gcacs o f 4B species belonging to 12 laniilies 
have been analysed in detail with regard  to

* their influence on micro^porogenesis. T hey  
a re  diagram m atically represented in  figure 
3 in which they are arranged according to 
their lime of action during microsporogene-

l u -  i J u U v  i t l - i . l l  i : . : : . r . \ .

not given since ihe main purpose o f the 
figure is to give a  general survey on the 
action o f the majority o f the m -gen-s 
known so far. The species a rc  grouped 
together according to thetr taxonomi. 
position. It is obvious that mo«t o f the my- 
^enes influence 'he final stages o f meiosis 
between interphase 11 and  pollen form a­
tion. i n  all these genotypes th^re is a  
completely normal course o f microsporo- 
genes.is till to the stage a t  w hich the  de-. 
generadon o f nuclei, microspores o r pollen 
grains sets In. A second, sm aller group

uif! ’ui'!
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Stages of the first nieiotic prophase prevent­
ing further meiotic process and  pollen 
formation. I t  is surprising, th a t only a very 
small num ber o f  ms-genes becomes effective 
between diakinesis and  anaphase II . U n ­
doubtedly, this distribution o f the action of 
ihc r!j-gcnes represen t' a specific regularity, 
but .It the p rc 'em  state nf the analysis of 

\s,hole jphenojnenou. no well founded 
explanation can-be given. T h e  distributioii 
of ttic action o f the mj-genes upon the 
^ r io u s  stages of microsporpgenesis becomes 
t^ec ra lly  clear from figure 4. '

^ . 4 :  Distribution of time of action of 93 ms- 
^‘nrs of different species during microsporogenesis.

can be assumed, that mi-genes are pre­
sent in the genomes o f all the flowering 
[>lams irrespective of thctr taxononuc posi- 
‘iott. Moreover, there is no doubt, that 
!onu' of these genes represent “ homolo­
gous* ‘̂ ones in an  evolutionary sense lead- 
ni; to >imiiar nieiofio anonialies in different 
pocies when prescnl in the m utated slate.

1 he "homnloi^y'’ can clearly be discerned 
in those cases in w hich the respective genes 
express a  very specific pleiotropic spectrum.

From com parative developm ental and bio- 
hemical studies o f  the anther^ of male 

•'•'•rile and frriilc plants it has been ron- 
' id»'d, that Uirre .\ie rlosc ph\>iological 

, correlations between the degenerauon of 
the tapetum  and  the' coiirse o f  .micro*: 
•porogenesis. However, the exact nature of 
this dependence is no t yet fulJy luiown 
'Singh 1965, Echlin 197t)r~ I f  was 
-Iready assumt^d by Rick and Butler

'1- IKoir H<€ ^  "to
an^Cf < '  n o t  u t i i  ' v c u  (> i h o  p o i l - . - i r i r i o c n c i -  

^̂ Tiis bu t to the tapetuni. In  plants having 
genetically controlled m ale sterility, much 
diversity is exhibited in the time and typ«i 
■'f tapetal dejyeneration. T he correlative

• '•akdowti o f tap<‘!iun. inicro'porocytos, 
..iiiTo>poit'> -rr polli'fi fifcains is not realized 
in all the cases analysed so far. In male 
<terile Dactylis glomerata m utants, for ins­
tance, tapetum  degenerates a t early stages 
of meiosis bu t microsporogenesis continues 
till to m icrospore form ation. In Brassica 
deracea  ̂ tapetal breakdow n docs not occur 
e\*en after the pollen breakdown is com­
pleted. In  partially  m ale sterile plants of 
Medicago saliva, m icrospore degeneration 

'in itiates im m ediately after abnorm al beha- 
•.iour of lapetum  is observed. T he nis- 
m utants o f Hordnm viilgarey finally, show a 
strikingly variable behaviour with regard 
!t» the degeneration of the two tissues. 
-Vlready these few exam ples show a  very 
heterogeneous situation in male sterile 
plants w ith regard  to the correlative break­
down o f sporogenous and  tapetal ussue. 
Hence, a m ore detailed analysis of the two 
phenomena in  a large num ber of different 
male sterile m utants of different species is 
necessary before well founded interpreta- 
rions can be given.

The genetically conditioned male sterility in 
higher plants ra n  al-.f) be tlue to ^enes 
vhich influence the I’lm nioning  ability of 
:ae male se.>c organ-, w ithout iiitUu-nciiig 
nVicrosporogiMU-sis. I h<* ttoniin.uii ijcne 

o f (ffiyijpi'um hirMditm, (hr iiist.mce,



causcs complcti) m ale sterility due to the 
form ation of rudim entar)' anthers or to 
failure of anther form ation (AlHson 
and  Fisher 1964). In  the rudim entary 
anthers, the archesj>orc tissue is not dif­
ferentiated. As no other dssucs are able to 
take the function t>f ihe archcsporc, inicro- 
.•pon.tgonc'is i-auiir>t take and no
jn a le  germ  c e ^  are formed. Ih p , action of 
this dofnmanl: gene is com parable to the 
action o f a recessive gene of Piium ialiium 
(m u tan t 2228; K lein and  M iiuunovic 
1971). T he lack o f stam en differentiation 
or of the fbrmarinti of niflinn ntnrv anihers
O i Ito  C a r jS ^ ^ h u . ^  / t ;  
m iuaicd  gene is also knuwu ui Lycopmicun 
escuUntum iLarsou and  Paur 1948. Bi'hop 
1954, Rick 1966. Phatak et al 1966), Cucur- 
bita pepo iShifriss 1945>, Cucumis ^ativus 
'^Barnes 1961), \icotiann iabacum i Raeber 
and Bolton IOj.V, Ori-^ainon .ul;j,aic Lewis 
and  Cvoue 1952^ among othci-j. Mi)rcovcr, 
a “ functional male sterility” can be realized 
by a  transform ation of male into female sex 
organs known in Pisum sativum (m utant 
192; Gottschalk 1961); further examples 
a re  given by Gottschalk (1971). Since we 
are prim arily  interested in the mj-genes 
influencing microsporogenesis, the pheno­
m enon o f “ functional male sterility”, was 
no t considered in the present paper.

R e fe re n c e s
. \ a l d e r s  L E  a n d  H a l l  IV ' (1 9 6 3 )  T h e  in h e r i t a n c e  

a n d  m o r p h o l o g i c a l d e v e i o p m c n t  d T m a le  s te r i l i ty  
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BEiYfcRiNCJt \V  ( 1 8 8 5 )  G y n o d io c c i e  b c i  Datum carota 
L . Xtderl. Kmidk. Arch. Ser. 2 4 :  3 4 5 .

B e r n i n g e r  E  ( 1 9 5 6 )  C o n t r i b u t i o n  a  I’e t u d e  d e  la  
s te r i l i t c  m a le  d e  I’o ig n o n  {Allium cepa). Ann. 
.Imelior. Plantes 1 5 :  l o 3 .

B is h o p  C I  (1 9 5 4 )  A  s ta m e n le s s  m a l e  s te r i l e  to m a to .
Amer. J. Bot. 4 1 :  5 4 0 .

B l i s s  F A  ,k n d  G .k b e lm a n  W H  (1 9 6 5 )  I n h e r i t a n c e  o f  
m a le  s te r i l i t y  i n  b e e ts .  Beta tulgaris L .  Crop Sci. 
5 : 4 0 3 .

B o h n  G \V  . \ n d  P r i n c i p e  J . - \  ( 1 9 6 4 )  A  s e c o n d  m a le  
• s te r ility  g e n e  i n  m i i s k m e lo n .  J. Hered. 5 5 :  2 1 1 . 

B o h n  G \V  AND V\ n rrA K K R  T \ V  ( 1 9 4 9 )  A  g e n e  fo r  
m a l e  s te r i l i t y  i n  m m k m c l o n  {Cucumis melo L . , .  
Proc. Aimr. .Soc. Horl. Sci. 5 3 :  3 0 9 .

B o n d  D A ,  D r . v v n e r  J M ,  F v k e J L  a n d  T o y n b e l *  
C l a r k e  G  i l 9 6 4 )  M a le  s t e r i l i t y  in  f ie ld  b e a m  
{Vicia fnba I .  A  m a le - s t e r i l e  b e a n  in h e r i t e d  
a s  a  . \ I c n d e l i a n  r e c e s s iv e .  J. .\gric. Sci. 6 3 :  2 2 9 . 

B o r c h f . r s  E.V  ( 1 9 6 6 )  C h a r a c t e r i s t i c s  o f  m a le  s te r i le  
m u t a n t  in  p u r p l e  c a u l i f l o w e r  {Brassica oUractt 
L . ) .  PrrK, .imer. Soc. Hort. Sd. 8 8  :  4 0 6 . 

B o r c h e r s  E . \  (1 9 7 1 )  H y b r i d  b r o c c o l i  s e e d  p r o d u c *  
t i o n  u t i l i z in g  t h e  m j  6  g e n e  fo r  m a le  s te r i l i ty -  J- 
Amer. .W. Hort. Sci. 9 6 :  .')42.

B o /./ .tN r . \  a n d  SCAR.ASCIA-M caNOZZA G T  (19t)fl^ 
f a c t o r  f o r  m a le  s t e r i l i t y  i n h e r i t e d  a s  a  M e n d c l ia o  
re c e ss iv e . Euphytica S u p p l .  1 :  8 3 .

B r a a k J P  AND K i t e  Y O  ( 1 9 5 8 )  S o m e  o b se rx ’S t l f ' '*  
r>n th e  i lo r a l  b io l o g y  o f  th e  c a r r o t  {Daucus 
[.. . E:.i\Uu:tli 1 3 1 . 

l{RH,(.i.fc L \V  1,1970) A  rc c e s s iv e  g e n e  fo r  ^ 
\ i r r i l i t y  in  h e x a p lo id  w h e a t .  Crop S(i. 10*

B K n t C :.\ AND V u f N c  - \ I F  (1 9 7 1 )  I n h e r i t a n c e  o f  rn*  
-le ril '*  ( !'.»r.i( t e r  in  > o y b e a n s . Crop Sci. l i t  ^  , V 

C 'am ’ \ r i  V. 1 9 48 ) C y to p l a s m ic  in h e r i t a n c e .
(,entt. 2 : 1.



C h a n d le r  C (I9 j4 ; Improveracjic o f  Planlago for 
mucilage production and  grow th in the U n itrd  
States. Contrib. Bojice Thompson Inst. 1 7 :  495. 

C hauham  SVS a n d  S inoh SP (1968) Studies on 
pollen abortion  in Cucumis melo L. Aera L'nip. 
J .  Res. (S d .)  India 1 7 ;  10.

CHILDERS \VR (1952) M ale iterility  in MedkagQ 
L. Sd . A^ric. 32: 351.

( uiLDf i»s U R  & M e [.UN'. A V HA I'^tiO. Ir.h 'riiance
•  9iuui< s u f  a  cuinpleEcly tnalc ^lorile cliaractcr in

Alidicago sativa L . Can. J .  C m tl.fy to l. 2^5 7  ■ <
' Chowdhury JB  and Das K  (f9W> in-

Brojsica rampedris \-ar. Yellow Sarson. Ind. J .  
f  Gout. PI. Breed. 2 6 ;  374.
- jPwQWPHURV J B '  AND D as K  ( 1 9 6 8 7 'Cyto-mOTpiw^ 

logical studies on m ale sterility  in Brassica 
f.-rpesttis l..(.itohi;in33: 19'>.

I ' N I I. M.i’ ■ ' ii' '  , ;■
^  i . I 14 : f.
C la c to n  EE (1950) M ale sterile tobacco. J .  Heredity 

4 1 :  171. '
C o le  K (1957) A genctical investigation o f male 

sterility in green sprouting broccoli. P t<x .  Gen.
Can. 2 :  4 4 .

C o l e  K  n 9 i 9 '  I n h f r i i a i i r c - n f  m a le - i t e r i l i t v  in  t j r e e n  
>f r'.iicaif broc c o l i .  i.a n .J . 1 :  »U3.

D a s k a i  ; r  S  . \  m a!i* •.:<-ri!r p e p p e r  (C .
aiuiuum L .) m utant. TAG  38 : J70.

D a sk a lo ff  S (1971) T w o new m ale sterile pepper 
{Capsicum armuum L .) m utants. Compt. Rend. 
Acad. Sd . Agric. Bulgarie. 4 :  291.

D a sk a lo ff  S (1971-72) M ale sterile pepper (C. 
annuum L .) m utants and th e ir utilization in 
heterosis breeding. Ann. Fac. Set. .AgT. Univ. 
Torino 7 ;  205.

D a sk a lo ff  S (1973a) T hree  new  m ale sterile m u­
tants in pepper (Capsiium annum L.). C. R. AcaJ. 
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