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The Influence of Mutated Genes on Sporogenesis
A Survey on the Genetic Control of Meiosis in Pisum sativum
W. Gottschalk and H.D, Klein

Institute of Genetics, University of Bonn (BRD)

Summary. The course of meiosis in higher plants is controlled by a large number of genes, the function of which
can be discerned by means of mutants showing any kind of meiotic anomaly. In general, there are three main
groups of genes belonging to this system. The as-genes control the pairing behaviour of the homologous chro-
mosomes, causing asynapsis in the mutated condition. The ds—genes are responsible for chiasma formation and
chiasma frequency, causing desynapsis in the mutated condition. 4s- and ds-genes influence micro- and macro~
sporogenesis in a similar way but the ms-genes become effective only in microsporogenesis, resulting in a com~
plete breakdown of meiosis at a stage specific for each gene of the group.

In Pisum sativum, 58 mutants showing genetically conditioned meiotic anomalies have been cytogenetically an-
alysed: 34 of them belong to the ds— and 7 to the as-group; one gene causes asynaptic as well as desynaptic ef-
fects; 13 genotypes are male sterile due to degeneration of the chromosomes; the remaining 3 genes cause less
specific meiotic disturbances. The lethality of a mutant can be overcome by distinct environmental conditions but
the mutant is sterile because of manifold meiotic anomalies.

One gene in the Piswm genome controls the transition from the vegetative to the reproductive stage of the
plants. Other genes influence the differentiation of the growing points in such a way that the sporogenic tissues
are not formed. In these mutants, no sporocytes are present which can undergo meiosis.

From the findings available for many species of the plant kingdom, it can be assumed that hundreds of genes
controlling meiosis are present in the genome of each higher plant.

Introduction ovules, preventing the development of those tissues
The germ cell formation in an organism is a compli- which are responsible for germ cell formation. Even

cated procedure depending on a large number of par- the transition from the vegetative to the reproductive

tially synchronized processes. Therefore, a large status of the plant is genetically controlled.

number of genes may be responsible for the control During the past 10 years, in a great number of

of this process irrespective of the taxonomic position different plant species, an increasing number of mu-

of the species within the plant or animal kingdom. tated genes have been found which directly influence the

This problem has been intensively studied in plants, process of meiosis inanearly equal way. This is not sur-

particularly in species, from which voluminous col- prising if we consider that meiosis is one of the few

lections of experimentally produced mutants are a- biological processes which operate in an identical way

vailable. in all higher organisms. It can be assumed therefore,

The functioning of sexuality depends on the pre- that this process is controlled by homologous genes.

cision of the differentiation of those growing points Consequently, mutations of these genes can be re-

determining flower formation. This process is con- garded as homologous ones, in an evolutionary sense,

trolled by many genes, nearly all of which must be leading to similar irregularities of meiotic behaviour

present in the dominant condition to produce a fully in different species.

functional flower containing operative male and fe- It is not the purpose of the present paper to discuss

male germ cells. Other genes of the genome become the extraordinarily voluminous - and in many cases

effective during the differentiation of anthers and contradictory - findings existing in this field in the li-

terature. This will be done in the frame of a review

_— paper. We shall deal only with the meiotic behaviour
* The investigations were supported by the Ministry of

Research and Technology of the Federal Republic of
Germany and by the European Atomic Community. 10 years at this institute. The garden pea is the spe-

of a large group of Pisum mutants studied for about
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cies for which the most comprehensive findings on
genetic control of meiosis are currently available.
This material is well suited to estimeating the propor-
tion of genes in a given genome belonging to this con-
trol system. Cytogenetic details on the single Pisum
mutants of this group have been published elsewhere
(Gottschalk 1968, 1969, 1973, 1975, Gottschalk and
Jahn 1964, Gottschalk and Villalobos-Pietrini

1965, Gottschalk and Baquar 1971a,b, 1972, Gott-
schalk and Konvi&ka 1975, Gottschalk and Milutinovié
1973, Gottschalk and Kaul 1974, Konvicka and Gott-
schalk 1971, Klein 1968, 1969a,b,c, 1970, 1971, Klein
and Baquar 1972, Klein and Milutinovi¢c 1971a,b,c,
Klein and Quednau 1976).

Material and Methods

Fifty-six X-ray- and neutron-induced mutants of the
variety 'Dippes gelbe Viktoria' of Pisum sativum (2n=14)
were cytogenetically analysed. The microsporogenesis
was studied in at least two generations. Nearly all the
mutants of this group are sterile. So they canonly be main-
tained by propagating plants heterozygous for the respec-
tive genes. In this way, the segregation of the genes
has also been studied. All the genes discussed in the
present paper behave as simple Mendelian recessives.
In many cases, a more or less pronounced deficit of
mutants in the segregating families was observed. This,
however, is not a distinctive feature of this group of
genes, being valid for many mutated genes of the Pisum
genome. The action of the genes studied, in nearly all
cases, is restricted either to micro- and macrosporo-
genesis or exclusively to microsporogenesis. Growing
behaviour and vitality of the mutants are normal.

The sterile mutants of the segregating families, as
well as the weakly fertile mutants of homozygous strains,
were decapitated immediately after the start of flower-
ing. The anthers of young buds were fixed in Carnoy
and the chromosomes were stained in aceto-carmine
or orceine.

The Empirical Findings

The method we use is comparable to the methods used
by gene physiologists to clarify the genetic control of
a biosynthesis. However, we are using not biochemi-
cal, but cytogenetical procedures. The meiosis, in
particular the microsporogenesis, is divided into 18
stages and we select mutants showing cytological anom-
alies at different meiotic stages. These mutants are
analysed cytologically and genetically. In this way it
is possible to clarify the dependence of the whole pro-
cess upon the action of specific genes step by step. So
far we have isolated nearly 60 different genes of the

Pisum genome belonging to this control system. We
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know when they become effective and what functions
they have in the framework of the total process.
Essentially, there are three gene groups which
show a distinctive action on meiosis: the as-genes,
the ds-genes and the ms-genes. The first two groups
act during the early stages of the first meiotic division.
In the mutated, i.e. in the recessive condition, they
cause similar meiotic anomalies, although they induce
completely different mechanisms of disturbance. The
present paper also includes some mutant genes which
influence earlier processes of ontogenetic development,
preventing either flowering or the differentiation oftis-
sues relevant for spore formation. The action of the
ms—genes is restricted to microsporogenesis, macro-
sporogenesis being undisturbed in the mutants homozy-

gous for them.

a) Genes influencing earlier ontogenetic stages

The evaluation of our comprehensive collection of Pisum
mutants has shown that already the transition from the
vegetative to the reproductive state of the plant is con-
trolled by specific genes of the genome. Mutant 172 is
homozygous for such a gene (Gottschalk 1969). The
plants are very vigorous and do not differ from the ini-
tial line in their gross morphology but the growing

points destined for flower formation never differentiate.

Instead, they remain active, continuing the formation
of somatic organs. In place of the inflorescences,
strongly shortened lateral branches are produced in
these plants. Thus, they occupy an intermediate po-
sition between normally flowering and non-flowering
plants. If we consider the flower to represent an ex-
tremely shortened shoot, it is evident that certain
tendencies in this direction are still discernible in the
mutant, but no termination of mitotic activity in these
organs was observed over 11 successive generations.
A second group of genes becomes effective during
the differentiation of anthers and ovules. A character-
istic representative of this group is the neutron-in-
duced mutant 2228, As revealed by paraffin sections,
there is no differentiation into specific tissues intheir
anthers. The total content of the two thecae is filled
with a homogeneous, unspecific tissue surrounded by
the endotheciumj; neither pollen sacs nor the tapetum
and adjacent layers are present. The function of the
archespore tissue can not be taken over by other cell

groups, so that no cells are available in these plants



W. Gottschalk and H.D. Klein: The Influence of Mutated Genes on Sporogenesis 25

%
30

9 1 N 2 1B u B 6

microspores per PMC

Fig.1. Frequency distribution of the number of microspores per PMC in the
asynaptic mutants 203, 20D and 228 evaluated in two subsequent generations

to undergo microsporogenesis. The recessive gene in-
fluences the corresponding tissues of the female sex
organs in a similar way: thecells ofthe nucellus show
degenerative alterations and functional embryo sacs
are not formed. Thus, the mutant is sterile in both
sexes and no germ cells are produced (Klein and Mi-
Mutants 178 and 2254A showthe same

situation in principle, at least with regardtothe male

lutinovi¢ 1971c).

seX organs.

b) The as-genes

One of the fundamental meiotic processes - the pairing
of the homologous chromosomes - is controlled by a
whole group of different genes of each genome. They
are designated as—genes, because theycause asyn-
apsis, the lack of pairing when present in the ho-
mozygous recessive condition. Thus, one of the most
essential prerequisites for regular meiosis is missing.
They are known in many plant species. In our ra-
diation genetic experiments in PZsum, eight as-genes
of the genome have been isolated so far. They do not
act in an additive manner, each ofthe eight genes alone
causing lack of pairing. In principle, complete and par-
tial asynapsis are possible. In the case of complete
lack of pairing, only univalents between pachytene and
metaphase I are present in the PMCs. This holds for
mutants 228 and 211 of our collection. The other six
mutants of this group (nos. 20D, 203C, 231, 2241,

2805, 2984) show partial asynapsis, i.e. a varying de-
gree of pairing of homologous chromosomes. In the
pachytene of these genotypes, pairing insome segments
of the chromosomes is observed, while other segments
remain unpaired. Unfortunately, the pachytene chromo-
somes of Pisum sativum can not be identified in spite
of the low chromosome number of the species (n=7).
Therefore, it is not possible to determine the unpaired
regions and to state reliably whether the phenomenon
of asynapsis refers in all cases to the same segments
of the same chromosomes. In these mutants, normal
pairing in all chromosomes of the genome has never
been observed, although a great number of PMCs have
been analysed and found undergoing this stage of micro-
sporogenesis. The frequency of univalents in metaphase I
can be used as a parameter for evaluating the degree
of asynapsis of these genotypes. The higher the number
of univalents per PMC, the lower the degree of pairing
and the higher the degree of asynapsis (Fig.1). Because
of the high proportion of univalents, manifoldirregular-
ities arise in the subsequent meiotic stages, resulting
in a highly varying number of microspores per PMC.
The variation ranges between 1 and 168 (Fig.2). Thus,
balanced germ cells containing a full genome are not
produced in these mutants, sothey are completely ster-
ile. In principle, the as-genes act in a similar way on
micro- and macrosporogenesis, resulting in sterility

in both sexes.
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Fig.2. Microspore formation in PMCs of the asynaptic
mutant 228. The number of microspores per PMC is
increased and varying from cell to cell. The size and
the chromosome number of different microspores of
the same PMC are likewise varying. These anomalies
are due to the high frequency of univalents in the early
and middle stages of the first meiotic division

One of our Pisum mutants - no. 2984 - can not be
classified definitely as to the mode of its meiotic dis-
turbances. There is pairing of the homologous chro-
mosomes, but not in all chromosome segments. In
the paired segments, chiasmata can be formed but
their frequency is very low (Gottschalk and Konvicka
1975). Considering the length of the paired segments,
a higher chiasmata frequency would be expected. Thus,
asynaptic as well as desynaptic tendencies are dis-
cernible in this genotype. It occupies an intermediate
position between desynaptic and asynaptic mutants.
The gene responsible for these anomalies seems to be-

long to the as—group, so it is designated a32984.

c) The ds-genes

The second group ~ the ds-genes - act temporarily a
little later in the course of meiosis. They can only be-
come effective if the homologous chromosomes pair
normally. This happens if all the as-genes of the ge-
nome are present in the non-mutated condition. Reces-
sive ds—genes causethe phenomenonof desynapsis,
i.e. the reduction of chiasma frequency or complete
lack of chiasma formation following normal pairing of
the homologous chromosomes.

So far, we have isolated 34 desynaptic mutants in
our collection andcytological data for atleast two gene-
rations are available. About 10 other genotypes are
under study, most of which also belong to this group.

Thus, about 40 desynaptic Pisum mutants are known at
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Fig.3. Metaphase I in a PMC of the desynaptic mutant
2989 having 2 bivalents and 10 univalents

present. It can be concluded that the chiasma behaviour
of a higher plant is controlled by a strikingly high num-
ber of different genes of the genome, in Pisun certain-
ly by more than 100 genes. Each single gene must be
present inthe dominant conditioninorder to accomplish
normal chiasma formation. If asingle gene of this group
mutates, areductionofthe number of chiasmataor com-
plete lack of chiasma formation results. The different
genes of the group generally show asimilar action. They
are distinguished from one another only in the intensity
of desynapsis, i.e. the extent of the reduction in chias-
mata frequency.

The common feature of all the desynaptic mutants
is that there is a specific situation in each PMC of
the same anther with regard to the degree of desynap-
sis. Unfortunately, it is not possible to analyse chias-
ma behaviour directly because the middle stages of
the first meiotic prophase are not analysable in most
plant species, but the effect of the ds—genes is appar-
ent - as in the as-mutants - in the presence of univa-
lents. The homologous chromosomes can not remain
united in the form of bivalents because of the lack of
chiasmata. It is easy to evaluate the number of univa-
lents andbivalents in metaphase I (Fig.3). From these
data, reliable conclusions can be drawn on the situa-

tion existing during the earlier meiotic stages:
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Fig.4. Comparison of the degree of desynapsis in mu-
tants 2829, 19A, 72A, 82A and 242 of Pisum sativum
demonstrated by means of the number of univalents per
PMC

- the lower the number of chiasmata,
- the higher the number of univalents per PMC;

- the higher the degree of meiotic anomalies,

the lower the fertility of the mutant.

There is a broad variation in the number of univa-
lents in different PMCs of the anthers of such a mutant.
Thus, the action of each ds—gene becomes discernible
in the form of a characteristic curve for the criterion
"number of univalents per PMC''. The curves for the
univalent frequency of some desynaptic PZswn mutants
are presented in Fig.4. The graph shows that the whole
range, from almost normal chiasma behaviour to the
complete lack of chiasma formation, is already covered
by the action of asmall number of ds-genes controlling
this process. It can be expectedthat there is arelative-
ly high number of weakly desynaptic mutants in our PZsum
collection which, however, have not yet been detected.
We select our asynaptic and desynaptic mutants in seg-

regating M,- to Mx—families by their sterility or their

2
strongly reduced fertility. Weakly desynaptic mutants

have a relatively high proportion of bivalents, so that

their fertility is relatively good, in many cases com-
parable to that of other mutation types and even the
initial line. In those cases in which the lack of chiasma
formation refers only to one arm of the homologous
chromosomes, rod bivalents occur which do not nega-
tively influence the course of meiosis. These mutants
can be fully fertile although they belong to the group
of desynaptic genotypes. For these reasons, weakly
desynaptic mutants will only be found by chance. For
instance, this holds for mutant 2829 of our collection.
In about 20 % of its PMCs, seven bivalents are found.
The remaining cells contain 2 or 4 univalents at most,
while PMCs with a higher proportion of univalents are
not present (Fig.4). This is the weakest degree of
desynapsis hitherto known in Pisum sativum. Some
weakly desynaptic mutants are known for Brassica
oleracea (Gottschalk and Konvicka 1971, 1972, Kon-
vicka and Gottschalk 1971) and Drosophila melanogas-
ter (Sandler et al. 1968), among others. An extra-
ordinarily strongly desynaptic genotype of our collec-
tion is mutant 242. In 97-100 % of all PMCs analysed,
only univalents were observed. All the other desynap-
tic mutants studied occupy an intermediate position
between these two extremes.

The genetic control of the process as a whole be-
comes clear if we consider all the data available from
the 34 desynaptic PZsum mutants. Two or three ofthem
may be identical, but all the others are different geno-
types as concluded from their differing meiotic behav-
iour. Because of the voluminous amount of data avail-
able, it is not appropriate to use the curves for the
trait ""'number of univalents per PMC'" to characterize
the differences in degree of desynapsis for the whole
group. Therefore, we have used the mean values for
this character. They are graphically presentedinFig.5.
For many genotypes, the values for several genera-
tions are considered in order to judge the reproduci-
bility of the findings. The degree of similarity of the
values for the same mutant in successive generations
is surprisingly high considering that chiasma fre-
quency is influenced by many environmental factors.
This shows that the expression of the genes in ques-
tion is relatively consistent. Figure 5 shows a series
of ds-genes covering practically all the values be-
tween nearly normal chiasma formation and complete
lack of chiasmata which are theoretically conceivable.
In this graph, the broad palette of the influence of the

ds—- genes on chiasma behaviour is clearly visible.
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Fig.5. Bottom: The mean values for the character '"number of univalents per PMC"
of 34 desynaptic Piswm mutants. Upper part: Means for the character "number of
microspores per PMC" of the same genotypes. Each column represents the mean

value for one generation

Although the mechanisms resulting in desynapsis
and asynapsis are supposed to be completely different
from each other, their consequences for the course of
meiosis are generally similar. This is due to the pres-
ence of univalents which are the common feature of
both groups. Only the chromosomes of the bivalents
are regularly distributed at anaphase I. The univalents
are either randomly incorporated into the daughter
nuclei of the first meiotic telophase, or they form mi-
cronuclei. This depends on the degree of desynapsis of
the mutant. In a weakly desynaptic mutant, a certain
polarity is apparent in the PMCs at the end of the first
meiotic division. Most of the chromosomes are united
in two daughter nuclei, while the others remain outside
them. This polarity, however, can not be expected in
the strongly desynaptic or in the asynaptic mutants. In
these cases, a certain degree of polarity is also prod=-
uced but the causes are not yet understood (Klein and
Quednau 1976). An example of this situation is given
in Fig.6. As a consequence of the anomalies just men-
tioned, the later meiotic stages of these mutants are
strongly disturbed (Fig.7).

One should expect that an increasing extent of mei-

otic anomaly will occurwith an increasing degree of

pal !

Fig.6. Metaphase I of a PMC of the highly desynaptic
mutant 242. The photomicrograph reminds of a telo-
phase, but it shows the situation in MI. All the chro-
mosomes (2n = 14} are present in the form of univa-
lentsbut a polarity within the cell is evident: there are
two groups of 6 and 8 chromosomes
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Fig.7. Late anaphase II of the desynaptic mutant 232.
Chromatids are distributed in 3 spindles; moreover,
4 laggards are present. An increased number of mi-
crospores will be formed in this PMC

desynapsis, but this is not the case in the present ma-
terial. If we compare the number of univalents and the
number of microspores per PMC of the same desynap-
tic mutant, there is no strong correlation (Fig.5).
Since even a relatively low degree of desynapsis causes
strong meiotic disturbances, there are practically no
marked differences with regard to the number of mi-
crospores per PMC between weakly and strongly de-
synaptic mutants. However, there are two exceptional
cases which should be discussed in more detail. The
relatively weakly desynaptic mutant 2500 { mean number
of univalents per PMC about 5) shows an extraordinar-
ily high number of microspores per PMC. This would
not be expectedif only the frequency of univalents were
responsible for the degree of meiotic anomaly. This
genotype shows additional meiotic anomalies, parti-
cularly extensive chromosomeor chromatid breakages
resulting in a high number of fragments (Klein 1971).
The reverse situation is exhibited in mutant 2805. It
forms almost exclusively univalents in its PMCs, so

a very high number of microspores shouldbe expected.
This is, however, not the case when the results of two
successive generations are considered. The mean val-
ues for the number of microspores per PMC are equi-
valent to those in some weakly desynaptic mutants. The
reason for this situation is a pronounced stickiness of
chromosomes or chromosome groups found during me-

taphase I. In many cells, nearly all the chromosomes

Fig.8. Pollen mother cells of the male~sterile mutant
38B in pachytene showing the beginning of the degenera-
tion of the chromosomes. The nucleoli are highly vacu-
olated

are clumped together in the region of the equatorial
plate and a restitution nucleus is formed beside some
micronuclei. In the second meiotic division, this ef-
fect does not appear to the same extent, so that a re-
latively low number of microspores is formed in many
PMCs. Mutant 2807 also has a relatively low number
of microspores, in spite of a high univalent frequency.
In this case, the causes of the negative correlation are
not yet clear. A similar case is known for a desynap-
tic mutant of Brassica oleracea having a regulating
mechanism, which partly reduced the anomalies in

later meiotic stages (Gottschalk and Konvicka 1971).

d) The ms- genes

In general, as- and ds-genes act in a similar way on
micro- as well as on macrosporogenesis. Inboth cases,
meiosis proceeds uptothe final stages and microspores
are formed but, due to their unbalanced genomic cons-
titution, no functional germ cells are produced in any of
the asynaptic or in most of the desynaptic mutants.
The third group wehaveto discuss isthe ms-group.
Each gene of this group causes complete breakdown of
microsporogenesis but macrosporogenesis remains
uninfluenced by these genes. Thus, a genetically con-
ditioned male sterility occurs. Microsporogen-
esis begins completely normally in these genotypes.
At a specific meiotic stage characteristic for each
ms-gene, degeneration of the chromosomes, the nuc-
lei and finally of the whole PMCs occurs (Fig.8,9).

In contrasttothe actionofthe as- and ds~genes, there
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Fig.9. The same PMCs as illustrated in Fig.8 in a
somewhat later stage of microsporogenesis. The nuclei
are present inthe form of structureless spherical chro-
matinbodies as a result of degenerative alterations

is no continuation of microsporogenesis and male germ
cells are not produced at all. The various genes of the

ms-group differ from one another in the meiotic stage

at which they become effective.

Despite the uniform meiotic behaviour of the male
sterile mutants known in higher plants, genetically
conditioned male sterility is not a uniform phenome-~
non. So far, at least four different groups of male
sterile genotypes are known, caused by:

- the action of single recessive genes;

- the action of single dominant genes;

the joint action of several recessive genes;

- the interaction of ms—genes with a specific type of
cytoplasm. The ms-mutants hitherto studied in Pisum
sativum belong to the first group.

It is obvious that most of the ms—genes become
effective during the final meiotic stages between in-
terphase Il and pollen formation. A second, smaller
group acts during the early and middle stages of the
first meiotic prophase, preventing further meiotic de-
velopment and pollen formation. Only a very small
number of ms—genes becomes effective between dia-
kinesis and metaphase 1l (Fig.11). This regularity
is not only observed in PZsum, but also seems to be
valid for all higher plants. The causes of this unusual
distribution are not yet known. A review paper on this
problem containing many details from the literature
has recently been published (Gottschalk and Kaul 1974).
Three examples representative of this group may

demonstrate the action of ms-genes. Mutant 38B of

our collection shows normal meiotic behaviour up to
early pachytene. Pairing of the homologous chromo-
somes takes place but, simultaneously, a continuously
increasing agglutination of all the bivalents occurs re-
sulting in a structureless, amorphous chromatin mass
(Fig.8,9). A few hours later, no chromatin is ob-
served in the PMCs. After another few hours, even
the cytoplasm has disappeared. Obviously, the whole
living cell content is reabsorbed by the adjacent tis-
sues of the anther. Thus, early pachytene is the final
stage of microsporogenesis in this male sterile mu-

tant.
Mutant 33C is characterized not only by the degen-

eration of the archespore tissue but also by some ad-
ditional meiotic anomalies demonstrating a certain
degree of pleiotropic action of the mutated gene. Seven
bivalents are formed, but the chromosomes are un-
usually strongly spiralized even in the later stages of
the first meiotic prophase. Therefore, a high degree
of optical definition is apparent in diplotene and dia-
kinesis, in striking contrast tothe corresponding stages
of the initial line. The nucleolus is abnormally big
and highly vacuolated. Moreover, it does not complete-
ly disintegrate in prometaphase I. Dropletsofnucleolar
substance are distributed over the cytoplasm during
all the later stages of microsporogenesis. In anaphase
I and II, no spindles are differentiated. Microspores
are formed and the postmeiotic stages are initiated.

The main action of gene msggc‘

becomes discernible
prior to pollen mitosis. At this stage, degeneration
of the cells begins, resulting in vacuolation and de-
formation of the old microspores.

Gene ms71A causes the earliest meiotic anomalies
during anaphase II, consisting of irregularities in chro-
matid distribution and resulting in an increased number
of nuclei per PMC at the end of the second meiotic di-
vision. Microspore formation begins, but is not com-
pleted. The cell walls characteristic for the polien
grains (intine and exine) are not formed around the
microspores but around the PMCs, so that each PMC
of this mutant becomes a giant pollen grain containing
the tetraploid instead of the haploid chromosome num-
ber (Fig.10). A third division, which follows imme-
diately after completion of meiosis, is initiated in a
part of the PMCs of this genotype. It represents a
mitosis and only runs up to metaphase. At this stage,
the degenerative action of gene ms 14 becomes effec-

tive. The initiation of a third meiotic division is not
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Fig.10. Abnormal pollen formation in the male-ste-
rile Pisum mutant 71A. Intine and exine are not formed
around the microspores inside the PMC, but around
the PMC as a whole. Thus, the PMC becomes a giant
tetraploid pollien grain

limited to mutant 71A. It is also observed under the

influence of genes aSZZZ and as228.

e) Other Pisum genes influencing meiosis

As well as the as—, ds- and ms—genes, a small num-
ber of other genes in Pisum is known to influence dis-
tinct processes of meiosis, but can not be included in
one of the three groups mentioned. One of our mu-
tants shows relatively unspecific anomalies between
diakinesis and anaphase I. In another mutant, certain
restrictions on the functioning of the spindles in both
the meiotic divisions become discernible, which are
obviously genetically controlled. Another recessive
gene, which seems to be widespread in PZsum sativum,
hinders the disintegration of the nucleolus at the end
of the first meiotic prophase. Similar, but weaker,
effects are shown as part of the action of gene msgs
As the anomalies just described are consistently ob-
served in all the plants belonging to the respective
genotypes, they are certainly genetically conditioned.
A very interesting genotype is the X-ray induced
mutant 227A of our collection. Itis primarily achloro-
phyll-deficient lethal mutant of the variegate type,
dying before flowering. Its lethality, however, can be
overcome by cultivating the plants under specific en-
vironmental conditions, i.e. by avoiding low temper-
atures and high light intensities. Under these condi-
tions the plants form a normal amount of chlorophyll.
They remain somewhat smaller than the initial line,

but are able to undergo normal ontogenetic develop-

ment and flower abundantly. They are, however, com-
pletely sterile. This sterility is due to a whole range
of different meiotic anomalies, such as

- formation of univalents beside the bivalents,

- chromosome maldistribution in anaphase I,

- fragmentations, laggards, bridges, cytomixis.

As a consequence of these disturbances, the num-
ber of microspores per PMC is abnormally high,
ranging between 3 and 12. Bi- and multinucleate mi-
crospores, such as dyads and monads, are observed
in the anthers because of spindle inactivations. In ad-
dition, hypo- and hyperdiploid PMCs are produced
through maldistributions and non-disjunctions during
the later premeiotic mitoses. The frequency and ex-
tent of these anomalies vary considerably from anther
to anther. Finally, all the microspores formed degene-
rate and no pollen grains are produced (Gottschalk
1969).

This gene action is of interest because it comprises
effects characteristic for as- or ds- as well as for
ms—genes. Unfortunately, whether the gene also acts
in the way described on macrosporogenesis was not
studied. It was not possible to separate the chloro-
phyll deficiency from the lethality and the sterility.
Therefore, the whole complex showing monohybrid
segregation may be due to the action of a single
pleiotropic gene. This genotype is a particularly in-
teresting example of the negative selection value of
a mutant. Under normal conditions, the pleiotropic
gene of the simultaneously mutated group of closely
linkes genes may cause lethality. Under specific en-
vironmental conditions, the lethality does not become
effective but the plants are sterile. Thus, the mutant
contains two negative features which hinder its propa-

gation in any case.

Discussion

The total number of mutants in higher plants now known
to have genetically conditioned meiotic anomalies is
certainly higher than a thousand. In some species,
whole groups of genes are known belonging to the con~
trol system of meiosis. This is true for 24 ms-genes
(Rick 1944,
1945, 1948, 1953, 1966, Rick and Butler 1956, Rick
and Khush 1965, Rick and Boynton 1967) and for 44

ms—genes of the genome of Zea mays, 15 of which have

of the genome of Lycopersicon esculentum

been studied in detail (Singleton andJones 1930, Beadle



32 W. Gottschalk and H.D. Klein: The Influence of Mutated Genes on Sporogenesis

| as-genes | lds-genes I

Or—

|

ILIZ'PIDIID

=
.
s

MlMIlAI ln I]IIPIII[M]]ﬂAII"TH“IH“Mi IPMSI

["ms-genes

Fig.11. The gene action system of the meiosis of Pisum sativum including 58
genes of the genome. Middle: The subsequent stages of the course of meiosis

(leptotene, zygotene,...

microspore formation). Solid lined: first meiotic

division. Double lined: second division. PMS: postmeiotic stages. The ar-
rows show the time of action of the respective gene or genes. The number of
genes belonging to the different groups of the system are given in the circles

1932, Emerson 1932, Weijer 1952, Madjolelo et al.
1966).

in single mutants of a great number of different spe-

Most findings, however, have been obtained

cies and genera. Numerous findings concerning male
sterile mutants are restricted to the observation that
a genetically conditioned male sterility occurs in
these genotypes, demonstrated by the presence of
nonfunctioning pollen grains and functioning female
sex organs. However, no detailed meiotic investiga-
tions have been made on this material. Only the ac-
tion of about 100 ms-genes on specific stages of mi-
crosporogenesis in 48 species of 12 different families
has been described (Gottschalk and Kaul 1974). There
is much confusion in the literature especially about
the delimitation of asynapsis and desynapsis because
these two phenomena can only be distinguished from
each other by analysing the zygotene and pachytene.
This is only possible in a few species, while clear cy-
tological findings in most species are obtained in the
later stages of the first meiotic prophase, and in me-
taphase I at the earliest. In most cases, only the pro-
portion of univalents and bivalents in metaphase I has
been evaluated. From these findings, conclusions
have been drawn concerning the pairing behaviour

of the homologous chromosomes in earlier meiotic
stages. However, it is not possible to classify mu-
tants of these two groups reliably by this kind of eval-
uation. A clear decision can only be made in pachy-

tene. If complete pairing occurs, the univalents in

metaphase | are caused by desynapsis. If there is no
pairing, the univalents are attributed to asynapsis.
This decision is often possible even in those species
where a pachytene analysis can not be made. This has
often not been considered and many mutants desig-
nated as asynaptic in the literature will certainly be-
long to the group of desynaptic mutants. In the case
of partial asynapsis, it is almost impossible to ex-
clude an additional desynaptic effect. It we consider
the high number of 4s- and Ds—genes present in the
genomes of higher plants, it is possible that mutants
arise in mutation experiments which are homozygous
for closely linked as- and ds—genes. The cytogene-
tic clarification of such a situation is extraordinarily
difficult. Such a case is possibly Pisum mutant 2984,
already described in the empirical section.

If we want to estimate the proportion ofthose genes
of a given genome which influence meiosis in any way,
we have to look for a species in which a great number
of genes of the as—, ds-, ms—, and possibly of some
other groups, is known. This is the case in Pisum sa-
tivum. A total of 56 genes of our collection have been
found to have distinct control functions during meiosis.
Moreover, a clearly asynaptic Pisum mutant has been
studied by Koller (1938). The "meiotic' genes of our
collection are presented in Fig.11, showing their time
of action and the meiotic processes which they control.
About 30 sterile or weakly fertile mutants more are under

study. At least some of the genes will belong to the
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gene action system of meiosis. The total number of
mutants in our PZsum collection is about 800, 200 of
which are lethal and can not be tested for meiotic be-
haviour. Of the remaining 600 mutants, only a rela-
tively small number have been cytologically investi-
gated so far. Since about 60 mutants of our collection
show specific meiotic anomalies, it can be assumed
that numerous genes of the genome will be responsible
for the control of this process. It is, however, prac-
tically impossible to calculate the number of genes be-
longing to this system reliably even if we consider the
findings already available. Because of the meiotic dif-
ferences which are consistently observed in different
mutants of the as- or ds—group in successive gener-
ations, we can assume that the respective mutants are
not identical. For practical reasons, however, it is
extraordinarily time-consuming to prove whether some
ofthem are duetothe action of multiple alleles. Their
sterility, means that this test could only be performed
by crossing plants heterozygous for the respective as-—
or ds- genes with eac’. other. These plants can not be
produced systematically because of the sterility of the
mutants. They could only be taken from segregating
families of the mutation types which ought to be tested,
but they can not be discerned because of the recessive-
ness of the genes. However, some of our weakly desyn-
aptic mutants, which produce small amounts of seeds,
were developed into pure lines. They show closely
similar meiotic anomalies. Hybrids between them
have completely normal meiotic behaviour and are

fully fertile. In F 9:7-segregations were observed

in this material. "I?his indicates that the desynaptic
effects of the parental mutants are due neither to iden-
tical genes nor to multiple alleles. On the contrary,
they are caused by different loci located on different
chromosomes. A similar situation can be assumed

for most of the other genes of the system which have
not been tested. This is in accordance with the corres-
ponding results obtained in Drosophila(Sandleret al.

1968).
Considering not only our results, but also corres-

ponding findings from the literature, it is obvious
that chromosome pairing and chiasma behaviour are
controlled by highly polygenic systems. The genes
involved do not act in the form of additive polymery.
On the contrary, the mutation of a single gene of these
big gene groups into its recessive allele causes com-

plete sterility in the majority of cases. Because of the

great number of genes responsible for the control of
meiosis, this genetic system as a whole is very sus-
ceptible to mutations.

The course of meiosis is very uniform in all sex-
ually propagating species, so it may be assumed that
this fundamental biological process is controlled by
homologous genes in all species, irrespective of their
taxonomic position. We can expect that the genes iso-
lated in Pisum will cause similar meiotic irregulari-
ties in other species, if they are changing from the non-
mutated into the mutated condition. Consequently, we
should be entitled to generalize our findings at least
in higher plants. Homologous genes of the groups dis~
cussed will probably also be present in the genomes
of higher animals and human beings, but their pres-
ence has not yet been demonstrated because of the

difficulties of cytogenetic analysis in these organisms.
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