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Synaptic mutant affecting only
megasporogenesis In potatoes

MasarU IwaNaGa AND S. J. PELOQUIN

used to describe pairing failure during meiotic

prophase. Mutant genes that influence the initial
pairing of chromosomes are referred to as asynaptic,
whereas those that alter the maintenance of pairing
between synapsed chromosomes are designated desynap-
tic. To differentiate between these two conditions, de-
tailed analyses of early prophase stages are required in
conjunction with analyses of later stages of the first meio-
tic division. Although this distinction is clearly important,
it is often difficult in practice, since early prophase stages
of meiosis are often indistinct and unresolvable in many
species.

Either asynapsis or desynapsis are often applied to mu-
tants that produce elevated frequencies of univalents at
metaphase I without paying specific attention to the im-
portance of the distinction between them. The situation is
further complicated, since the terms asynaptic and desyn-
aptic have not been used consistently. Soost?? recognized
the difficulty of making a cytological distinction between
the two, and suggested that asynapsis be used in a general
sense to indicate a lack of pairing during any stage of the
first meiotic division. Thus, the name of a mutant does not
necessarily indicate the nature of the pairing defect. Riley
and Law?! proposed an alternative term, synaptic, to de-
scribe the activities of major genes that influence the ex-
tent of meiotic pairing. In accord with their proposal, syn-
aptic is used in this report to describe a meiotic mutant
that results in univalents at diakinesis and subsequent ab-
normal chromosome distribution during later stages of
megasporogenesis in some diploid (2n = 2x = 24) pota-
toes.

Some potato species produce 2n gametes that function
in tetraploid (2n = 4x = 48) x diploid (2n = 2x = 24)
crosses, resulting in mainly tetraploid offspring®. The cy-
tological mechanisms of 211 pollen formation have been
described *. The important genetic consequence is that 2n
gametes can be highly heterozygous when they are pro-
duced by a mechanism genetically equivalent to first divi-
sion restitution (FDR) and highly homozygous when they
are a result of second division restitution (SDR). The im-
portance of FDR 21 gametes in breeding and evolution
has been discussed®!-1519,

r I YHE TERMS asynapsis and desynapsis have been
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Although superiority of FDR 2n eggs in potato breeding
has been indicated!?, no cytological results in regard to
the origin of 21 eggs have been reported. Genetic ap-
proaches, however, have been used in attempts to detect
the mode of 2n egg formation. Ross and Langton®® re-
ported the possible origin of FDR 2n eggs based on segre-
gation for virus resistance in progenies from diploid
(Rxry) X tetraploid (rxryrvrx) crosses. Their reasoning,
however, was circular since they did not know the loca-
tion of the gene Rx (virus X resistance) in relation to the
centromere. In one clone of Solanum tuberosum group
Andigena (2n = 4x = 48), Taylor® reported that the te-
traploid parthenogenetic plants may be produced by a
mechanism equivalent to SDR.

A synaptic mutant affecting only megasporogenesis
was found in the course of our studies of megasporogen-
esis in some diploid potatoes that produce 2n eggs. This
paper describes megasporogenesis of the synaptic mutant
and discusses its possible relation with FDR 2n egg forma-
tion.

Materials and Methods

The synaptic mutants were found among progeny from
the cross W5295.7 (I) x W5337.3 (J), where both I and J
are diploids (217 = 2v = 24) derived from crosses between
group Phureja and haploid group Tuberosum. Ovaries

_from two mutant clones, 1J-31 and 1J-32, were used for cy-

tological observation of megasporogenesis.

Young ovaries were fixed in CRAF V, embedded in
paraplast, and sectioned at 10—15 u. The sectioned ma-
terials were stained with a rapid safranin-crystal violet-
light green staining sequence®.

Results
Inheritance of synaptic mutant

The mutant appears to be inherited as a simple Mende-
lian recessive. Preliminary findings of discrete segregation
among hybrids from 1 x J crosses suggested that the syn-
aptic abnormality was controlled genetically. Since both
parents have normal synapsis, the production of hybrid
progeny that are synaptic mutants suggests that a re-
cessive gene controls the abnormality. To test this hy-
pothesis additional progeny from crossing I x J were ob-
tained. Cytological analysis of megasporogenesis in 16
hybrids indicated that 12 were normal and 4 were mutant.
The data fit a 3:1 ratio, and are thus compatible with the
hypothesis that the synaptic abnormality is probably con-
ditioned by a single recessive allele, designated as sy.
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ynaptic phase II. E-H—megasporogenesis in a synaptic mutant: E

mutant plants. A-D-—megasporogenesis in a normal plant: and F—metaphase I; G and H —anaphase 1.
A —metaphase I; B—anaphase I; C—telophase I; D—telo-
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FIGURE 2—Megasporogenesis in a synaptic mutant. A —
anaphase I; B—restitution nucleus; C—dyad at tetrad stage;

Cytology

Normal megasporogenesis: Although megasporogen-
esis in nonmutant I X J hybrids follows a normal pattern
for potatoes, a brief description of the normal sequence is
included so that the distinctive cytological manifestation
of the synaptic mutant can be clearly appreciated. At met-
aphase I the axis of the spindle is parallel with the long
axis of the megaspore mother cell (Figure 14). Chromo-
some movement to each pole at anaphase I usually is
synchronized (Figure 1B), but irregularities occur at a low
frequency. A cell plate is formed at telophase 1 dividing
the megaspore mother cell into two daughter cells of ap-
proximately equal size (Figure 1C). After telophase 11
(Figure 1D) a linear tetrad of megaspores is formed; the
chalazal megaspore of the linear tetrad becomes the func-
tional megaspore.

Megasporogenesis of the sy homozygotes: Whether the
univalents of postdiplotene stages are due to asynapsis or
desynapsis is not known, since early prophase stages are
not amenable to cytological analysis in paraffin sections.
Therefore, the term synaptic rather than asynaptic or de-
synaptic more appropriately describes the present mutant.

Meiotic abnormalities of the synaptic mutant were first
detected at diakinesis. More than 12 chromosome bodies
were present at this stage. From the size and structural
differences of the chromosome bodies, some appeared to
be univalents. At metaphase 1 univalents, precocious
chromatid separation and unoriented bivalents were
sometimes observed (Figure 1E and F). Accurate scoring
of the frequencies of univalents at either diakinesis or
metaphase I was not possible. Abnormalities at anaphase
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D—triad at tetrad stage.

1 (Figures 1G and 2A), included elongated, curved and
multiple spindles, lagging univalents, dividing univalents,
and bivalents going to one pole. Extreme abnormalities
like those shown in Figures 1H and 2A were rather excep-
tional; most abnormalities were less drastic (Figure 1G).
Restitution nucleus fromation was found in one meiocyte
(Figure 2B). If a normal second division follows the resti-
tution nucleus formation, first division restitution (FDR)
2n eggs could be formed. As a result of abnormal chromo-
some distribution at anaphase I, micronuclei were often
formed, so that the number and size of nuclei at the end of
meiosis varies (Figure 2C and D). Moreover, cytokinesis
was so irregular that most of megaspore mother cells do
not generate normal linear tetrads (Figure 2C and D).
These observations suggest that female fertility of sy
plants should be very low when crossed with diploids.

Whether or not the second meiotic division occurred
was not determined. Only two figures of the second divi-
sion were found in the mutants. Since even in normal
plants the second division was rarely found, the rare ob-
servation of second division in sy plants was either due to
an effect of sy or was simply due to the difficulty of finding
the second division.

The expressivity of sy was evaluated from the fre-
quency of meiocytes with abnormal chromosome move-
ment such as precocious anaphase chromosome move-
ment, unoriented bivalents at metaphase 1 and at
anaphase 1. Since the transition from metaphase I to ana-
phase 1 was not always clear in sy plants, the scoring for
the presence of abnormalities was made without separat-
ing these two stages. Results with three mutant clones
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along with normal plants are given in Table 1. The fre-
quency of abnormalities at metaphase 1 and anaphase 1
varied from 93 to 99 percent in synaptic mutants, and was
only 16 percent in normal plants. The expressivity of sv
was almost complete, since very few megasporocytes with
normal meiosis were found in the synaptic mutants.

The expression of sy was specific to megasporogenesis,
since microsporogenesis in 1J-31 and 1J-32 was normal as
far as synapsis was concerned. According to Mok,
however, these clones produced 2n pollen; their geno-
types being psps pcipcl and psps Pcl—, respectively, in re-
gard to the parallel spindle and premature cytokinesis
loci. It can be argued that sy was not expressed in micro-
sporogenesis simply due to the existence of another mu-
tant gene, i.e., ps or pcl. These mutants, however, are
expressed after anaphase 1. Therefore the effects of sv,
which were expressed as early as diakensis in megasporo-
genesis, would be detected even in the presence of ps or
pcl. Thus, it appears that sy was affecting only mega-
sporogenesis.

Discussion

Most of the meiotic abnormalities found in sy have been
reported in other synaptic mutants. In a recent review,
Baker et al.! reported that in addition to the univalents by
which mutants were characterized, most synaptic mu-
tants also exhibited elongated or multiple spindies, failure
of congression, lagging univalents, precocious chromatid
separation, and the formation of micronuclei and/or resti-
tution nuclei. It appears that prolongation of metaphase 1
and/or anaphase I occurred in sy plants. Within any single
ovary of normal plants only a few meiocytes were at met-
aphase I or anaphase 1, whereas in sy plants more than 20
meiocytes per ovary at these stages were found. The high
frequency of meiocytes at metaphase 1 and anaphase I
suggests that development could be arrested at these
stages. Wagenaar?S related poor pairing to prolongation of
meiosis in F; hybrids between Tritictm crassum and T.
turgidum. He also suggested that restitution nucleus for-
mation was probably due to prolonged metaphase 1 and
lagging chromosomes during anaphase 1.

This is the first report to describe cytological abnormal-
ities in megasporogenesis due to a synaptic mutant. Al-
though there have been many reports of synaptic mutants
(see reviews by Katayama’ and Baker, et al.’), only a
few??%% made brief comments on the effect of synaptic
mutants on megasporogenesis. When a synaptic mutant
has reduced female fertility, it generally has been assumed
that the synaptic mutant is expressed in megasporogen-
esis also, but no cytological evidence was provided.
There are several reasons why cytological studies have
been restricted to microsporogenesis. One is the technical
difficulties of observing megasporogenesis that usually
needs to be done by time-consuming paraffin sections.
Even after the tedious work, it is not easy to determine
the effects of a mutant allele. For example, it is impossible
in most species to either score the frequency of univalents
at metaphase I, or to determine if the univalency is due to
asynapsis or desynapsis. Therefore, it has been acknowl-
edged that megasporogenesis is not appropriate for study-
ing the effects of synaptic mutants on meiosis. However,
synaptic mutants affecting megasporogenesis will become
important in relation to their genetic consequences (i.e.,
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2n gamete formation and transmission of extra chromo-
somes), since it is probable that their expression will not
always be identical in micro- and megasporogenesis.

The sy allele is unique among synaptic mutants in that it
is the first example where the effect is expressed in mega-
sporogenesis but not in microsporogenesis. A reciprocal
situation was reported in maize'?, where a desynaptic mu-
tant affected microsporogenesis but not megasporogen-
esis. Reasons for the differential effect with respect to sex
are unknown.

It is possible that megasporogenesis in sy homozygotes
might result in FDR 2 egg formation. Clones 1J-31, 1J-32,
and AI-I8 (normal synapsis), which are heterozygous for
the yellow flesh gene, Y, were crossed as female with nul-
liplex tetraploids to detect the mode of 2 egg formation in
diploid female parents by half-tetrad analysis®. Since the
gene Y is about 13 map units from the centromere ¢, the
expected frequencies of white flesh progeny (yyvy) are 6.5
percent and 37 percent for FDR and SDR, respectively.
The combined results obtained by our group'* and the
present authors is as follows. Among 50 individuals from
1J-31 X tetraploids, 4 percent had white flesh, while 8 per-
cent of 108 progeny from 1J-32 X tetraploids had white
flesh. These initial results indicate that 1J-31 and 1J-32
could produce 217 eggs by FDR. On the other hand, AI-18,
which has normal synapsis, appears to produce 21 eggs by
SDR, since 40 percent of the progeny have white flesh. In
addition to the genetic results, the observation of first di-
vision restitution (Figure 2B), the almost complete ex-
pressivity of sy, and the finding of no other abnormality
related to 2nn egg formation in sy plants suggests that the
synaptic abnormality might result in FDR 2n egg forma-
tion. However, more cytological evidence is needed to es-
tablish the mode of 2n egg formation.

Several reports indicate first division restitution can fol-
low synaptic abnormalities. In Allium amplectens® com-
plete lack of metaphase pairing, formation of restitution
nuclei at the end of anaphase 1, and equational division of
the chromosomes at the second division results in bal-
anced pollen dyads. Hickok, working on a synpatic mu-
tant in the fern Ceratopteris, found that failure of bivalent
formation at metaphase I frequently led to the formation
of restitutipn nuclei, normal second division, and the pro-
duction of a dyad of diploid spores. These reports support
our extrapolation that FDR 21 eggs are formed in the
ovaries of sv homozygotes.

Based on the results of half-tetrad analysis from
2x X 4x crosses, it is possible to speculate whether the ac-

Table I. Frequencies of abnormal meiocytes at
metaphase I or anaphase I in three synaptic
mutant clones and normal plants

No. Percentage
No. meiocytes of

meiocytes with abnormal

Clone observed abnormalities meiocytes
1J-31 97 96 99
1J-32 100 93 93
J1-66 22 21 95
Total 219 210 96
Normal plants 50 8 16
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tion of sy is asynaptic or desynaptic. If FDR 2n eggs are
formed following complete asynapsis, no nulliplex prog-
eny are expected. On the other hand, if FDR 2n eggs are
formed following desynapsis after normal crossing over,
6.5 percent nulliplex progeny are expected. The recovery
of 4 percent and 8 percent nulliplex progeny in the two
families suggests sy is desynaptic, but larger families are
needed to verify this.

The synaptic mutant is significant from several stand-
points; 1) this is the first report to describe cytologically
an inherited synaptic abnormality in megasporogenesis, 2)
it is an example of a synaptic mutant that has an effect on
megasporogenesis but not microsporogenesis, 3) sy might
be useful as a source of aneuploids, and perhaps most
important to us 4) abnormal synapsis may be followed by
first division restitution resulting in FDR 2n egg forma-
tion.

We emphasize the desirability of searching for meiotic
mutants that affect meiosis so that 100 percent of the het-
erozygosity of the parent is transmitted to the progeny.
The following cytological situations are expected to pro-
duce such 2n gametes: 1) completely asynaptic univalents
divide equationally at anaphase I to produce symmetrical
dyads that mature into functional spores without undergo-
ing a second meiotic division as described in the asynaptic
mutant affecting microsporogenesis in Brassica campes-
tris?*: 2) a similarly desirable situation results from com-
plete asynapsis at prophase I, the formation of restitution
nuclei at anaphase 1 and equational division of the chro-
mosomes at anaphase 11 resulting in balanced 2n gametes
as reported in an asynaptic mutant affecting microsporo-
genesis in Alliun ®; and 3) in megasporogenesis, apospory
or diplospory with no bivalent formation, as reported in
some apomictic species* would be equally advantageous.
By using these modes of 21 gamete formation, along with
ps (FDR) and pc (SDR)*, it should become feasible to
manipulate the proportion of heterozygosity to be trans-
mitted and the amount of variation in the progeny.

Summary

A synaptic mutant was found among progeny from the
cross W5295.7 (I) x W5337.3 (J), where both 1 and J are
diploid potatoes (2n = 2x = 24) derived from crosses
between group Phureja and haploid group Tuberosum.
The mutant is inherited as a simple Mendelian recessive,
designated sv. Meiotic abnormalities of the mutant during
megasporogenesis include univalents at diakinesis; univa-
lents, unoriented bivalents, and precocious chromatid
separation at metaphase I; elongated, curved, and multi-
ple spindles; abnormal chromosome distribution at ana-
phase I; restitution nucleus formation at telophase I: and
abnormal cytokinesis at the tetrad stage. The expression
of sy is specific to megasporogenesis, since normal syn-
apsis occurs in microsporogenesis. It is possible that
some of the abnormalities in megasporogenesis could re-
sult in first division restitution (FDR) 21 egg formation.
Two mutant clones that are heterozygous for the yellow
flesh gene (Yv) were crossed as females with nulliplex
(yyyy) tetraploids to detect the mode of 2 egg formation
by half-tetrad analysis. Initial results indicate that the
clones produced 2n eggs by FDR. The sy mutant is the
first report of an inherited synaptic abnormality in mega-
sporogenesis; it is valuable as a source of both aneuploids
and 2n eggs for genetic and breeding investigations.
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