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UC9109-9 is a genetic male-sterile wheat (Triticum aestivum
L.) that was isolated at Davis from the cross of two fertile wheat
varieties, D6301 and Ramona 50. The male-sterile plants were typi-
cal of genetic and cytoplasmic male-steriles, except that in a low
proportion of the florets, the anthers were transformed to pistil-like
structures. The pistilloid anthers were not fertile. UC9109-9 can
be maintained by self-pollination, which occurs in about 5 percent
of the florets. All progeny from selfed seeds were male-sterile.
Aneuploidy was observed in populations derived from UC9109-9,
but it was unrelated to male sterility. All F, plants were fertile
when UC9109-9 was used as a female parent in crosses with eight
fertile varieties. A low yield (about 30 percent of normal) of hy-
brid seeds was obtained in small-scale hybrid seed production
trials, but improvements in seed production can be expected from
manipulating growing conditions in the seed production field, or
presumably by genetic improvement of the outcrossing mechanism
in wheat.
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Chao-Chien Jan and C. O. Qualset

Genetic Male Sterility in Wheat (Triticum

aestivum L.): Reproductive Characteristics and
Possible Use in Hybrid Wheat Breeding’

INTRODUCTION

ALTHOUGH WHEAT (T'riticum aestivum
L.) is a predominantly self-pollinated
crop, heterosis has been demonstrated
by various workers studying F, popula-
tions obtained from hand emascula-
tions and pollinations (Livers and
Heyne, 1968; Grant and McKenzie,
1970; Walton, 1971; Bitzer and Fu,
1972). 'The nucleo-cytoplasmic type
of male sterility has received the
most attention as a method of pol-
lination control because of its possibili-
ties in the utilization of hybrid vigor.
Problems encountered in hybrid wheat
production, however, have not been en-
tirely solved (Kihara and Tsunewaki,
1964; Kihara, 1967; Johnson, Schmidt,
and Mattern, 1967; Ingold, 1968). Dele-
terious side effects appear with certain
sterile cytoplasms. The restoration sys-
tem seems to be genetically complex,
controlled by two or more genes in
most cases, and affected by modifiers
and genotype-environment interac-
tions. This has made difficult the de-
velopment of lines with efficient and
complete restoration. Chemical indue-
tion of male sterility in wheat was
evaluated by Rowell and Miller (1971)
and others; but it does not seem very
promising for use in hybrid seed pro-

duction, as pointed out by Stoskopf
and Law (1972) for Ethrel, and by
Jan, Qualset, and Vogt (1974, 1976)
for RH-531, RH-532, and RH-2956. The
difficulties with those methods have
encouraged the investigation of ge-
netic male sterility and its possible
role in hybrid wheat development.
Genetic male sterility in wheat was
reported by Pugsley and Oram (1959).
Since then, male sterility controlled
by nuclear genes has been discovered
in progenies of varietal crosses and
in induced mutation programs (Bing-
ham, 1966-67, 1968; Fossati and In-
gold, 1970; Athwal and Borlaug,
1967). Along with these discoveries,
gene models were proposed; and
schemes were suggested for using ge-
netic male sterility (Hermsen, 1965;
Athwal and Borlaug, 1967; Gill and
Anand, 1970) in wheat breeding.
This study characterizes a male-
sterile stock, derived from a varietal
cross, with respect to its female and
male fertility, cytological stability, out-
crossing ability, and fertility in hybrid
combinations. Genetic analysis and
further discussion of the origin of the
male sterility reported here is pre-
sented by Jan and Qualset (1977).

MATERIALS AND METHODS

The UC9109-9 male-sterile material
was discovered by J. C. Williams at

! Submitted for publication June 7, 1976.

Davis in 1965, in a population of 140
F, lines from the cross of two fertile
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parents, D6301 and Ramona 50. All
plants of one F; line (UC9109-9) had
characteristics typical of male steril-
ity. Individual F; plants in this line
were designated UC9109-9-1 to 9109-
9-10 (¥, lines). D6301 is a short-stat-
ured (about 70 ecm) breeding line ob-
tained in 1961 from N. E. Borlaug in
Mexico. It is a selection from the cross
Mayo 54 x Norin 10-Brevor. Ramona
50 is a variety of standard height
(about 120 em), developed in Califor-
nia. Its parentage is [(Martin x Hard
Federation®) x Ramona’]’ x Ramona 44.
Most anthers of the sterile plants were
either shriveled, or transformed, to
various degrees, into pistils. Some
seeds were produced upon self-pollina-
tion, and progeny of the original F,
plants have been maintained sepa-
rately. Every season, sterile plants be-
longing to each of the F, lines were
self-pollinated and randomly chosen
for further planting and observation.
Seeds were space-planted into either
one 4.8-m row or two 2.4-m rows, with
0.3-m spacing between seeds. Pedigrees
were kept so that all progenies could
be traced back to their original F,
parents.

Fertility characteristics

Plantings were made in December
for the 1967—-68 through 1971-72 erop
seasons (normal growing season),
along with a July planting in 1968
(off-season planting). Selfing bags
were applied on 1 to 3 main tillers a
few days before anthesis. At maturity,
the selfed spikes and three open-pol-
linated spikes per plant, were sampled
for fertility determinations in all ex-
cept the July planting, when one open-
pollinated spike per plant was taken.
In 1969, three open-pollinated late-ma-
turing spikes from each plant were
harvested for comparison with the
similar spikes from early tillers.

The low-fertility plants from the
1968 July harvest were grouped into
partially sterile and sterile categories,
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based on the number of seeds pro-
duced on two spikes per plant. Par-
tially sterile plants had between 12
and 50 seeds per two spikes, and the
sterile plants had fewer than 12 seeds.
This tentative grouping was checked
by comparing progenies from these
two groups in subsequent years. These
comparisons were also made from the
December plantings of 1968-69
through 1971-72. Four methods of fer-
tility determination were used: the
percentage of florets producing seeds
under open- and self-pollination, and
the number of seeds per open- and self-
pollinated spike.

Progenies from selfed seeds from
male-sterile plants were evaluated in
1968 and 1970-72.

In 1968, open-pollinated seed-set per-
centages were determined for three
early and three late spikes on each of
51 plants. In the 5 yr from 1968 to
1972, the comparisons among lines
were made by using open- or self-pol-
linated seed-set percentages. Yearly
variations in fertility were examined
with all four methods of scoring by
pooling all lines in a one-way analysis
of variance. Analyzed in the same way
were samples from various numbers
of fertile varieties (5 to 7), including
D6301 and Ramona 50. Self- and open-
pollinated seed-set percentages of the
sterile plants were compared for all
plantings exeept that in 1971. Samples
from fertile varieties, and F,’s in 1972
were included as checks.

Cytological studies

Spikes were sampled at meiosis from
35 random sterile plants and the par-
ents, Ramona 50 and D6301, in 1971.
The samples were fixed in Carnoy’s
fixative (6:3:1), and stained with
aceto-carmine for chromosomal obser-
vations and tetrad analyses. The male-
sterile population had both monosomic
(2n = 41) and normal (2n = 42) plants.
Data from tetrad analyses were re-
corded as the percentages of abnormal
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tetrads (tetrads with one or more mi-
cronuclei). More than 100 tetrads were
observed for each plant. The percent-
ages of abnormal tetrads of fertile
parents, and of disomic and mono-
somic sterile plants, were determined.

Plants with clavate spikes were
found occasionally in the sterile popu-
lations. These plants were generally
shorter and weaker, and set much
fewer selfed seeds, than sterile plants
without clavate spikes. The fertility
of clavate and normal sterile types
was determined. In 1971, meiotic
chromosomal analyses and progeny ob-
servations were made on seven plants
which had typical clavate spikes.

Pollen fertility was examined by
the technique of Alexander (1969).
Pollen grains which stained deep red
were scored as fertile, and those
which stained green were scored as
sterile.

Anther development

The pattern of structural modifica-
tions of anthers to pistil-like strue-
tures was studied in relation to pollen
fertility. One early and one late spike
were sampled from each of nine male-
sterile plants in the 1970 spring nur-
sery. Up to three florets per spikelet
on one side of each spike were ex-
amined, and the most normal-appear-
ing anther from each floret was ex-
amined for pollen fertility.

The degree of anther transforma-
tion was scored on a scale of 1 to 6,
with 1 being normal, and 6 not dis-
tinguishable from a normal fertile pis-
til (Fig. 1A). Fertility of as many pol-
len grains as possible from anthers
scored 1 to 3 was determined by Alex-
ander’s (1969) method. Anthers
scored 4, 5, or 6 were considered to
have zero pollen fertility since no pol-
len was present. Florets from each
spike were further classified by position
on the spike (apex, middle, and base).

Preliminary observations indicated
that pollen fertility was affected by
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the degree of anther transformation.
To study this relationship in greater
detail, 24 and 5 sterile plants were
sampled in 1971 and 1972, respec-
tively. Three anthers from each plant,
representing scores 1, 2, and 3, were
examined for pollen fertility. A linear
regression analysis of pollen fertility
on the anther transformation score
was done.

Fertility of normal ovary and
pistilloid anthers

To test the effects of transformed
anthers on the fertility of normal ova-
ries, and to determine the fertility of
transformed anthers as female organs,
sterile spikes were given various treat-
ments before being pollinated with
fertile pollen in 1970 and 1972: a)
emasculation of all anthers, including
transformed ones, leaving only the
normal ovary in the floret; b) emascu-
lation of normal-appearing anthers,
leaving a transformed anther and nor-
mal ovary in the floret; ¢) emascula-
tion of anthers and normal ovary,
leaving the most advanced trans-
formed anther in each floret; and
d) emasculation of anthers and the
normal ovary, leaving only the trans-
formed anthers in the floret. Six or
more spikes were prepared for each
treatment in each year. After treat-
ment, a selfing bag was placed on each
spike, and 1 to 3 days later the spikes
were pollinated with pollen from fer-
tile varieties. At maturity, seed-set fer-
tility was obtained on the basis of
seeds per spike in 1970 and seed-set
percentage in 1972.

Normal ovaries and the advanced
type of transformed anthers were se-
lected for histological study. They
were fixed in Carnoy’s solution for 24
h, dehydrated with tertiary butyl al-
cohol (Johansen, 1940), embedded in
paraffin, sectioned serially at 10 pm,
and stained with hematoxylin, saf-
ranin, and fast green.
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Fig. 1. Pistilloid anther development in UC9109-9. A. Different degrees of anther pistilloidy
(from left to right): 1, 2, 3 (upper row) and 4, 5, 6 (lower row). B. Normal pistil in the center
and three pistilloid anthers around it. C. Normal pistils on the left and complete pistilloid anthers
on the right.

Outcrossing study

Open-pollinated seeds obtained from
the 1968 summer planting were planted
in December 1970 and 1972 to evaluate
the outerossing ability of the sterile
material. Each plot was 13.6 m long,
with four rows spaced 0.8 m apart,
and with a seeding rate of 101 kg/ha.
The open-pollinated seeds were

planted in the center two rows, and a
fertile pollinator was planted in the
outer two rows of each plot. Fertile
varieties with different heading dates
and mature heights were chosen as
pollinators. In 1970, 10 plots were
grown of the varieties Pitic 62, INIA
66, Siete Cerros 66, Nadadores 63,
Lerma Rojo, Lerma Rojo 64, Pacifie
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Triple Dwarf, Nainari 60, Anza, and
a composite of equal contributions
from all pollinators. One plot with all
four rows planted with sterile mate-
rials was grown in isolation to estab-
lish the natural selfing rate in the
male-sterile stocks. In 1972, the pol-
linators were D6301, INIA 66, Pitic 62,
Nadadores 63, and a mixture of these
four varieties.

The rows were in a north-south diree-
tion. Fertile plants which appeared in
the two center sterile rows were re-
moved by hand as soon as they were
recognizable. The numbers of fertile
and sterile plants in the two sterile
rows were recorded, and one spike
from each plant was collected at ma-
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turity. In 1970, the number of seeds
per spike was determined, and in 1972
the data were obtained as the per-
centage of florets producing seeds.

F, fertility

Male-sterile plants were crossed
with several fertile varieties to study
F, fertility. The male parents used
were Nainari 60, Siete Cerros 66,
Lerma Rojo, Ramona 50, Pitic 62, and
Sonora 64. The F, plants were grown
in 4.8-m rows with 0.3 m between rows
and plants. Seed fertility percentages
were obtained from two or three
spikes per plant in 1968, 1969, and
1972.

RESULTS AND DISCUSSION

Male-sterile UC9109-9 plants were
about the same height as their short
parent, D6301. At anthesis the glumes
were widely opened, and they re-
mained open until desiceation, if pol-
lination did not occur. Various de-
grees of transformation of anthers to
ovaries were found (Fig. 1 B and C).
The most advanced transformed an-
thers resembled normal ovaries to the
extent that they could not be dis-
tinguished morphologically. Male-
sterile plants having degree 1 anthers
always produced some selfed seeds,
thus allowing maintenance of the
male-sterile stock. The appearance of
the sterile plants was similar for all
lines and plants during 5 yr of visual
observations. Vegetative growth was
normal, with the only abnormality
noted being the occasional occurrence
of clavate-spiked sterile plants in the
population. These were very similar
to some of the nullisomics deseribed
by Sears (1954).

Fertility characteristics of
UC9109-9

In the May 1968 experiment, the
sterile group averaged 2.1 seeds per

spike, and the partially sterile group
had 12.4 (Table 1). In the following
years under self-pollination, the ster-
ile and partially sterile groups did
not differ significantly. Significant
differences between the sterile and
partially sterile groups in open-pol-
linated seed-set were found in 1969
and 1972. Uneven distribution of pol-
len sources in the crossing plot could
have caused the different outcrossing
rates in the various seasons. It is be-
lieved that the difference between the
sterile and partially sterile groups in
1968 was not due to genetic differences
in the expression of male sterility, and
that possibility will not be considered
further.

Selfed seeds from 84 male-sterile
plants in 1968 and 1970 produced no
fertile plants among 174 observed in
the next generation. Homozygous
male-sterile F'; lines were recovered
from the cross UC9109-9-10 x Ramona
50 in 1971. Selfed seeds from these
lines were bulked and planted in 1972.
From about 60 progenies there were
no male-fertile plants. This indicated
that male-sterile plants were homozy-
gous for reasonably stable sterility
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factors. The sterile lines, with the low
level of natural self-pollination, can
be maintained by open-pollination
rather than by enforced selfing. Fertile
plants appearing in the next genera-
tion, arising through outecrossing in
the previous generation, can be man-
ually removed at the time of anthesis.

In 1968, open-pollinated fertility
percentage data were analyzed for line
differences and for differences be-
tween early and late tillers. The re-
sults indicated that fertility of early
(8.0 percent) and late (7.0 percent)
tillers did not differ significantly. The
line differences were significant in
1968, 1969, 1970, and 1971 with respect
to open-pollinated fertility percent-
ages. However, the differences in fer-
tility percentages under self-pollina-
tion were not significant in 1969 and
1970. The differences among lines for
fertility may reflect small differences
in pollen availability or stigma recep-
tivity, rather than differences in the
genetic mechanism for male sterility.

Annual variations were highly sig-
nificant for all methods of scoring fer-
tility. Open-pollinated seed-set per-
centage ranged from 1.6 to 17.0, and
seeds per spike ranged from 1.1 to 10.3
over the 5 yr, 1968-72. Fertility, as de-
termined by number of seeds per spike
and by percentage data, corresponded
closely. The male-sterile plants were
more sensitive than fertile plants to
environmental modification. Environ-
mental factors such as relative humid-
ity, rainfall, temperature, cloudiness,
wind, and soil water content can all
affect cross-pollination, causing differ-
ences in seed-set from year to year.
In addition, environmental effects
might also have altered the develop-
ment of anthers and ovaries, and
therefore the expression of sterility
genes. Kihara (1951) suggested that
variation in photoperiod might be im-
portant. Fisher (1972) demonstrated
complete pistilloidy on fertile wheat
varieties by shifting plants from 16-
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to 10-h photoperiods at specific growth
stages. This treatment resulted in phen-
otypes similar to those of UC9109-9
male-sterile plants grown under normal
field conditions. It may be possible to
enhance or reduce the UC9109-9 male
sterility by manipulating photoperiods,
or perhaps by application of a specific
chemical that would restore normal fer-
tility in male-sterile plants. Environ-
mental modification of the expression
of male sterility would facilitate hybrid
wheat production. It would be a great
advantage to define the environmental
conditions that would inecrease selfing
capacity for maintenance of the male-
sterile stock. Similarly, defining other
environments that reduced selfing abil-
ity and retained female fertility would
be useful for producing hybrid seed.
Comparisons were made between self-
and open-pollinated seed-set for the
sterile plants, fertile plants, and the F,.
Seed-set on sterile plants as percentage
(2.3 vs. 10.4 percent), or number of
seeds per spike (1.3 vs. 7.1), was sig-
nificantly lower under enforced self-
pollination than under open-pollina-
tion, based on a 3-yr mean. F, plants
obtained from the cross of male-sterile
x male-fertile varieties had self-polli-
nated fertility (89.9 percent) and open-
pollinated fertility (88.3 percent) simi-
lar to that of fertile parents (89.9 and
94.7 percent). It was concluded that
the fertile plants and the F, did not
differ significantly in seed fertility.
Progenies from open-pollinated seeds
taken from sterile plants were evalu-
ated for outerossing percentage, which
was determined as (number of fertile
plants/total plants) x 100 (Table 2).
Progeny analysis revealed a 27.9 per-
cent outcrossing rate in 1968 when the
self- and open-pollinated seed-sets were
similar. However, in the summer plant-
ing of 1968, the number of open-polli-
nated seeds per spike was significantly
higher than that of the self-pollinated
seed-set. The outerossing rate was 58.3
percent. The results were quite differ-
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TABLE 2

OUTCROSSING PERCENTAGE OF MALE-STERILE WHEAT PLANTS
AS CONFIRMED BY PROGENY TESTS

Progeny tests

OP seed source No. of sterile plants

No. of fertile plants Outcrossing %

1970 151
1970* 147
1968 921
1968* 1351
1971 24

41 214
48 24.6
357 27.9
1886 58.3
107 81.7

* Data collected in August from July planting; all others collected in May from December planting.

TABLE 3

CORRELATIONS BETWEEN METHODS OF DETERMINING FERTILITY
FOR FERTILE PARENTS, F,S, AND MALE-STERILE WHEAT PLANTS

Material Method Year

Method correlated

OP seeds/ OP, Self,
spike % seeds/spike

TFertile parents SP, % 1972 -0.11 0.32 0.28
SP, seeds/spike 1968 0.20 0.44
SP, seeds/spike 1972 0.86* -0.35
OP, % 1968 0.46
OP, % 1972 -0.38

Fi plants SP, % 1972 0.32%*% 0.42%* 0.59%*
SP, seeds/spike 1968 0.38** 0.46**
SP, seeds/spike 1972 0.38** 0.32%*
OP, % 1968 0.74%*
OP, % 1972 0.55**

Male-sterile plants SP, % 1969 0.27* 0.30%* 0.99**
SP, % 1970 0.13 0.17 0.96**
SP, % 1971 -0.01 0.02 1.00**
SP, seeds/spike 1968 0.58** 0.47T**
SP, seeds/spike 1969 0.26* 0.28*
SP, seeds/spike 1970 0.17 0.20
SP, seeds/spike 1972 0.00 0.20
OP, % 1968 0.97**
OP, % 1969 0.98**
OP, % 1970 0.99*%*
OP, % 1971 0.96**
OP, % 1972 0.97**

*0.01 < P < 0.05.
*»* P <0

SP = self pollmated (by %) eanthesls bagging).
OP = open-pollinated (unbagged

ent in 1970, when the open-pollinated
percentage was about four times the
self-pollinated percentage, and the out-
crossing was only 21.4 percent. In the
July 1968 planting, male-sterile plants
had zero self-pollinated seeds per spike,
whereas their open-pollinated progenies
had 58 percent fertile plants as a result
of outcrossing.

The results revealed adverse effects
of bagging on seed-set of male-sterile
plants in most years. It has been noticed

that relative humidity increased in the
selfing bags. Although moderately high
relative humidity could be beneficial
for anther dehiscence, extremely high
relative humidity might prevent the
dehiscence of fertile or partially fertile
anthers.

A correlation analysis was done for
fertility data obtained by different
methods (Table 3). The fertile parents
and F, plants had reasonably good cor-
relations between the percentage of
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TABLE 4
TETRAD ANALYSIS AND MEIOTIC CHROMOSOME NUMBER OF FERTILE
PARENTS AND MALE-STERILE UC9109-9 WHEAT PLANTS IN 1971
Identificati Number of Mean number Mefaar{)number Mean Chromosome

entification plants of tetrads ° :‘et;l:g:ml i::ie;;n% number
Ramona 50 1 167 8 95.2 21II
D6301 1 152 8 94.7 2111
UC9109-9-2 5 28 36 46.8 2011411
UC9109-9-3 1 194 34 82.5 2111
UC9109-9-3 4 184 94 48.9 2011411
UC9109-9-4 1 458 233 49.1 20II+1I
UC9109-9-4 5 425 31 92.7 2111
UC9109-9-5 4 199 18 91.1 21II
UC9109-9-6 4 187 22 88.1 2111
UC9109-9-7 2 246 45 81.7 2111
UC9109-9-8 6 182 37 79.9 2111
UC9109-9-8 2 347 121 30.3 2011411

florets producing seeds and the num-
ber of seeds per spike under open-pol-
lination. Spikes from the main tillers
provided more reliable data when the
number of seeds per spike was used as a
measure of fertility.

For male-sterile plants, the results
were much more clear-cut, and differed
from those of the fertile parents and
the F,. A very strong correlation ex-
isted between self-pollinated percentage
and seeds per spike and between open-
pollinated percentage and seeds per
spike. There was little or no correlation
between open- and self-pollinated seed-
sets. This result would be expected if
outerossing leads to greater seed-set in
the open-pollinated spikes.

We found that the number of seeds
per spike, either open- or self-polli-
nated, is a useful measurement of fer-
tility, and the procedure takes much
less time and effort than determining
percentage seed-set. The correlation be-
tween self- and open-pollinated percent-
ages was low, but either the open-polli-
nated percentage or open-pollinated
seeds per spike was adequate for distin-
guishing sterile plants from fertile
plants.

Cytological examination

The meiotic chromosome number was
normal for most male-sterile plants;
however, monosomics were found in

these UC9109-9 progeny lines (Table
4). The monosomic plants had abnormal
tetrads, and the meiotic index (Love,
1949, 1951) (percent normal tetrads)
was low (mean 43.8 percent). Plants
with 2111 had meiotic indices from
67.3 to 93.9 percent (mean 86.0), com-
pared with about 95 percent for the
two parents, D6301 and Ramona 50.
Lines with greater meiotic stability
were obtained by selecting disomie
male-sterile plants with high meiotic
indices.

The mean open-pollinated seed-set
percentage was 6.9 (range 0 to 15.6)
for the disomic male-sterile plants, and
6.8 (range 1.9 to 20.5) for the mono-
somic male-sterile plants. These two
groups had the same degrees of sterility.
One trisomic sterile plant was found;
it had a meiotic index of 68.5 and the
open-pollinated fertility was 17.9 per-
cent. The meiotic index for a nullisomic
sterile plant was about the same as for
fertile plants (95.9 percent). These
observations indicated eclearly that
there was no relationship between male
sterility and chromosome number in the
UC9109-9 male-sterile.

Seven plants from the 1971 Decem-
ber planting had clavate spikes. Two
were examined cytologically and proved
to be nullisomics (2n=40). In the 1972
winter planting, open-pollinated proge-
nies of these seven plants were observed.



Wheat

g ‘ouo jso3unof oy} 0} j0I0f ISOP[O Oy} Woly ¢ 0} T paldqunu SBAM 33[eyIds [oBe Ul J9pI0 JaI0f oY, |
b ‘100 > d «»
= ‘G000 >d>T00 «
~
2 191 1#10L,
© S¢S 890 9¢T JoLIy
= %389¢ *LSF 8 syue[gd
M $8°L 2540 L%°0 oT'0 k4 J9pIo jo10pg X uwonsod X I ‘SA
.,m §g'g 960T 61°0 ¥98°T 14 I9pI0 j3I0y X uUOnIsod
M [ 4 89¥ 9T°0 90°0 [4 JI9pI0 Jo10g X I ‘SA |
Mua 02'¢ 2S9 110 8T [ 9[0X[IdS U I0PI0 32101
. b 4 6781 91’0 *61°¢ [ f1°SA X uonyisoqd
2 0z'e ¥xG820T T1°0 *xEV'8T (4 ex1ds uo uorysod jeaydy
,m 19°2 »x869€T 60°0 %x63°2T T (7T "sA {) SJ0[[T} ©3®] 'SA A[1BY
W JI0LId PABPUR}S S JI01I3 PIBPUR)S SW P
©0UBLIBA JO 00IN0F

T % *A[1330F U0 01008
S
M Q0UBIIBA JO SISA[BUY
S S'e9 9’19 g'ey 0'S9 S'gL S'LS L'Le 8'G99 (%44 L'vS 6'69 S'6¥% %

Te (%4 1€ 9% K4 92 8'¢ 2'e [ 4 Te 6'2 e'e 01008 UBIY

€99 TL9 i 24 899 S'6L %9 ¥'6¥ 6°¢9 6'v¢ L'3S 0'89 gLy %

2'e 62 g'e 82 82 8'% 9'e Te 18 4 g'e 6'% 9'¢ oI008 g

S'6¥% €99 8'e¥ 189 8'IL ¥'¥9 ¥'0e (44 S'8T 108 8'1¢ ¥'8¥ %

g'e Te g'e ¥'e ¥'3 S'e (U8 4 g'e Sy g'e €'e 9'¢ 01008 [4

919 929 9°0¥% T09 €99 6'€g g'ee g'1g €'ST €19 6°69 L°2S %

6°2 92 e S'e ¥e 9'g L'e Te 1 4 9'2 ¥'2 8'2 01008 T

usdy 2318 § Aaerq ueI| o8] pees:ice UBIY a8y Araeq uBdIy o8y Araeyg

uvel pary3 [sseg PaIT} SIPPIN paryy zeddp 4aromids ut

JI9pI0 IO

SI9[[1} 98] PuUB A[I183 I0] OIdS UO WOIISOJ

162

06T NI SYATIIL ALVT ANV XTYVH NO ‘LATANMIAS HHL NI ANV ‘AMIdS LVIHM THL NO NOILVDOT
IHYOTA OL ILOAJSHY HIIM (%) SEHVINADYHI ALITILYHA NATIOd ANV SHYO0OS NOILVWYOISNVIL YTHLINY

G TIav,



HILGARDIA « Vol.45,No.6 o September, 1977

They were either clavate-sterile or fer-
tile; no typical male-sterile plants ap-
peared. Four such fertile plants had
2n=41 chromosomes, indicating that
they resulted from outcrossing of
clavate nullisomies with the surround-
ing disomics. In general, clavate-spike
plants were more sterile than typiecal
male-sterile plants. The clavate-spike
condition, and aneuploidy in general,
were not related to male sterility in
UC9109-9.

Floret position and pistilloidy. The
degree of anther transformation to pis-
tils, and pollen fertility in florets of
early and late tillers at different posi-
tions within the spike, were exarined
(Table 5). Analysis of variance indi-
cated that early tillers had greater
pistilloidy (score=3.4) than did late
tillers (score =2.9); and that the mid-
dle portion of each spike had greater
pistilloidy (score =3.8) than either the
apical or the basal positions (scores=
3.1 and 2.6). The mean differences due
to floret order within a spikelet were
not significant, but the interaction of
spikelet position with early or late
tiller was significant. In the middle
and apical portions of the spike, the
degree of anther transformation was
greater for the second floret of each
spikelet; but this trend did not hold for
the basal portion of the spike.

Results were similar for pollen fer-
tility, considering that transformed an-
thers with score 4 or greater had zero
fertility. Late tillers had greater pollen
fertility (61.6 percent) than did early
tillers (43.3 percent). The apical and
basal portions of the spikes had greater
pollen fertility (65.0 and 54.7 percent)
than the middle portion (37.7 percent).
No significant differences were detected
in pollen fertility among floral positions
within each spikelet.

Spikelet differentiation in wheat be-
gins in the middle of the spike and pro-
ceeds toward both base and apex (Bon-
nett, 1966). Within the spikelet, differ-
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entiation begins at the base and proceeds
upward. Srinivas and Swaminathan
(1969) proposed a genetic system con-
trolling basal sterility. They suggested
that different genes are responsible for
the normal development of different
flower organs. In addition, a gene @ is
responsible for the normal functioning
of the development genes. In the ab-
sence of @, another gene I” inhibits the
activity of the development genes. The
systematic induction of sterility was
associated with the direction of the dif-
ferentiation. The reaction between the
product of the gene I¥ and the develop-
ment genes might be vigorous during
the early stages of the differentiation of
each spike, and be gradually reduced
later. This recovery with time was
ascribed to a type of feedback reaction.

Similar explanations can be applied
to the present study. A specific inhibi-
tory gene I interacts with the genes gov-
erning normal anther differentiation
and somehow diverts differentiation
toward the ovary-like structure. Steril-
ity genes block the very early stage of
normal stamen differentiation, and sub-
sequently effect the initiation of sporo-
genous tissue following stamen initia-
tion. This was clearly shown by the
close relationship between degree of
anther transformation and pollen fer-
tility in 1971 and 1972 (discussed in
the next section). When the sterility
genes are present, normal stamen dif-
ferentiation is blocked, and the stamen
primordia develop into pistils to de-
grees varying with the strength of the
gene effect at that time. It is suggested
that the effects of the sterility genes are
strongly manifested at the beginning of
spike differentiation, and less so at later
stages. This is a reasonable explanation
for the regular occurrence of more fer-
tile anthers at the base and apex of the
spike, and for the appearance of more
fertile anthers on late than on early
spikes. We suggest that a specific gene
produet is important for normal anther
development.
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TABLE 6
NUMBER OF SEEDS PER SPIKE AND PERCENTAGE OF SEED-SET
FOLLOWING ARTIFICIAL POLLINATION OF FLORETS
WITH THE SPECIFIED KINDS OF FEMALE ORGANS

No. of

Female organs . Seed-set Seed-set,
Yeart pollinated posﬁ)ilrlx(:tse a per spike %o
1970 Normal ovary 6 17.7 =+ 3.0
Normal ovary and all TA’s} 8 5.8 += 1.6
One TA 12 0
AllTA’s 10 0.2 + 0.2
1972 Normal ovary 31 48.4 + 3.6
Normal ovary and all TA's 20 25.3 + 4.8
One TA 12 0
All TA's 12 0

1 Data collected in May from December plantings
significant (P < 0.01) in both years.
1 TA = transformed anther.

Anther transformation and pollen
fertility. A pollen grain was considered
sterile if it was extremely small and
empty or only partially filled. The mean
pollen fertilities for scores 1, 2, and 3
(see Fig. 1A) were, respectively, 81, 66,
and 38 percent in 1971, and 90, 56, and 7
pereent in 1972, with means of 83, 64,
and 33 percent for the 2 yr. The regres-
sion coefficients of percent pollen fer-
tility on score for 1971, 1972, and the
2 yr combined were, respectively, 21.6,
41.4, and 25.0 percent, all of which were
highly significant (P <0.01). This indi-
cated that pollen fertility and degree of
anther transformation are closely re-
lated, and perhaps share a common bio-
synthetic pathway during anther dif-
ferentiation. A block in the pathway
leading to normal differentiation of an-
thers could ecause both abnormal anther
and abnormal pollen development.

Anthers which scored 3, and most
anthers with score 2, did not dehisce
fertile pollen grains. The bursting of
anthers depends on the quantity of fer-
tile pollen grains as well as on climatic
conditions during the flowering season.
Polovinkina and Lubimova (cited by
Rajki and Rajki, 1966) found that at a
low relative humidity (30 to 35 per-
cent), approximately 60 to 65 per-
cent fertile pollen grains were suffi-
cient for anther dehiscence. However,
in warm weather, at high atmosphere

; differences among pollination treatments were highly

and soil humidity, 40 to 45 percent fer-
tile pollen grains were sufficient for
dehiscence.

Fertility of normal ovaries and
transformed anthers

Pollination test. Pistilloidy is a strik-
ing feature of the UC9109-9 male-
sterile. Similar male sterility with pis-
tilloidy has been reported by Kihara
(1951, 1966, 1967) in male-sterile wheat
having Aegilops caudata cytoplasm,
which indicated a dominant effect of 4.
caudata eytoplasm on pistilloidy. Con-
nor and Purdie (1970) demonstrated
another pistilloid form which was con-
trolled by one recessive nuclear gene
pair. Neither of these cases produced
fertile ovaries from transformed an-
thers, as determined either by histo-
logical studies or artificial pollination
tests. Table 6 shows the results of the
pollination tests on fertility of normal
ovaries and that of the advanced types
of transformed anthers in this study.
For florets in which all anthers and
transformed anthers were removed,
crossed seed-set for normal ovaries was
17.7 seeds per spike in 1970 and 48.4
percent in 1972. When only anthers up
to and including score 3 were removed,
and the transformed anthers with score
4 or higher and normal ovaries were
left intact, seed-set was much lower,
with 5.8 seeds per spike-in 1970 and
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TABLE 7
SEED-SET PERCENTAGES FOR CROSSES OF SEED-BEARING PLANTS AND
POLLINATORS, AND THE EFFECTS OF CLIPPING ON SEED-SET
OF MALE-STERILE PLANTS POLLINATED WITH FERTILE POLLEN, 1972

Female Male Spikes Florets Seeds Seed Set
Number Percent
Fertile X sterile 8 180 9 5.0
Fertile X fertile monosomics 7 206 115 55.8
PFertile monosomics X fertile 10 339 221 65.2
Sterile X fertile* 4 174 99 56.9
Sterile X fertilet 4 196 37 18.9

* No emasculation, spikelet tips clipped before pollination.

t No emasculation, no clipping before pollination.

25.3 percent in 1972, This clearly indi-
cates the adverse effects of transformed
anthers on seed-set capabilities of nor-
mal ovaries. If the male-sterile plant
had a low degree of anther transforma-
tion, relatively higher percentages of
outerossed seed-sets ecould be expected.

When the normal ovary was removed
and either one or all of the transformed
anthers were left for pollination, no
seeds were obtained from 424 florets
pollinated on 24 spikes in 1972, In 1970,
only one seed was produced from ap-
proximately 350 florets on 21 pollinated
spikes. The production of a single seed
out of about 770 florets could have re-
sulted from an error in emasculation.
We therefore conclude that trans-
formed anthers are practically sterile.

In 1972, other types of crosses were
evaluated (Table 7). Pollen from male-
sterile plants fertilized fertile plants,
although with very low success (5.0
percent). When fertile plants were pol-
linated with pollen from fertile mono-
somic plants, seed-set was 55.8 percent.
When fertile monosomiec plants were
pollinated with fertile pollen, seed set
was 65.2 percent. According to Sears
(1954), monosomies should be as fertile
as normal disomies, and these results
essentially conform to this expectation.
Seed-set on male-sterile plants polli-
nated without emasculation (18.9 per-
cent) was increased (56.9 percent)
when the tips of the lemmas and paleas
were clipped, indicating that the lemma
and palea impeded entry of pollen to

the stigma. It appears that the fertility
of normal ovaries on sterile plants is
not significantly affected by male-
sterility genes.

Histological observations. Normal
ovaries and transformed anthers were
examined in 10-um serial sections, Nor-
mal ovaries always had a distinctive
embryo sac containing the usual nuclei.
The transformed anthers usually did
not have an ovarian cavity. Trans-
formed anthers with a small central
cavity were found occasionally, but
these cavities did not have the shape of
the ovarian ecavity in a normal ovule,
and did not contain nueclei (Fig. 2).
These observations indicated that trans-
formed anthers would not be expected
to be fertile, and confirmed the results
of the pollination studies (Table 6).

Outcrossing study

Outcrossing tests were conducted
with the same male-sterile stock in
1970 and 1972 (Table 8). In 1970, plots
having different male pollinators dif-
fered significantly in seed-set per spike.
Overall seed-set was poor (only about
8 seeds per spike). Sterile plants in iso-
lation also produced 8 seeds per spike.
In 1970, the weather was not favorable
for selfing or outerossing.

In 1972, to get a better estimate of
fertility, the open-pollinated seed fer-
tility was recorded both as seed-set per-
centage and number of seeds per spike
(Table 8). The overall number of seeds
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Fig. 2. Dorsiventral section of normal ovary and pistilloid anthers. (x71). A. Normal ovary
with embryo sac, egg cell (lower left), and antipodal nuclei (center). B, C, D. Pistilloid anthers
with no distinctive embryo sacs and no reproductive cells.
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TABLE 8

OUTCROSSING TESTS FOR MALE-STERILE WHEAT PLANTS
IN SPECIFICALLY DESIGNED CROSSING PLOTS

Yeart Pollen source* Seeds/spike Plants Fertility Plants
Number Percent Number -
1970 Composite 9.6 +1.1 46
No male pollinator 8.2 + 0.7 102
Pitic 62 9.2 + 1.0 61
INIA 66R 7.5 + 0.8 59
Siete Cerros 66 7.8 + 0.9 53
Nadadores 63 9.8 + 1.1 57
Lerma Rojo 119 + 1.3 47
Lerma Rojo 64 9.5 + 1.4 44
Pacific Triple Dwarf 6.3 + 0.9 63
Nainari 60 9.0 +1.1 56
Anza 9.9 + 1.0 62
1972 Composite 19.9 + 0.8 68 38.2 + 2.1 28
Anza 25.8 + 1.3 67 474 + 4.8 27
INIA 66 16.6 + 1.0 60 274 + 3.2 20
Pitic 62 14.2 + 1.0 69 27.7 + 3.4 29
Nadadores 63 14.8 + 0.9 71 274 + 2.6 31

* Significant differences among pollen sources were observed for seeds/spike in 1970 (P < 0.05) and 1972
(P < 0.01), and for percent fertility in 1972 (P < 0.01).

1 Data collected in May from December plantings.

per spike was higher in 1972 than in
1970 (20 vs. 8). This increase corre-
sponded to the greater number of seeds
per spike in the regular space-planted
evaluation plot (10.3 vs. 1.1), and could
be attributed to the more favorable con-
ditions, including weather, in 1972. Dif-
ferences among pollinators were more
clear-cut and significant in 1972 than in
1970. In the evaluation plot of 1972,
seed-set from wind-borne pollen was
17.0 percent. This much higher percent-
age is definitely related to the contribu-
tion of pollen by pollinators. It is pos-
sible that with better pollinators, better
field orientations, and proper environ-
ments, the outerossing rate can be in-
creased.

In the 1972 outerossing test, the high-
est seed-set was 47 percent, with Anza
as the pollinator. This was not satis-
factory for production of hybrid seed.
Although no positive indication of fe-
male sterility was noted (Table 7), pis-
tilloidy might have contributed to the
poor seed-set. However, the seed-set of
this male-sterile material in the out-
crossing field might have been influ-
enced more by other factors, such as
coincidence of time of anthesis (nick-

ing) of the male and female parents,
humidity, temperature, wind, and field
arrangement. Male-sterile plants with
less transformation of the anthers were
obtained from progenies of sterile x
fertile crosses. These should be included
in future outerossing studies to deter-
mine whether higher seed-set can be
achieved. Direct use of the UC9109-9
male-sterile stock for production of hy-
brid seed is probably not feasible. It
appears that better lines can be ob-
tained by crossing and selection.
Proper nicking is very important
(Bitzer and Patterson, 1967) in pro-
ducing hybrid seed. The male-sterile
plants should flower 1 to 2 days earlier
than the pollinators. At that time,
florets of female plants are opened by
lodicule expansion, and are receptive to
pollen by the time of anthesis of main
tillers of the pollinator plants. Longev-
ity of stigma receptivity is favored by
relatively moderate temperatures (13 to
25°C) and low humidity (40 to 70 per-
cent). The longevity of wheat pollen will
be extended by relatively low tempera-
ture and high humidity. Temperature
and humidity also influence the opening
of the lemma and palea, and the de-
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TABLE 9

PERCENTAGE SEED FERTILITY UNDER OPEN POLLINATION OF FERTILE
PARENTS AND THE F,/S OF MALE-STERILE X FERTILE PLANTS

1968% 19691 1972%

Parent or F1

% Ni % N % N
Parent
Nainari 60 76.8 3 94.8 3
Sonora 64 89.4 2 99.2 3
Ramona 50 73.1 3 97.6 3 92.9 2
Lerma Rojo 81.8 2 97.9 3
Siete Cerros 66 98.5 3 91.3 1
Pitic 62 97.3 3
Mean 79.2 97.6 92.4
S.D. 6.59 2.69 2.63
F1
MR9109-9-1 X Nainari 60 72.0 1 89.5 3
MR9109-9-3 X Nainari 60 85.5 2
MR9109-9-3 X Sonora 64 67.8 1
MR9109-9-10 X Ramona 50 80.8 4
MR9109-9-4 X Lerma Rojo 89.5 3 95.3 6
MR9109-9-4 X Pitic 62 93.6 9
MR9109-9-8 X Pitic 62 88.2 1
MR9109-9-5 X Siete Cerros 66 93.4 3 90.6 53
MR9109-9-5 X Sonora 64 99.0 5
MR9109-9-4 X Siete Cerros 66 92.5 15
MR9109-9-2 X Siete Cerros 66 91.5 11
Mean 78.9 94.3 91.1
S.D. 5.25 1.79 5.31

1 Data collected in May from December plantings.

1 N represents the number of plants sampled ; 3 spikes from each plant were examined.

hiscence of anthers. These factors
should be studied to establish the best
environmental conditions and genotype
for production of hybrid seed.

F, fertility

Variation in fertility under open-
pollination of the male-fertile parents
and F, hybrids was evaluated in the
spring planting of 1968, 1969, and 1972
(Table 9). The fertilities of the F,’s
and parents were comparable in all 3
yr. For hybrid-wheat production, the
UC9109-9 genetic male-sterile does have
certain advantages over cytoplasmic
male sterility, and other sources of
genetic male-sterility which require
foreign pollen for maintenance of the
female parent. Since the fertility genes
are completely dominant over male

sterility, specific fertility-restoration
genes are not necessary for the ¥, hy-
brid. UC9109-9 male-sterile lines can
be maintained through selfing, so hand
pollination is not required for main-
tenance of stocks, The small fraction of
selfed sterile plants in the F, popula-
tion would probably not appreciably
affect yield. The frequency of selfing of
UC9109-9 in the usual environments at
Davis was too low to be economically
feasible for maintenance of the seed
parent. The possibility of improving the
rate of selfing by environmental ma-
nipulation should be investigated. The
results of outcrossing experiments also
were not encouraging, because the rate
of hybrid seed production was low. We
believe that this can be increased by im-
proved management of the seed produc-
tion field.
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