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The Inheritance of Fertility Restoration in Male-sterile Wheat
Carrying Cytoplasm Derived from Triticum timopheevi

G. C. M. SAGE

Plant Breeding Institute, Cambridge (Great Britain)

Summary. The inheritance of the restoration of fertility in material carrying the cytoplasm of Tviticum timopheevi
was studied in F,, F; and T, generations. In the material used the segregation of restoration was shown to fit the hypo-
thesis of three major, dominant, partially dominant or additive genes each of which made a different contribution to
restoration but which acted cumulatively to produce the phenotypic expression observed.

From the material it was possible to extract homozygous lines carrying known combinations of these three genes
which can be used as tester lines to investigate the inheritance of genes for restoration derived from other sources.

Introduction

Since the discovery of cytoplasmic male-sterility in
wheat carrying Aegilops caudata cytoplasm (Kihara
1951) a large number of alien cytoplasms have been
successfully transferred to tetraploid and hexaploid
wheat, most of them being found to induce male-
sterility. They are listed by Tsunewaki (1970). Genes
have been found, from a number of sources, which
will override the sterilizing effect of these alien cyto-
plasms and restore fertility to the F, generation.
Kihara (1968) considered a number of these sources
of restoration and showed that they fell into three
groups. Tirst, those where homozygosity of the
restoring gene or genes is required for recovery of self
fertility; secondly, those where the presence of com-
plementary genes causes a heterotic effect for restora-
tion in the F, generation which is lost on further
backcrossing; and thirdly a group, where a strong
restoring gene or genes, is capable of restoring fertility
in single doses. In the development of a commercial
hybrid wheat variety it is the restorer sources from
this third group that will be of most use since these
contain a gene or genes that can be simply back-
crossed into a range of potential parental lines.

The restoration sources, quoted by Kihara, for the
male sterility caused by the cytoplasm of Triticum
timopheevs fell into this third group. It is thus im-
portant, for hybrid wheat research, to understand
the inheritance of restoration of the T'. timophecvi
cytoplasm. Wilson (1968a) reviewed the work in this
field and listed a number of sources of fertility resto-
ration for the T. timopheevi cytoplasm. Other sour-
ces are listed by Zeven (1967) and Apltauerova (1968).
Some of the genes from some of these restoration
sources have since been assigned to specific chromo-
somes by other workers (Bahl, Maan and Lucken,
1970; Robertson and Curtis, 1967; Tahir and Tsune-
waki, 1969; Talaat, 1969 and Zeven, 1970).

The level of self-fertility caused by these sources of
restoration in F, plants is extremely dependent on
the environment (Wilson, 19068a). Maan and Lucken
(1967) using aneuploids of the variety Chinese Spring
showed that it is also dependent on the number of
doses of the restorer genes present. These facts have
made studies of the inheritance of the genes carried
by different sources of restoration extremely diffi-
cult. In his review, however, Wilson {1968a) con-
cluded that, on the evidence to date, restoration of
fertility was “‘possibly due to at least three genes
functioning in character expression as cumulative
dominants where Ry Rr Rr is equal to RR RR RR”
and that “the individual gene contributions are not
necessarily equal”’. This paper will present evidence
to corroborate these conclusions.

Materials and Methods

Two lines, the male sterile (timopheevi)-Bison!® and
a restorer line F,; ((T. timopheevi X Marquis?) x Bison),
were supplied by Dr. R. W. Livers (Kansas State Uni-
versity) in the winter of 1964 —65. They were crossed
together and F; plants crossed as female to the spring
wheat variety Maris Ensign (Cappelle-Desprez x Teuto-
nen) with the objective of selecting from the F, population
the most fertile plants for further backcrossing to the
locally adapted variety Maris Ensign. This work was
carried out in the glasshouse. Under these conditions
selection of the highest expression of fertility proved to be
very difficult since no plants were ever found to be fully
restored. In the winter of 1966—67 the winter wheat
variety Maris Beacon ((Hybrid 46 x Mildew resistant
Cappelle-Desprez) x Professor Marchal) was crossed onto
an F, plant from the first backcross of the restorer line to
Maris Ensign. This cross, designated WMS 53, thus had
the following pedigree: ((male sterile Bison x Marquis
restorer) X Maris Ensign?} x Maris Beacon.

The intention of this cross was to initiate a backcrossing
programme to produce a male-sterile line of Maris Beacon.
No record was kept of the fertility status of the maternal
I, plant since it was expected that fully male-sterile
plants would segregate out in the F, or F, generations.
25 crossed seeds were set and these were grown in pots
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Year Site Material
1967 Glasshouse 25 F, plants J,
1968 Glasshouse ! 232 F, plants
4 {
1968 —69 Field 256 F, plants F, progenies. Average number of plants per progeny classified 20.6
}
1969— 70 Field T, lines. Average number of plants per line classified 22.9
' v
1970—71 Field F, progenies. F, lines repeated. Average number of plants per line classified

Average number of plants
per progeny classified 97.8

34.4.

Figure 1. Derivation, site and extent of WMS 53 material grown

in the glasshouse during the summer of 1967. All 2§
plants unexpectedly showed an incomplete but very high
level of fertility. Maris Beacon had thus possibly contri-
buted a gene or genes causing restoration different from
those derived from the Marquis material.

An F, population of WMS 53 was grown in the glass-
house during the summer of 1968 and F,, F; and F, pro-
genies were grown in the field from winter sowings over
the years 1969 to 1971 (see Fig. 1). The segregation of
fertility restoration in all these generations of the cross
WMS 53 was recorded.

The level of restoration was assessed for each plant by
observing the anthers produced by primary tillers at
anthesis. On the basis of anther type the plants were
assigned to one of three classes, fully fertile or F plants,
semi-sterile or SS plants and fully sterile or S plants.
F plants were those where normal anthers were present in
all florets; SS plants had normal anthers at the base of
the ear but a variable number of florets at the apex of the
ear that had underdeveloped male-sterile anthers; S plants
were those which had no normal anthers.

This classification was greatly facilitated by still, warm
weather and by good anther extrusion. Every progeny
was looked at over a period of days. In the early stages
of anthesis, when normal anthers were extruded, it was
possible to classify most of the F plants. Over the next
few days, as the florets containing male-sterile anthers
began to gape, it was possible to classify the SS plants
and finally at the end of the anthesis period, when S plants
had ali their florets gaping it was possible to classify
these. As this classification was very time consuming
and concentrated into the few days when the plants were
at anthesis, several different people were employed to do
the work on all the material. This also helped to eliminate
any personal bias there may have been in making the
classifications.

Results
F, 1968—6g and F; 1970—71

The numbers of plants in each category observed in
the field F, generation grown in 1968 —69 and in
19 F, progenies derived from fully fertile F; plants
and grown in the field in 1970—71 are given in
Table 1.

The SS class abviously included a range of restora-
tion levels. At one end of the scale these plants had
a few florets, always at the base of the ear, with nor-
mal anthers while the rest of the ear was male-
sterile. These plants were, in fact, rare and confined
to the F, population and certain Fg progenies. The
majority of SS plants had approximately a half to
two-thirds of the ear, always at the base, with normal

Table 1. Obsevved segregations of feviile, semi-stevile and
stevile plants in the Fy population grown 1968 —69 and in
the F, progenies grown tn 1970 —71

Material Progeny No. Fertile  Semi- Sterile
sterile
F, 1968—69 151 35 70
F, 1970—71 4 89 0 0
5 93 0 0
18 97 0 0
2 44 11 0
17 73 9 0
11 40 0 25
14 68 0 29
20 54 0 18
1 18 47 34
3 60 22 9
S 60 42 5
6 31 10 13
7 52 8 26
8 56 8 16
9 57 17 25
10 33 27 18
12 34 31 28
16 78 13 7
19 35 23 31

anthers and only the top florets were male-sterile.
Thus the distinction between S and SS classes was, in
most of the material, clear cut.

At the other end of the semi-sterility scale were
plants in which only the topmost florets had male-
sterile anthers. Such plants were often difficult to
distinguish from F plants. As they were found much
more frequently than SS plants at the other end of
the scale the distinction between the I and SS classes
was, in some progenies, very difficult.

The observed F, segregation of restoration did not
fit any of the usual Mendelian ratios for one, two
or three genes and seemed to be of a quantitative
nature, certain genotypes above a threshold level
exhibiting some degree of restoration with other
genotypes above a higher threshold level exhibiting
complete restoration. However it also seemed that
relatively few genes might be operating since the
segregations of the F; progenies fell into four groups.
Three ¥, progenies did not segregate and consisted
entirely of F plants, two consisted of IF and SS plants
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only, three of I and S plants only and eleven of all
three classes. IF plants predominated in all the segre-
gating F, progenies but in the group of progenies that
segregated all three classes varying ratios of SS to S
plants were observed. Thus fully restored plants
from the F, population were exhibiting a range of
distinct segregation when grown on as F; progenies.

Attempts were made to construct a genetic model
that would fit these observed data. The number of
genotypes present in the F, generation would ob-
viously depend on the number and kind of genes that
were operating. By assuming different numbers of
major genes tobe operating different ranges of possible
I, genotypes were produced. Phenotypes were then
assigned to these possible F, genotypes so that a seg-
regation approximating to that observed was pro-
duced. The expected F, segregations of those geno-
types designated as fully fertile could then be worked
out to see if the observed Ii; segregations were pro-
duced. By this process a model of the inheritance of
restoration was produced which closely fits the ob-
served data so far presented.

This model is presented diagrammatically in
Iig. 2 and required that there were three indepen-
dent loci, referred to as 4, B and C, operating in ferti-
lity restoration. At each locus one allele, denoted by
a capital letter, contributed to restoration while an
alternative allele, denoted by a lower case letter,
did not. If the genotype of the I; plants was Aa
Bb Cc then there would have been 27 possible geno-
types in the I'y population. Twelve of these, num-
bered 1--12 in Fig. 2, were considered to give fully
fertile phenotypes while eight, numbered 20—27 in
I'ig. 2, were considered to give fully male-sterile
phenotypes. The remaining genotypes were consider-
ed to produce the semi-sterile phenotypes observed.
However, in order to allow for the difficulty experi-
enced in classifying SS plants at either end of the range
four genotypes were considered to have alternative
phenotypes. Thus genotypes 13 and 14 in Fig. 2
were considered to have a 50 per cent chance of
classification into either the F or SS classes. Similarly
genotypes 18 and 19 were considered to have a 50 per
cent chance of classification into either the SS or S
classes.

The 27 genotypes would have produced the pheno-
types assigned to them (a) if the genes acted cumula-
tively to produce the phenotype; (b) if the genes made
different contributions to restoration, gene A4 being
more effective than gene B which, in turn, was more
effective than gene C; (c) if gene 4 was fully domi-
nant, gene B was partially dominant and gene C be-
haved either additively or as a partial dominant,
and (d) if the combined contribution to restoration
of certain combination of genes fell below minimum
threshold levels for the expression of partial and
complete restoration while that of others fell at the
threshold levels.

|
|
|
|

Fertile or

Fully sterile

Semi-sterile
or sterile

Semi-sterile

semi-sterile

Fully fertile

Phenotype

15 16 17 18 19

14

12 13

10 11

9

F, Genot

ype number

F, Genotype

20 21 22 23 24 25 26 27

Bb bb bb BB Bb bb bb bb Average segregation

Cc cc ce cec ecc CC Cec cc

aa AA Aa aa aa aa aa aa

aa
Bb
cC

aa
BB
Cc

aa
BB
CcC

Aa
bb
Ce

AA
bb
Ce

Aa
bb
CcC

AA Aa AA Aa AA Aa AA Aa AA Aa AA Aa AA
BE BB BB BB Bb Bb Bb Bb BB BB Bb Bb bb

CC CC Cc Cc €CC CC Cc €Cc cc cc cc cc CC

Genotypic value*

30 25 20 15 0O

30 50 43 45 40 35 35

50

55

85 85 80 80 80 80 75 75 65 63 60 60 55

Expected frequency

¥, segregation

F, geno-

type no.

1

all fertile

Inheritance of Fertility Restoration in Male-sterile Wheat

} all fertile
3
I

all fertile
all fertile

3
9

48F 8SS 857+
50F 10SS 48

42F 14SS 8S

:328S

140F
1208

4

} 215F : 538S : 528

43:5
31

75F 218S 328
6F 6SS 4S8

}SF: 10SS: 8S

2F 10SS 48)

3F 1SS
7F 1SS
1F 1SS

} 17F: 788

}21F: 118

3F 1S
3F 18
9F 78

10
11
12

235

30, Bb = 25, CC = 20, Cc¢ = 15.

sterile.

fertile, SS = semi-sterile, S

* Gene values: AA = 35, Aa = 35, BB

>

Figure 2. Hypothetical model of the inheritance of restoration in WMS 53 material
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The continuous range of phenotypes observed in
the F, population from fully fertile through semi-
sterility to fully male-sterile suggested a continuous
range of genotypic values from genotype 12 through
to genotype 20. This could only occur if the contri-
butions to restoration of the individual genes had
the following relative values, Cc = x, CC = x + v,
Bb=x-+2y,BB=x+3y Aa+AA=x+4y,
and where xis equal to or larger than y. Asanexample
genotypic values are given in Fig. 2 for the situa-
tion when gene C is partially dominant, » and y being
given the arbitrary values of 15 and 5 respectively.
In this situation the threshold genotypic value for the
expression of any restoration would be 45 and geno-
types having a value of 40 or less would be male-
sterile. The threshold between the SS and F classes
would occur at 55 and genotypes having a value of
60 or more would be fully fertile.

Given this model it was possible to work out the
expected segregation ratios for the F, population and
for F, progenies derived from fully fertile F, plants
and to show that the observed segregations fitted
these expectations closely.

The expected F, segregationis 37.5F : 10.585 : 165
or more conveniently in whole numbers 75F : 218S :
32S. The observed ¥, segregation was not signifi-
cantly different from this expectation (y* = 1.737,
P =04 —0.2).

The twelve F, genotypes assigned fully fertile
phenotypes account for 36/34 of the 37.5/64 fully
fertile F, plants expected while a further two F,
genotypes, number 13 and 14 in Figure 2, falling as
they do on the upper threshold level, account for the
remaining 1.5/64 expected fully fertile F, plants.
Hence 14 different genotypes produce the F plants
found in F,. The expected F; segregation of these 14
genotypes is also given in Fig. 2. Genotypes 1, 3 and
9, produce only F plants in F,; genotypes 4, 6, 7, 8
and 14 produce all three classes of plant, genotypes
2, 5 and 13 produce only F and SS plants and geno-
types 10, 11 and 12 produce only F and S plants.
Thus the four observed groups of segregations are ex-
pected in F.

In the model two of the five ¥, genotypes that pro-
duce all three classes of plant in F,, number 8 and 14,
produce 25 per cent S plants in F; progenies, their
expected ratios being 75F : 21SS:32S and OF :
6SS : 4S respectively. In F, they thus segregate
three plants with some restoration: one plant with no
restoration.

The other three F, genotypes that produce all
three classes of plant in Iy, numbers 4, 6 and 7, pro-
duce less than 25 per cent. S plants in F; progenies.
Their expected F, segregations, 48F : 8SS : 8S,
50F : 10SS : 4S and 42F : 14SS : 8S are very similar
and could not be distinguished in progenies where the
number of plants classified was small. In these cir-
cumstances it would be expected that an average
ratio would be found. The average F, ratio of these
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three F, genotypes would thus be 140F : 325S : 205
or 43 plants with some restoration: 5 plants with no
restoration,

F, progenies segregating all three classes should
thus be divisible into two groups, those segregating
3:1 some restoration: no restoration and those segre-
gating 43 some restoration: 5 no restoration, each
group consisting of two and three further segregation
ratios respectively.

Eleven F, progenies gave observed segregations
consisting of all three classes of plant. The segrega-
tion of each progeny for plants with some restoration
to plants with no restoration was tested against the
expected ratios of 3:1 and 43:5. The figures for y2
given in Table 2 show that overall the segregations
did not fit either a 3:1 of a 43:5 ratio and that the
segregations were significantly heterogeneous.

Table 2. 1971 F, WMS 53 progenies giving thvee classes:
Jeriile, semi-stevile and stevile

Some No

Progeny Resto- Resto- 2 P 22 P
No. ration ration 31 43:5
1 65 34 4.609 * 60.732 **x*
3 82 9 11.080 *xE 0.027 NS
5 84 5 17.832  ¥** 2197 NS
6 91 13 8.664  ¥* 0.483 NS
7 60 26 1.256 NS 36.190 ***
8 64 t6 1.067 NS 7.874 **
9 74 25 0.000 NS 23.349 *¥*
10 60 18 0.153 NS 13.398 ***
12 65 28 1.293 NS 38.638 ***
16 91 7 16.667 * ko 1.125 NS
19 58 31 4.588 * 56.850 ***
Total 794 212 8.272  ** 122.436
Heterogeneity
(10 degrees of freedom  67.148  ***

NS = Not significant; * = P < 0.05; *** = P < 0.001.

Two of the progenies, numbers 1 and 19, were
significantly different from both the 3:1 and the
43 :5 ratios and will be considered again later. Of the
other nine progenies five were not significantly differ-
ent from the 3:1 ratio but were significantly differ-
ent from the 43:5 ratio and four progenies were signi-
ficantly different from the 3:1 ratio but were not
significantly different from the 43:5 ratio.

The five progenies not significantly different from
the 3:1 ratio were tested against the expected ratios
75F 1 2148S : 325 and 6F : 6SS : 45. The figures for
z* are given in Table 3. The five progenies fell into
two distinct groups each fitting one of the expected
ratios.

Similarly the four progenies not significantly differ-
ent from the 43:5 ratio were tested against the
three expected ratios 42F : 14SS : 8S, 48F : 855 :
8S and 50F : 10SS : 4S. The figures for y* are given
in Table 4. Here two progenies distinctly fitted the
42F : 14SS : 85 ratio, one distinctly fitted the
48F : 858 : 8S ratio and one, while not being signiii-
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Table 3. 1971 F, Progenies giving three classes but not significantly diffevent from vatio three some vestovation to one no

restovation
Material not signi- Progeny S Semi- . z2 %2
ficantly different from number Fertile sterile Sterile 75:21:32 P 6:6:4 P
3 some restoration 7 52 8 26 3.638 NS 31.271 ok
to 8 56 8 16 4.577 NS 30.466  ***
1 no restoration 9 57 17 25 0.055 NS 21.550  ***
10 33 27 18 19.405 *Ek 0.769 NS
12 34 31 28 24.919  k** 1.423 NS
Total 232 31 113 7.600 * 60.994 *kx
Heterogeneity 309.342  kkx
75 Fertile 7,89 Total 165 33 67 3141 NS
to 21 semi-sterile Heterogeneity 5429 NS
to 32 sterile
6 Fertile 10,12 Total 67 58 46 0.961 NS
to 6 semi-sterile
to 4 sterile Heterogeneity 1.231 NS

NS = Not significant, * = P < 0.05, *** = P < 0.001.

Table 4. 1971 F3 WMS 53 progenies giving three classes but not significantly diffevent from vatio 43 some vestovation to
5 mo rvestovalion

Material not signi- Progeny Ter-

p 1 . Sem_i— Ste-  x? P 12)' . P 22 P
icantly different from number tile  sterile rile  42:14:8 48:8:8 50:10:4
43 some restoration 3 60 22 9 0.717 NS  11.417  ** 7.919 *
to 5 60 24 5 4.470 NS 15.718 **x  8.687 *
5 no restoration 6 81 10 13 9.528  ** 0.807 NS 8.9035 *
16 78 13 7 8.486 * 2.572 NS 0.501 NS
Total 279 69 34 9.694 ** 13.612 ** 7.013 *
Heterogeneity 16.107  **
42 Fertile 3,5 Total 120 46 14 4355 NS
to 14 semi-sterile Heterogeneity 0.832 NS
to 8 sterile
48 Fertile 6,16  Total 150 23 20 1.663 NS
to 8 semi-sterile

to 8 sterile Heterogeneity 1.716 NS

NS — Not significant, * = P < 0.05. ** = P < 0.01, *** = P < 0.001.

cantly different from either the 48F : 8SS : 8S or the smaller 4% for, and hence a greater probability of
50F : 10SS : 4S ratio, had a much smaller 4% for, and  fitting, the 3F : 1SS ratio.

hence a greater probability of fitting, the 50F : 10SS : The three I, genotypes that produce only F and S
4S ratio. Thus progenies giving all three classes of plants in F, progenies are expected to segregatc
plant were found to fit each of the five expected se- 3F : 1S, or 9F : 7S and their average ratio would be
gregation ratios. 24F : 118S.

The three F, genotypes that produce only F and Three of the 19 F, progenies classified gave only I
SS plants in Iy progenies are expected in the model and S plants. These were tested against the two
to segregate 3F : 155, 7IF : 1SS and 1F : 1SS and expected ratios 3F : 1S and 9F : 7S and their segre-
their average ratio would be 17F : 7SS. gations and figures for 4% are given in Table 6. Also

Two of the 19 F; progenies classified gave only F  included in Table 6 are the segregations for progenies
or SS plants. These were tested against the three 1 and 19 which, while giving all three classes of plant,
expected ratios and their segrega-

tions and figures for 4 are given Table 5. 1971 F3 WMS 53 progenies giving only fertile and semi-stevile plants

in Table 5. One progeny distinctly Progeny .. =~ Semi-  x? P % P e P
fitted the 7F : 1SS ratio and the mumber e sterile  3:1 o e
other, while not being significantly 2 44 11 0.733 NS 2.829 NS 19.800 ***
different from either the 3F : 1SS 17 73 9 27.333  *** 04174 NS 49951  ***

or the 7F : 1SS ratio had a much NS = Not significant, sxx _ p < 0.001
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Table 6. 1971 Fy WMS 53 progenies showing only fertile ov stevile plants together with the two progenies giving all three

Some

classes but which weve significantly diffevent from the 3:1 ov 43:5 some restovation to no vestovation vatios

No

. Progeny Fer- Semi- Ste- - ) 2> 2> 72
Material number tile sterile rile res‘Fo res_to 21:11 P 9:7 P 3:1 P
ration ration
1 18 47 34 65 34 0.000 NS 3.559 NS 4.609 *
11 40 0 25 40 25 0.481 NS 0.731 NS 6.283 *
14 68 0 29 68 29 0.862 NS 7.564 *x 1.240 NS
19 35 23 31 58 31 0.008 NS 2.876 NS 4.588 *
20 54 0 18 54 18 2.805 NS 10.286 ** 0.000 NS
Total 285 137 0.683 NS 21.840 *¥EX 12.540 ok
Heterogeneity 3.572 NS
Significantly differ- 1, 11,19 Total 163 90 0161 NS 6874 *x
ent from 3 fertile Heterogeneity 0.328 NS 0.292 NS
to 1 sterile
Not significantly 14, 20 Total 122 47 0.712 NS
different from 3 fertile Heterogeneity 0.528 NS

to 1 sterile

NS = Not significant. * = P < 0.05, ** = P < 0.01, *** = P < 0.001.

were significantly different from both the 3:1 and
the 43:5 some restoration to no restoration ratios
(Table 2). All five progenies were, individually and
overall, not significantly different from the expected
average ratio of 21 some restoration: 11 no restora-
tion. Each progeny was not significantly different
from either the 3F : 1S ratio or the 9F : 7S ratio.
However, the three progenies, individually not signi-
ficantly different from the 9F : 7S ratio were signifi-
cantly different from this ratio overall. These three
progenies included progenies 1 and 19. The presence
of SS plants in these progenies and the overall differ-
ence from the 9F : 7S ratio may have been due either
to misclassification or to the presence of background
modifying genes, further indications of which will be
given later.

The remaining three F; progenies of the 19 classi-
fied consisted entirely of F plants. Thus each of the
19 progenies could be fitted to one of the eleven dif-

Table 7. Expected and observed frequencies of segregation
vatios in 1971 Fy WMS 53 progenies

Expected

Segregation Expected frequency  Observed Progeny

ratio frequency from 19 frequency numbers
progenies

All fertile 4 2.028 3 4,15, 18

48F 85585 4 2.028 1 6,

50F 10SS 4S 4 2.028 1 16,

42F 1485 8S 4 2.028 2 3,5,

75F215532S 8 4.056 3 7,8, 9,

6F 65545 1 0.507 2 10, 12,

3F 1SS 2 1.014 1 2

7F 1SS 2 1.014 1 17,

1F 1SS 0. 0.254 0 —

3F 1S 4 2.028 2 14, 20

9F 7S 4 2.028 3 1, 11, 19

Total 37.5 19.013 19

F = Fertile, SS = Semi-sterile, S = Sterile.

ferent Iy segregations expected. Table 7 gives the
expected and observed frequency of each of these
segregations. The observed frequency fitted the
expected frequency very well with a »? for ten de-
grees of freedom of 6.900 (P = 0.7—0.8). The
expectations of the model fitted to the data presented
so far were then tested against other F,, F; and F,
data not used in the construction of the model.

F, 1968. In the glasshouse in the summer of 1968,
232 F, plants were classified. The fertility of normal
varieties growing as controls was reduced from nor-
mal and no fully fertile plants were found among the
F, plants. The glasshouse environment was thus ef-
fectively suppressing the expression of fertility.

The F, population consisted of 181 plants with
some restoration and 52 plants with no restoration.
This observed segregation fitted the expected T,
segregation of 3 some restoration: 1 no restoration
quite well (y? = 0.895, P = 0.3—0.5). The most
fertile F, plants were selected for growing on as 17
progenies.

Fy 1968—69. 106 Tfy progenies were grown on
from the glasshouse F, plants and of these 46 segre-
gating progenies were classified. These fell into four
groups. The largest, consisting of 25 progenies, seg-
regated all three classes with the F class predomina-
ting. A second group, consisting of 10 progenies also
segregated all three classes but the SS class predo-
minated. A third group of six progenies segregated
only F and SS plants, while the fourth group of seven
progenies segregated only IF and S plants.

These last two groups would be expected according
to the model. Since the number of plants per pro-
geny was low the segregation of each progeny in each
group was tested against the expected average segre-
gation for that group. The segregations and figures
for x? for each progeny in each group are given in
‘Table 8. Individually and overall the progenies segre-
gating only F and SS plants fitted the expected
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Table 8. 1969 F, WMS 53 progenies giving three classes with semi-stevile plants predominating, two classes, fertile and
semi-stevile, ov two classes, fertile and sterile

Progeny TFer- Semi- Ste- 2 P Progeny Fer- Semi- y2 Progeny Fer- Ste- 42 P
number tile sterile rile 8:16:8 number tile  sterile 17:7 number tile rile 21:11

27 7 10 4 0.905 20 18 4 1.285 13 21 6 1.768

61 8 10 1 5.211 30 18 3 2.251 17 12 9 0.670

65 6 13 5 0.250 41 16 5 0.292 34 15 8 0.002

76 7 9 6 0.818 73 12 4 0.135 58 16 6  0.492

80 2 10 4 1.500 75 14 4 0.421 59 18 5 1.627

81 4 9 4 0.059 86 12 9 1.905 66 15 8 0.002

82 6 13 4 0.740 100 9 7 0.623

[*3] 4 8 5 0.176

98 6 8 4 0.667

99 4 9 3 0.375

Total 55 99 40 2.161 NS 90 29 1.325 NS 106 49 0.524 NS
Hetero-

geneity 8.540 NS 4.964 NS 4.660 NS

17F : 78S ratio. Similarly, the progenies segregating
only F and S plants fitted, individually and overall,
the expected 21F : 11 S ratio.

Also given in Table 8 are the segregations of those
progenies that fell into the second group, those segre-
gating all three classes with SS plants predominating.
This is not the kind of ratio that would immediately
be expected from the model.

In the glasshouse F, population that gave rise to
these F, progenies all the selected plants were SS.
Thus it is possible that some genetically SS F, plants
were kept. If some plants having the genotype num-

ber 15 (see Fig. 2) were selected they would have an
F; segregation of 2F :10SS : 4S. This would be
easily confused in small progenies with the expected
6F : 6SS : 4S segregation and their average segre-
gation would be 8F : 16SS : 8S, or, in other words,
three classes will SS plants predominating. Table 8
shows that the progenies from the second group fitted
this average ratio of 8F : 165S : 8S.

The major group of progenies, those consisting of
all three classes with F plants predominating, are,
according to the hypothésis, likely to consist of four
segregations, 48F : 8SS : 85, S0F : 10SS : 4S5, 42F :

Table 9. 1969 Fy WMS 53 progenies giving thvee classes; fertile, semi-stevile and stevile

Some

with the fertile class predominating

. No
PIiIrogeny Fertile e Sterile  resto- resto- XZ. P 2 . P : iea.en P

0. sterile ration ration 3:1 43:5 215:53:52

1 12 3 6 15 6 0.143 NS 7.414  **

2 16 3 3 19 3 1.515 NS 0.244 NS

5 9 1 4 10 4 0.095 NS 4.947 *

9 16 3 3 19 3 1.515 NS 0.244 NS
10 15 3 5 18 5 0.131 NS 3.159 NS
11 16 3 4 19 4 0.711 NS 1.199 NS
15 12 2 6 14 6 0.267 NS 8.222 **
19 12 2 8 14 8 1.515 NS 15.868  *¥*
21 9 2 6 11 6 0.961 NS 11.272 Rk
26 14 5 2 19 2 2.683 NS 0.018 NS
35 14 5 2 19 2 2.683 NS 0.018 NS
36 12 2 1 14 1 2.689 NS 0.227 NS
42 16 6 1 22 1 5.232 * 0.908 NS
44 19 3 2 22 2 3.556 NS 0.112 NS
46 16 2 3 18 3 1.285 NS 0.336 NS
52 19 2 1 21 1 4.909 * 0.813 NS
55 15 1 7 16 7 0.363 NS 9.876 **
57 13 5 4 19 4 0.711 NS 1.199 NS
68 1§ 4 4 19 4 0.711 NS 1.199 NS
69 11 4 3 15 3 0.667 NS 0.753 NS
78 12 6 5 18 5 0.131 NS 3.159 NS
84 8 6 6 14 6 0.267 NS 8.222  **
93 11 8 1 19 1 4.267 * 0.628 NS
95 15 5 4 20 4 0.887 NS 1.005 NS

105 13 2 4 15 4 0.157 NS 2.304 NS

Total 340 88 95 1.571 NS
Total 428 95 13.033 ¥EX 33643  kxx

Hetero- 31.354

geneity
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Table 10. Totals of 1969 Fy WMS 53 progenies giving three classes but predominantly fertile that weve considered to fit

either 3:1 ov 43:5 some vestovation to no vestovation

. . Some No

Material Fer- Semi- Ste- +2 22 22 22

. . o resto-  resto- . P . [ o o P.
fitting tile sterile rile ration ration 301 43:5 75:21:32 140:32:20
3 Some Total 187 49 76 0.241 NS
restoration Total 236 76 0.068 NS
to 1 no Hetero-
restoration geneity 7.649 NS
43 Some  Total 153 39 19 0826 NS
restoration Total 102 19 0.451 NS
to 5 no Hetero-
restoration geneity 3.097 NS

14SS : 85 and 75T : 21SS : 32S. The average ratio
for these four segregations is 21517 : 53SS : 52S. The
observed segregation for the 25 progenies that fell
into this major group are given in Table 9. The
overall total segregation of 340F : 88SS : 95S is
shown in Table 9 to be not significantly different
from the expected average segregation 215F : 535S :
52S.

As before, each progeny was tested against the
two ratios 3:1 and 43 :5 some restoration to no resto-
ration (Table 9). As the plant number per progeny
was small most progenies were not significantly dif-
ferent from either ratio. If, however, each progeny was
considered to fit the ratio for which it had the smal-
lest, nonsignificant figure for y® then 15 progenies
could be considered to fit the 3:1 ratio while the
other ten could be considered to fit the 43:5 ratio.

The overall total segregations for these two groups
of progenies are given in Table 10. According to the
model the material fitting the 3:1 ratio should con-
sist of progenies segregating 75F : 21SS : 325, the I,
segregation, while the material fitting the 43:5 ratio
should consist of progenies segregating 48F : 8SS:
8S, 50F : 10SS : 4S or 42F : 14SS : 85 and should

Table 11. Combined segregations for 1969— 70 and 1970—71 of F, lines devived

from F, progenies 30 and 86

F, .
Progeny F, Progeny no. Fertile sStee‘fﬂli‘l; 2% 31 P
no.
30 2 50 0
4 50 0
1 34 6 2.133 NS
3 24 7 0.097 NS
5 42 11 0.509 NS
6 42 12 0.233 NS
7 18 11 2.587 NS
8 38 15 0.308 NS
Total 198 62 0.184 NS
Heterogeneity 5.673 NS
86 1 25 34
2 37 20
4 19 24
3 22 21
Total 103 99
Heterogeneity

1.372

fit the average ratio 140F : 32SS : 20S. The figures
for »2 given in Table 10 show that the total segrega-
tion for the 15 progenies considered to fit the 3:1 some
restoration to no restoration ratio fitted the expected
I, segregation while the total segregation of the ten
progenies considered to fit the 43:5 some restoration
to no restoration ratio fitted the expected average
ratio 140F : 32SS : 20S.

F, 196970 and 1970—71. I plants of the 1968
—1969 Fy progenies showing the simpler two class
segregations were grown on in the field as F, families
in 1969—70 and repeated in 1970—71.

The combined segregations for both years observed
in the F, family derived from the F; progeny number
30 are given in Table 11. Of the eight F, lines that
were fully classified in both years two did not segre-
gate and the other six were not significantly different
from a 3F : 1SS ratio. This pattern of segregation is
consistent with that observed for progeny 30 in I,
(Table 8), and indicates that the F, plant from which
the F, progeny was derived had the genotype number
2 (see Fig. 2) Aa BB CC. Thus the non-segregating
lines in the F, family must have been homozygous
for all three genes and have had the genotype AA BB
CC while the SS plants in the seg-
regating lines must have been ho-
mozygous for only the B and C
genes and have had the genotype

1t P aa BB CC.

N B The combined segregations for
both years observed in the I, family
derived from the F; progeny num-

— ber 86 are also given in Table 10.
The four lines that were fully classi-
fied in both years all segregated
and overall fitted the ratio 17 : 15S.
This segregation would be expect-
ed from Fg plants having the thresh-
old F, genotype number 13 (see

NS Fig. 2) AAbb CC.

5.070 * The segregations observed in

0.581 NS a third F, family, that derived

0.023 NS from the F; progeny number 17,

g'gg? gz are given in Table 12. One T,

line did not segregate in either
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Table 12. Segregations of F, lines devived from Fy progeny 17
;{’Aéar Seg. and Progeny Fer- Semi-- Ste- Some No - 22 P ¥2 P
not seg. ' number tile  sterile rile  restoration restoration 3:1 9:7
1970 Notseg. 3 20 0 0 20 0
1 13 0 14 13 14
6 12 3 9 15 9
10 8 0 11 8 11
Total 36 34 20.743  *¥*  0.661 NS
Segreg. 2 15 6 4 21 4
4 1 6 . 7 17 7
5 9 4 7 13 7
7 11 3 9 14 9
8 11 0 4 11 4
9 14 0 4 14 4
Total 90 35 0.600 NS 12.600 ***
1971 Notseg. 3 39 0 o 39 0
1 19 0 15 19 15
6 18 0 18 18 18
10 17 2 5 19 5
Total 56 38 11.929 *ak 0.422 NS
Segreg. 2 : 26 0 15 26 15
4 27 2 9 29 9
5 24 0 8 24 8
7 31 0 10 31 10
8 25 0 6 25 6
9 22 0 10 22 10
Total 157 58 0.448 NS 24.578  ***
1970 Notseg. 3 59 0 o] 59 0
& JE.
1972 1 32 29 16.531 Ak k 0.356 NS
6 33 27 12.800 *** 0038 NS
10 27 16 3.419 NS 0.747 NS
Total 92 72 31.252 ol 0.002 NS
Heterogeneity 1.140 NS
Segreg. 2 47 19 0.515 NS 6.004 *
4 46 16 0.021 NS 8.112 **
5 37 15 0.411 NS 4.693 NS
7 45 19 0.751 NS 5.143 NS
8 36 10 0.261 NS 9.056 **
9 36 14 0.240 NS 5.040 NS
Total 247 93 1.004 NS 37146  **+
Heterogeneity - o 1.120 NS
Overall total
of seg.
progenies 339 165 16.095  *¥¥¥ 24834  ***
Heterogeneity 16.057 *

year. The combined segregations of the other lines
for both years for plants with some restoration to
plants with no segregation were tested against the
ratios 3F : 1S and 9F : 7S. The figures given in
Table 12 for y2 show that overall the total segregation
did not fit either ratio and that the F, lines were
heterogeneous. However, if, as before, each line was
considered to fit the ratio for which it had the smal-
lest non-significant figure for y then three lines fit-
ted the 3F : 1S ratio while the other six lines fitted
the 9T : 7S ratio. This pattern of segregation is
consistent with that observed for progeny 17 in I,
{Table 8) and indicates that the F, plant from which
the Iy progeny was derived had the genotype num-
ber 12 (see Fig. 2) Aa Bb cc. Thus the nonsegrega-

ting I, line must have been homozygous for only the
4 and B genes and have had the genotype AA BB cc.

The observed segregation into I, 8§ and S plants
given by these F, lines are also given in Table 12,
and show some differences between the two years.
In 1970—71 seven of the lines did not segregate any
SS plants while the other two gave only two SS
plants each. In 1969-—70, however, five of the lines
gave some SS plants. If the conclusion that this F,
family was derived from an F, plant having the
genotype Aa Bb cc is correct, then according to the
hypothesis, these SS plants would not be expected.
However, in the 1970—71 F; progenies some SS
plants were found in progenies that only fitted the
9 some restoration: 7 non-restoration ratio (Table 6).
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These T4 lines would also have been derived from F,
plants having the genotype Aa Bb cc. The F; segre-
gation of this genotype produces F plants with geno-
typic values that are very close to the threshold
value. The presence of the unexpected SS plants
may thus be due to the fact that accurate classifica-
tion was difficult close to the threshold genotypic
levels.

The sowing in 1969 —70 was badly thinned out by
attacks from wheat bulb fly and the plants classified
were effectively much wider spaced than those in
1970—71. If this wide spacing had some effect on
the ease of classification this might explain the differ-
ences between the two years.

Alternatively the presence of these unexpected SS
plants may have been due, not to misclassification,
but to the presence of background modifying genes
whose effects were only noticeable in material that
was segregating at or about the threshold between
semi-sterile and fully fertile expressions and whose
effects weremore noticeablein widelyspaced sowings.

Discussion

The fact that, within the SS class of plants, a range
of fertility levels was observed, in which the degree
of sterility always increased from the apex of the
ear downwards, suggests that restoration is brought
about by some substance which is translocated up
the stem to the ears. Different genotypes might well
produce different quantities of this substance which,
in turn, might not produce restoration in any given
floret unless present in a critical concentration. This
critical concentration might not be so easily achieved
at the top of the ear as at the base.

A hormonal explanation of restoration such as
this would easily allow for both the threshold geno-
typic levels postulated in the hypothetical model of
restoration inheritance and the different contribu-
tions postulated for the different genes.

The glasshouse environment is obviously not fa-
vourable to restoration since in 1968 no fertile plants
were found in the glasshouse grown F, population of
WMS 53. But since the segregation of plants with
some restoration to plants with no restoration of this
F, population fitted the expected 3:1 ratio, and since
the complete range of expected F; segregation was
found in 1968—69 in the F; progenies derived from
the most fertile of these F, plants, the glasshouse
environment must have affected the function of some
substance produced by the genes segregating rather
than affecting the expression of the genes themselves.

Genotypes that were producing only just sufficient
restorer substance for restoration of the complete
ear might well be more susceptible to variation in the
environment or in the genetic background of the
material and consequently their observed phenotypes
might well be more variable than the rest. This might
well be the reason for the different segregations ob-
served, in 1969 — 70 and 1970 —71, in the F, lines deriv-
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ed from F,; progeny 17 and for the presence of SS plants
in two of the 1970 —71 F; lines which distinctly fitted
the O some restoration: 7 no restoration ratio.

Allthe data presented can be fitted to the suggested
hypothetical model of restoration inheritance of
three major genes of differing effect that act cumula-
tively. They thus confirm Wilson’s view of the mode
of inheritance of restoration of T. timopheevi cyto-
plasm (Wilson, 1968a).

These data also provide evidence to confirm other
suggestions made by Wilson in another review (Wil-
son 1968b). Wilson reported that some male-sterile
lines were easier to restore than others and suggested
that this was because the male-sterile lines carried
a gene or genes for restoration which were inadequate
on their own but which could make a contribution to
restoration in any F; hybrid produced by crossing
the male-sterile line to a restorer-line.

This situation would be possible with th= g:nes
segregating in the WMS 5% material since the sug-
gested model of inheritance indicates that genotypes
homozygous for each gene separately, i.e. AA bb cc,
aa BB cc and aa bb CC all produce male-sterile pheno-
types (see Fig. 2).

Wilson also presented a hypothetical explanation
for genetic-environmental fertility interactions. Ac-
cording to this normal fertility would require more
restorer genes in some environments than in others.
For example, normal fertility would require three
genes in some environments but might require four
in environments less suited to the expression of resto-
ration. The environment of winter sowings in the
field at Cambridge must, on this criterion, be favour-
able to restoration since in the WMS 53 material the
heterozygous three gene genotype Aa Bb Cc was
always found to be fully fertile.

Wilson also suggested that F, hybrid varieties
would be better adapted to a range of possible en-
vironments if they carried a surplus of restorer genes
over that necessary for normal fertility in an average
environment. This would be reasonable if different
field environments suppressed to some extent the
functioning of some restorer gene product in the same
way as the glasshouse environment at Cambridge
appears to do. It would be possible, by using the
WMS 53 material to produce F; hybrid varieties ha-
ving a surplus of restorer genes since by crossing the
triple homozygote AA BB CC to, for example, the
male-sterile, single gene homozygote aa BB cc an I,
generation of the constitution Aa BB Cc would be
produced which would, according to the model have
a higher genotypic value than the 3 gene I, hybrid
Aa Bb Ce.

In fact the difference between these genotypic
values would probably be only small in genotype-
environment interaction terms. More effective sur-
pluses of restoring ability could presumably be pro-
duced if a fourth completely different gene could be
introduced into the system.
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There is some indication from the data presented
here that such a fourth gene is already known. The
fact that the 25 F, plants of WMS 53 grown in the
glasshouse in 1967 showed an unexpectedly high level
of restoration first indicated that Maris Beacon might
be contributing a gene or genes different from those
derived from the (T timopheevi X Marquis®) x Bison
restorer material. Livers (1964) reported that the
segregation of an F, population, derived by crossing
male sterile (fimopheevi-) Bison with a restorer plant
of (T. timopheevi X Marquis?), fitted a ratio of 9 fer-
tile: 6 partially fertile: 1 sterile. Although this same
Marquis derived restorer material was involved in the
crossing programme from which WMS 53 was pro-
duced this segregation was never found. It is thus
probable that the Marquis material carries a gene or
genes for restoration different from the genes segre-
gating in WMS 53.

This can now be tested easily since from the three
I, families reported here it has been shown that homo-
zygous lines carrying different combinations of the
three genes 4, B and C can be extracted. These all
carry the T. timopheevi cytoplasm and consequently
can be used as female parents in test crosses with the
Marquis restorer material or, indeed, with any ma-
terial suspected of carrying genes for restoration of
sterility induced by T. #imopheevi cytoplasm. The
segregations observed in the F, generations of such
test crosses would determine whether new material
carried any genes different from 4, B or C.

Now that the inheritance of three genes for restora-
tion has been observed at Cambridge in a favourable
environment which seems to be consistent from year
to year it will be possible to use homozygous lines of
known genotype as a tester set of lines for the evalua-

Received January 21, 1972

Communicated by R. Riley

Inheritance of Fertility Restoration in Male-sterile Wheat

243

tion of other environments and of potentially new
restorer genes.

Acknowledgements

The aunthor is indebted to Mr J. J. Bodden, Miss H. E.
Butler and Miss S. Brand for their able technical assistance
with this work.

References

1. Apltauerova, M.: Item from Czechoslovakia. Wheat
Newsletter 14, 29— 31 (1968). — 2. Bahl, P. N., Maan, S.
S., Lucken, K. A.: Monosomic analysis of male fertility
restoration in R2 Sonora 64 and Primepi. Agron. Abstr.,
p.- 4 (1970). — 3. Kihara, H.: Substitution of nucleus
and its effects on genome manifestations. Cytologia,
Tokyo, 16, 173—193 (1951). — 4. Kihara, H.: Cyto-
plasmic Relationships in the Triticinae: A review. Third
International Wheat Genetics Symposium, 125—134
(1968). — 5. Livers, R. W.: Fertility restoration and its
inheritance in male-sterile wheat. Science N.Y. 144,
420 (1964). — 6. Maan, S. S., Lucken, K. A.: Fertility
of the first generation hybrids from crosses of cyto-
plasmic male-sterile Bison and Chinese Spring aneuploids.
Canad. J. Genet. Cyt. 9, 147—153 (1967). — 7. Ro-
bertson, L. D., Cuartis, B. C.: Monosomic analysis of
fertility restoration in Common Wheat. Crop Sci. 7,
493—495 (1967). — 8. Tahir, Ch. M., Tsunewaki, K.:
Monosomic analysis of a fertility restoring gene in Triti-
cum spelta var. duhamelianum. Wheat Inform. Serv. 28,
5—7 (1969). — 9. Talaat, E. H.: Chromosomal location
of genes controlling pollen fertility restoration in three
restorer lines of wheat. Ph. D. Thesis, North Dakota
State University (1969). — 10. Tsunewaki, K.: A pro-
posal for the designation of nucleus-substitution lines and
fertility-restoring genes in wheat. Wheat Inform. Serv,
30, 2—4 (1970). — 11. Wilson, J. A.: Hybrid Wheat
developments with Triticum timopheevi Zhuk. derivati-
ves. Third International Wheat Genetics Symposium,
423—430 (1968a). — 12. Wilson, J. A.: Problems in hy-
brid breeding. Euphytica suppl. 1, 13—33 (1958b). —
13. Zeven, A. C.: Transfzr and inactivation of male ste-
rility and souarcss of restorer genes in whzat. Euphytica
16, 183 —189 (1967). — 14. Zeven, A. C.: [tems from the
Netherlands. Wheat Newsletter 17, 56 —58 (1970).

G. C. M. Sage

Plant Breeding Institute, Cambridge
Maris Lane, Trumpington
Cambridge CB2 2LQ (England)



