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Summary. Zonal pelargoniums exhibit biparental plastid
inheritance. After G x W plastid crosses the progeny are
a mixture of green, variegated and white embryos corre-
sponding to a maternal, biparental or paternal inheri-
tance of plastids, respectively. There are two patterns of
segregation: type-I females have families in which the
majority of embryos are green, variegated are of interme-
diate frequency and white are the least frequent. Type-II
females have families in which green and white embryos
are present at about the same frequency and variegated
are the least common. The results of many selfs and
crosses made within and between 8 type-1 and 8 type-II
plants led us to conclude that the type of female was
determined by its genotype with respect to a pair of
complementary genes. Plants giving rise to the type-II
pattern contained one or two copies of the dominant
alleles of both genes, whereas in the absence of either one
or both dominant alleles the plants were type I. The genes
were called Pri/pr! and Pr2/pr2, an adaptation of sym-
bolism used previously. All 8 type IIs were double het-
erozygotes Pripri, Pr2pr2, whereas we found 3 geno-
types among the type Is, PriPri, pr2pr2; priprl, Pr2Pr2
and pripri, Pr2pr2. In unrelated experiments we found
type IIs of which some were again double heterozygotes
and others single heterozygotes Priprl, Pr2Pr2 or
PriPri, PrZpr2. The model displaces an earlier model
based on the proposed operation of a gametophytic le-
thal or incompatibility system.
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Introduction

Evidence for the biparental inheritance of plastids has
been found for many species (Kirk and Tilney-Bassett
1978; Hagemann 1979; Sears 1980; Corriveau and Cole-
man 1988; Smith 1988). In some experiments the results
were derived from genetical studies, as in Medicago sativa
(Smith et al. 1986), Oenothera species (Chiu et al. 1988)
and Petunia hybrida (Cornu and Dulieu 1988); in other
experiments the results of crosses were derived from the
analysis of chloroplast DNA (cpDNA) by restriction
fragment length patterns, as in Daucus species (Boblenz
etal. 1990), Medicago sativa (Lee et al. 1986; Masoud
et al. 1990; Schumann and Hancock 1989), Petunia hybri-
da (Derepas 1991) and the gymnosperm Pinus monticola
(White 1990). In many other plants the possibility of
biparental plastid inheritance has been revealed by the
identification of plastids by electronmicroscopy and by
the staining of plastid DNA within the generative and
sperm cells of the pollen (Corriveau and Coleman 1988;
Hagemann and Schréder 1989). Frequently such studies
have revealed why in some species plastids are not trans-
mitted by the paternal parent as in barley (Mogensen
1988) and wheat (Miyamura et al. 1987).

In Petunia hybrida the combination of genetic chloro-
plast DNA analysis has provided convincing evidence for
the regular transmission of about 2% of the plastids from
the male parent in the inbred line Tbh1-3, whereas previ-
ously this plant had been seen as an example of purely
maternal plastid inheritance (Cornu and Dulieu 1988).
The character, called Zp (Tp symbol for plastid transfer
through the pollen), appeared to be under nuclear con-
trol; however, it was expressed only if the male contribu-
tion was furnished by the Tb1-3 genotype (Dulieu et al.
1990). Analysis of one backcross generation supported
the hypothesis that two major loci, Tpf and Tp2, deter-
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mine the differences between Tb1-3 and the non-trans-
mitter Skr4. Moreover, the testing of chimeral individu-
als as male parents suggested that genes favouring pater-
nal transfer act at the male gametophytic level (Derepas
and Dulieu 1992).

Variability with respect to the presence of plastid
DNA in pollen was found in Pisum sativum (Corriveau
et al. 1989). Alfalfa (Medicago sativa), which has a bi-
parental inheritance pattern with a strong paternal pre-
dominance, also shows variations in plastid transmission
behaviour that is influenced by both maternal and pater-
nal genotypes with relatively insignificant environmental
effects (Smith 1989). Smith’s group compared three
genotypes, one that is a strong transmitter of male plas-
tids (genotype 301), one that is a weaker transmitter of
male plastids (7W) and a third that is an even weaker
transmitter (MS-5). Their results show that genotype
MS-5 has significantly fewer plastids per generative cell
than either of the other genotypes (Zhu et al. 1990) and
significantly fewer plastid nucleoids per generative cell
(Shi et al. 1991), which may account for it being a rela-
tively poor transmitter of male plastids. However, num-
ber of plastids and plastid nucleoid frequency do not
explain the known differences in male plastid transmis-
sion of the genotypes 301 and 7W (Zhu et al. 1991). In all
of studies on Oenothera, in which many species have been
crossed with one another, differences between the plas-
tids themselves was a more important modifier of bi-
parental plastid inheritance than differences in the nucle-
ar genotypes (Chiu et al. 1988).

Pelargonium is another genus for which there is evi-
dence of nuclear genes controlling the pattern of plastid
inheritance, but in this case it is the maternal genotype
that seems more variable. Crosses between cultivars in
which the plastids carry either the normal wild-type allele
~ green phenotype (G) — or a mutant allele — white phe-
notype (W) — in their germ cells, produce progeny with a
mixture of maternal zygotes (MZ), biparental zygotes
(BPZ) and paternal zygotes (PZ) as defined by the pres-
ence or absence of green or white plastids in the young
embryos into which the zygotes develop. The segregation
of this mixture is scored after G x W crosses in which the
maternal zygotes are green and the paternal zygotes
white, or vice versa after W x G crosses, and the bi-
parental zygotes are variegated. After G x W crosses
there are two distinctive segregation patterns depending
on the genotype of the female parent. The type-1 female
confers a segregation pattern among the progeny in
which the occurrence of maternal zygotes are frequent;
biparental, intermediate; and paternal zygotes, rare
(MZ >BPZ>PZ). This contrasts strongly with the type-
II female, which confers the segregation pattern of fre-
quent maternal and paternal zygotes, with biparental
zygotes being the least frequent class (MZ>BPZ <PZ).
The type-I patiern was first recognized in the progeny of

cv ‘Dolly Varden’, which bred true and was therefore
assumed to be homozygous, and the type-II pattern was
found in the progeny of cv ‘Flower of Spring’, which did
not breed true and was therefore assumed to be het-
erozygous. The two patterns were considered to be under
the control of a major nuclear gene, which carried the
symbol Pr, with alternative alleles Pr{ and Pr2, on the
assumption that the gene controlled plastid segregation
through an effect, direct or indirect, on plastid replica-
tion (Tilney-Bassett 1973). Further analysis of this be-
haviour may be separated into studies of the wide vari-
ability in gene expression (Tilney-Bassett 1976, 1984;
Tilney-Bassett and Almouslem 1989; Tilney-Bassett and
Birky 1981) and of attempts to understand the genetic
behaviour of the gene itself (Kirk and Tilney-Bassett
1978; Tilney-Bassett 1974, 1975).

The initial limited study of the progeny of selfs and
hybrids within and between the type-I and type-1I culti-
vars produced rather unexpected results. When the het-
erozygotes were selfed, instead of segregating into type-II
and type-I progeny in a Mendelian 3:1 ratio (assuming
type II dominant to type I) they segregated in a 1:1 ratio.
The alternative homozygote, Pr2Pr2, was not detected in
the sample of progeny tested. Furthermore, when het-
erozygote and homozygote were crossed, the expected
1:1 ratio, when the Pr2 allele was derived from the male,
was observed, whereas there was often, but not always,
a significant deviation from 1:1 when the Pr2 allele was
derived from the female. This led to the simple, but not
wholly satisfactory, explanation (Tilney-Bassett and Ab-
del-Wahab 1982) that the Pr2 allele was a gametophytic
lethal on the female side. Alternatively, or additionally,
it was suggested that an incompatibility mechanism was
involved in which Pri was a self-compatible allele, Pr2 a
self-incompatible allele and Pr7-Pr2 cross-compatible al-
leles. Successful fertilization was then determined by
sporophytic control on the male side and gametophytic
control on the female side. Since that time new and addi-
tional crosses have led to the proposal of complementary
gene model for biparental plastid inheritance (Tilney-
Bassett et al. 1989).

In the new model we proposed that there are two
independently assorting nuclear genes, each with a pair
of alternative alleles. These are called Pr{/pr{ and Pr2/
pr2. We proposed further that the genes interact in a
complementary manner; in other words the two reces-
sives behave as if isoepistatic and are epistatic to the
dominant genes: (pri=pr2)> Pr2,Pri. Hence, a green
maternal parent containing one or two copies of both
dominant alleles produces the type-II plastid segregation
pattern after being pollinated by a variegated male carry-
ing a mutant white plastid in its germ line, whereas a
maternal parent lacking the two dominant alleles of one
or other or both genes produces the type-1 plastid
segregation pattern. Among type-II plants we ex-



pect four genotypes, PriPri,Pr2Pr2; Pripri Pr2Pr2,
PriPri,Pr2pr2; Priprl,Pr2pr2, and among type-1 plants
we expect five genotypes, pripr!, Pr2Pr2; PriPri pr2pr2;
br] pr1,Pr2pr2; Priprlpr2pr2; pripripripr2. After a
9 x 9 matrix of reciprocal crosses of type-1I and type-I
genotypes there are 81 combinations, but if we combine
reciprocals the possibilities are reduced to 45, of which 9
are selfs and 36 crosses. Depending upon the precise
genotype, selfs or crosses are expected to produce the
following progenies.
Both parents type II:
progeny all type II, or
progeny segregate in a ratio of 9 type II: 7 type I, or
progeny segregate in a ratio of 3 type II: 1 type L
Both parents type I:
progeny all type II, or
progeny all type 1, or
progeny segregate in a ratio of 1 type II: 1 type I, or
progeny segregate in a ratio of 1 type II: 3 type I.
One parent type II and one parent type I:
progeny all type I, or
progeny segregate in a ratio of 3 type II: 1 type I, or
progeny segregate in a ratio of 1 type II: 1 type I, or
progeny segregate in a ratio of 3 type II: 5 type I, or
progeny segregate in a ratio of 1 type II: 3 type I.
Although we do not possess all nine genotypes, we
shall show that our stocks include at least two type IIs
and three type Is and that selfs within or crosses between
them have given rise to enough of the expected segrega-
tion ratios to make a convincing case in support of the
model.

Materials and methods

The parents used in this investigation included commercial cul-
tivars and our own hybrids. Many of these have been described
in previous publications or theses. Cultivars that exist as both
green forms (G) and as white-over green chimeras (W) are ‘Dol-
ly Varden’ (DV), ‘Flower of Spring’ (FS), ‘Foster’s Seedling’
(FOS), ‘Hills of Snow’ (HS), ‘Lass O’Gowrie’ (LG), ‘Miss Bur-
dett-Coutts’ (MBC) and ‘Mrs J. C. Mappin’ (JCM). The cv
“Verona’ (VER) has golden leaves. Two cultivars, believed to be
‘Alde’ (DOR) and ‘Fleurette’ (DR), were originally unknown to
us at the time and so named ‘Darlington Orange Red’ and
‘Darlington Red’ (Almouslem 1988) after Professor C.D. Dar-
lington from whom they were a gift; we have subsequently re-
tained the original abbreviations. The cv ‘Eggshell’ has the un-
usual feature of variegated petals — red flecks and sectors on a
light salmon background; ‘Pac Grosser Garten’ (PGG) has
rather dark green leaves, purple-red flowers, and is male sterile;
‘Preston Park’ has salmon flowers, and each leaf has a dark zone
on the edge; ‘Snowstorm’ has pure white flowers and zoneless
leaves. One of our hybrid parents MSTH (MBC:W x FS:G) has
dark pink flowers and is male sterile, but the others are both
male and female fertile. Two of these are CC2 (MBC:
G x JCM:G) and CC4 (JCM:G x DV:W), both with white pico-
tee flowers (a white flower with a coloured edge). Other white-
flowered parents are H4, HS5, H24 and H27, all (W2 x DR hy-
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brids, or H6, a (DR x W2) hybrid, and W1 (JCM:G x JCM:G),
W2 (JCM:G x FS:G) and W3 (JCM:G x LG:W). Finally, we
used some plants which were the F, and F; generation of several
crosses: (FS:W x MBC:G), (DV:W xFS:G), (DV:G x FS:W)
and (LG:G x FS:W).

Each green parental cultivar or hybrid was classified as type
T or type I1 by crossing it with the variegated form of ‘Flower of
Spring’ as a source of mutant plastids (G x W) and then observ-
ing the progeny — usually a sample of embryos ~ to determine the
frequencies of green, variegated and white embryos. The parent
was then classified according to the pattern of embryos: Type I
G>V>W, Type Il G>V <W (see Introduction). In some type-I
families there were green and variegated embryos but no white
ones, and in others there were neither variegated nor white
embryos. In type-IT families, green and white embryos both
occurred more frequently than variegated embryos. For over
95% of the families the classification worked well; for the re-
mainder additional ways of separating type-I and type-1I plants
were required. Hence, when for a type-II classification the fre-
quency of green embryos was very high, it was decided that at
least 6% of the embryos should be variegated plus white and
that there should be at least three more white than variegated
embryos in order to qualify as type II; when variegated embryos
were totally absent at least 6% of the embryos should be white.
And, when the frequency of variegated embryos was high, there
should be at least three more white embryos than variegated
ones. At least 20 embryos were scored for each family (Tilney-
Bassett and Almouslem 1989), and usually many more.

In order to determine whether the parents are homozygous
or heterozygous type-I or type-1I plants, and in order to find out
the results of crosses between them, we germinated and grew to
maturity a sample of their progeny and tested each of these
progeny by crossing them as green females with variegated
‘Flower of Spring’ as the male parent. The segregation patterns
of the embryos were scored just as the original parents were.

To determine whether all progeny are alike or whether seg-
regation occurs does not require large numbers of progeny, but
to distinguish with confidence between one segregation ratio
and another often does (Mather 1951) and, regretably, our prog-
eny sizes were usually too small. In order to overcome this
problem we have put more emphasis on the interpretation of the
patterns of results from selfs and from several crosses. By cross-
ing one cultivar or hybrid with several others, we can usually
recognize the genotypes involved by the patterns of segregation.
According to the complementary gene model under test, the set
of Mendelian ratios expected by crossing within type-I plants
are not the same as by crossing within type-II plants, and yet
another set of ratios is found after crosses between the two types
(see Introduction). The occurrence of some patterns is so unique
that it immediately defines the parental genotypes; in other cases
the possible genotypes are reduced to alternatives, which further
crosses may readily separate providing the right genotypes are
present. As the range of genotypes was not known at the start,
we were more likely to include several different and, therefore,
several usefil ones by including many cultivars in our pro-
gramme. In making the chi-square tests of the goodness-of-fit
between observed data and expected ratios, we have not tested
progenies of less than ten individuals, and we have not applied
the Yates correction to allow for the small size of many segregat-
ing families.

Results

Altogether, including data from a few publications
(Tilney-Bassett 1973, 1974, 1988; Tilney-Bassett and Ab-
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del-Wahab 1982), we have examined data from just over
150 selfs and crosses in which over 2700 plants were
scored as type I or type I1. A few isolated crosses in which
the investigation of a parent was too limited to be of
value were then excluded. Many of the remaining crosses
were reciprocals or differed as to whether green or varie-
gated forms of the parents were used. As there was no
evidence of consistent significant differences, we were
able to sum the data, reducing the total to 92 selfs and
crosses. These were divided into two groups. The larger
group of 2098 tested plants, which we shall describe first,
is a matrix of 68 selfs and crosses, out of a theoretical
maximum of 136, involving 16 parents. The smaller
group of 58 tested plants consists of some informative
data separate from the main matrix.

Of the 16 parents involved in the matrix of crosses 8
were type IIs and 8 type Is. Selfs and crosses were made
within type IIs and type Is, and crosses were made be-
tween type IIs and type Is.

From among the 8 type-II parents there were none
that bred true. All segregated after selfing, or after cross-
es between them, into a mixture of type-II and type-I
progeny. According to the complementary gene model,
the parents are expected to have the genotype
Pripri,Pr2pr2 if double heterozygotes, and Pr2pri,
Pr2Pr2 or PriPri,Pr2pr2 if single heterozygotes. The
progeny of double heterozygotes should segregate in the
modified dihybrid ratio of 9 type II: 7 type I, and the
progeny of single heterozygotes should segregate in the
monohybrid ratio of 3 type II: 1 type I. Out of a possible
36 selfs and crosses within the matrix of 8 type-II parents,
we tested 21. As we did not obtain much data from “Hills
of Snow’ and as this cultivar appeared to be identical to
‘Foster’s Seedling’, we added their data together under
‘Foster’s Seedling’, so reducing the total to 18 tested
(Table 1). Four of these have progeny sizes too small
(< 10) for the ratio to be worth testing, although the data
were included in the total segregation. Of the remaining
14 progenies, the chi-square test of goodness-of-fit
showed that 5 of these agreed with a 3:1 ratio and 8
agreed with a 9:7 ratio at the 5% probability level. This
stayed at 5 agreeing with a 3:1 ratio at the 1% probability
level, but improved to 12 agreeing with the 9:7 ratio. The
progeny size was large enough (>67) to distinguish be-
tween the 3:1 ratio and the 9:7 ratio with 95% certainty
in only 5 crosses (Mather 1951). In none of these 5 there
was a fit with the 3:1 ratio even at the 0.1% probability
level, whereas 1 cross fitted the 9:7 ratio at the 10% level,
2 at the 5% level, 1 at the 1% level and 1 at the 0.1% level
(Table 1). Hence, although deviations from the expecta-
tions were sometimes rather high, the overall segregation
pattern clearly fitted the 9:7 ratio better than the 3:1.
Moreover, when all crosses were considered, the only
cultivar that gave rise to a segregation in favour of 3:1
more often than 9:7 was ‘Foster’s Seedling’; however,

Table 1. Segregation into type-II and type-1 progeny after self-
ing or intercrossing type IIs, all of which are interpreted as
having the genotype Pripri, Pr2pr2

Selfs and Type Il Typel Total 2 P
crosses

Pripri, Pr2pr2 x Pripri, Pr2pr2 ©:7

FOS xFOS 23 9 32 3175 >0.05
FOS x FS 11 0 11 8.555* >0.001
FOS xJCM 7 9 16 1.016  >0.30
FOS x MS1H 5 3 8

FOS x PGG 25 8 33 5103 >0.02
FOSx VER 35 47 82 6.133  >0.01
FSxFS 19 19 38 0.603  >0.30
FS xJCM 34 47 81 6.707* >0.001
FS x MS1H 40 47 87 3.731 >0.05
FS x PGG 4 3 7

FS x VER 34 39 73 2776 >0.05
JCM x JCM 16 22 38 3.089  >0.05
JCM x MS1H 27 23 50 0.103  >0.70
JCM x PGG 3 5 8

JCM x VER 52 52 104 1.651 >0.10
VER x VER 21 33 54 6.614  >0.01
VER x MS1H 34 12 46 5.832 >0.01
VER x PGG 6 2 8

Total 396 380 776 8.589  >0.001

Total — * data 35t 333 684 0.271 >0.50

overall the ‘Foster’s Seedling’ data fitted the 9:7 ratio
well (*=0.294) and the 3:1 ratio not at all (3> =27,260).
When the data from all crosses were pooled the overall fit
with the 9:7 ratio showed an excess of type Is, but when
the data from the crosses with the two highest deviations
were removed the overall fit of the remaining 16 was
excellent. We conclude that parents CC2, FOS, FS, HS,
JCM, MS1H, PGG and VER are all type-II double het-
erozygotes Priprl,Pr2pr2.

All 8 type-1 parents bred true, but on further analysis
proved not to be all alike. The key to their underlying
differences came when the hybrids W1 and W2 were
crossed with CC4, ‘Fleurette’ (DR) and ‘Dolly Varden’
(DV); all of the progeny turned out to be type II (Table 2).
This was a clear indication of complementation. Each
group of type-I plant was evidently homozygous for the
dominant allele of one or other of the two complemen-
tary genes. When the two dominant genes were brought
together they complemented each other and so gave rise
to the type-I1 plants. This is predicted by the complemen-
tary gene model and, assuming the interpretation is cor-
rect, immediately defines one group of type-I plants, say
W1 and W2, as having the genotype PriPr! pr2pr2 and
the other group, say CC4, DR and DV, as having the
complementary genotype pripr{,Pr2Pr2. Further sup-
port for this interpretation occurred with the cross be-
tween W1 and W2 with ‘Alde’ (DOR), as the progeny
segregated in good agreement with a 1:1 ratio (Table 2),
thereby defining DOR as having the genotype



Table 2. Segregation into type-1I and type-I progeny after self-
ing or intercrossing type Is. The results are classified in accor-
dance with the interpretation that there are three different geno-
type PriPri,pr2pr2 or priprl, Pr2Pr2 or pripri, Pr2pr2

Selfs and Type Il Typel Total 2 P
crosses
PriPri,pr2pr2 x PriPrl, propr2 (AL T)
W1x Wi 0 17 17
W2 x W2 0 35 35
W1ixW2 0 49 49
Total 0 101 101
pripri, Pr2Pr2 x pripri, Pr2Pr2 (Al T)
DR xDR 0 18 18
DV xDV 0 17 17
DR x DV 0 8 8 -
DVxLG 0 9 9 -
Total 0 52 52
priprl, Pr2pr2 x pripri, Pr2pr2 (Al D)
DOR x DOR 0 20 20
PriPri,pr2pr2 x pripri, Pr2Pr2 (ALl IT)
W1 xCC4 60 0 60
W1xDV 47 1) 48
W2 x DR 52 0 52
W2xDV 29 0 29
Total 188 @ 189
PriPrl,pr2pr2 x pripri, Pr2pr2 a1
W1 xDOR 29 28 57 0.017 >0.80
W2 x DOR 7 9 16 0.250  >0.50
Total 36 37 73 0.014  >0.90
priprl, Pr2Pr2 x priprl, Propr2 (AlL D)
DR x DOR 0 23 23
DR x MBC 0 1 1
DV x DOR 0 11 11
DV x MBC 0 1 1
LG xMBC 0 9 9
. Total 0 45 45

pripr1, Pr2pr2. Finally, crosses between type Is with the
genotypes priprl,Pr2Pr2 and pripri,Pr2pr2 gave wholly
type I progeny, as expected.

Crosses between representative type IIs of genotype
Pripri Pr2pr2 and the type Is W1 and W2 of genotype
Pri1Pri,pr2pr2 segregated in a 1:1 ratio (Table 3). Simi-
larly, crosses between representative type Ils and type Is
‘Fleurette’ (DR) and ‘Dolly Varden (DV) of genotype
pripri, Pr2Pr2 segregated in a 1:1 ratio. At this stage the
behaviour of ‘Lass O’Gowrie’ in crosses suggested that it
also had the genotype pripri,Pr2Pr2. Out of 15 crosses
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Table 3. Segregation into type-II and type-I progeny after cross-
es between type Is ant type IIs. The results are classified in
accordance with the interpretation that there is one type-II
genotype Pripr!, Pr2pr2 and that there are three different type I
genotypes PriPri, pr2pr2; priprl, Pr2Pr2 or pripri, Pr2pr2

Selfs and TypeIl Typel Total 2 P
crosses

PriPri,pr2pr2 x Pripri, Pr2pr2 1:1)

W1 xJCM 6 0 6

W1 xPGG 15 10 25 1.000 >0.30
W2 xCC2 17 13 30 0.533 >0.30
W2 x PGG 18 12 30 1.200  >0.20
Total " 56 35 91 4846  >0.02
pripri, Pr2Pr2 x Pripri, Pr2pr2 11

DR x FOS 2 8 10 3.600 >0.05
DR x FS 12 15 27 0.333 >0.50
DR xJCM 31 35 66 0242  >0.50
DR x PGG 6 7 13 0.077  >0.70
DR x VER 1 1 2

DV xFOS 12 13 25 0.040 >0.80
DV x FS 20 56 76  17.043* <0.001
DV xJCM 21 28 49 1.000  >0.30
DV xPGG 13 15 28 0.143  >0.70
DV xVER 40 46 86 0419  >0.50
priprl, Pr2Pr2x Pripri, Pr2pr2 1:1

LG xFOS 2 3 5

LG xFS 50 38 88 1.636 >0.20
LG xJCM 0 1 1

LG xPGG 4 10 14 2.571 >0.10
LG x VER 5 5 10 0.000 1.00
Total 219 281 500 7.688  >0.001
Total — * data 199 225 424 1.594 >0.20
priprl, Pr2pr2 x Priprl, Pr2pr2 3:5

DOR x FOS 5 6 11 0.297  >0.50
DOR x FS 5 8 13 0.005 >0.90
DOR x PGG 2 10 12 2222 >0.10
DOR x VER 5 10 15 0.111 >0.20
MBC x FOS 4 7 11 0.533 >0.30
MBC x FS 22 44 66 0489  >0.30
MBC x JCM 37 31 68 8.298* >0.001
MBC x VER 23 32 55 0438  >0.50
Total 103 148 251 1339 >0.20
Total — * data 66 117 183 0.161 >0.50

3 had progeny sizes too small to test their segregation
ratios. Of the 12 remaining, only 1 did not fit the 1:1
segregation ratio tested. This exceptional cross was the
sum of two reciprocal crosses. When ‘Flower of Spring’
was the female parent we obtained 1 type-II and 27 type-1
progeny, yet when ‘Dolly Varden’ was the female parent
we obtained 19 type-II and 29 type-I progeny (Tilney-
Bassett 1973; Tilney-Bassett and Abdel-Wahab 1982; Al-
mouslem 1988). The expected ratio was 1:1 in both cases.
We cannot account for the difference, but do note that
‘Flower of Spring’ did not behave in such an exceptional
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Table 4. Segregation into type-II and type-I progeny after: (a)
Selfing dihybrid type ITs; (b) crossing the dihybrid type IIs with
type I pripri, Pr2Pr2; (c) crossing the dihybrid type IIs with
type I PriPri, pr2pr2; (d) selfing dihybrid type IIs of F, and F,
origin; (e) selfing monohybrid type IIs

Selfs and Type Il Typel Total 2 P
crosses
(a) Type IIs Pripri, Pr2pr2 selfed ©9:7
H4 self 14 12 26 0.061 >0.70
HS self 15 12 27 0.005 >0.90
H6 self 4 3 7 0.002 >0.90
H24 self 11 12 23 0.663  >0.30
H27 self 6 14 20 5.600 >0.01
Total 50 53 103 2.486 >0.10
(b) Type 11 Pripri, Pr2pr2
x Type I pripri, Pr2Pr2 1:1)
H4 xDR 12 1 23 0.043 >0.80
H5xDR 12 11 23 0.043 >0.80
H6 x DR 5 0 5 5000 >0.02
H24 x DR 8 12 20 0.800 >0.30
H26 x DR 9 10 19 0.053  >0.80
Total 46 44 90 0.044 >0.80
(¢) Type II Priprt, Pr2pr2
x Type I PriPri, pr2pr2 a:1

H4 x W2 12 10 22 0.182  >0.50
H5x W2 28 9 37 9.757* >0.001
Hé6 x W2 18 6 24 6.000 >0.01
H24 x W2 5 7 12 0.333  >0.50
H27x W2 13 12 25 0.040 >0.80
Total 76 44 120 8.533 >0.001
Total — * data 48 35 83 2.036 >0.10
(d) Type IIs Pripri, Pr2pr2 selfed ©9:7)
(DVW x 13 12 25 0.183  >0.50

GFS/28):F,
(DVW x 5 8 13 1.672  >0.10

GFS/37):F,
(DVW x GFS):F, 20 22 42 1271 >020
(DVW x GFS):F; 29 25 54 0.142 >0.70
(DVG x WES):F, 1 0 i
(FSW x GMBC):F, 20 17 37 0.072  >0.70
(LGG xWFS):F, 18 14 32 0.000 1.00
Total 106 98 204 1.525 >020
(e) Type II PriPri, Pr2pr2 or Pripri, Pr2Pr2 selfed (3:1)
Eggshell self 11 3 14 0.095 >0.30
(SS x PP/7,8) 50 17 67 0.005 >0.90
Total 61 20 81 0.004 >0.90

manner in other crosses. When these exceptional data
were excluded, the pooled data had a good fit with the 1:1
ratio. These results fit the predictions of the model. Fi-
nally, crosses between representative type IIs and the
third type I ‘Alde’ (DOR) of genotype pripr!,Pr2pr2
segregated in a ratio of 3 type II:5 type I, again as
expected. At this stage the behaviour of ‘Miss Burdette-

Coutts’ in crosses suggested that it also had the genotype
priprl, Pr2pr2. Out of 8 crosses 7 segregated with a good
fit to the ratio of 3 type I1:5 type I. When the data from
the 8th and poorly fitting cross was removed the good fit
of the overall data was improved (Table 3). Hence, these
crosses between the two types confirmed the genotypes
deduced from selfs and crosses within each type.

The smaller group of plants analysed outside of the
matrix of selfs and crosses were all type-II plants for
which, in the light of the complementary gene model,
some further analysis is possible.

Upon selfing, the hybrids H4, HS, H6, H24 and H27
segregated in overall agreement with the ratio of 9 type
II: 7 type I, and upon crossing to the complementary type
Is, DR and W2, these hybrids segregated in reasonable
agreement with the ratio of 1 type I1:1 type I (Table 4).,
Out of the 15 selfs and crosses 11 had a good fit with the
ratios tested at the 5% probability level and 14 at the 1%
probability level. So all 5 hybrids would appear to be
double heterozygotes with the genotype Pripri,Pr2pr2.
A second group of plants consisted of the 7 hybrids
DV:W xFS:G (F, and F;), DV:W xFS$:G/28 and 37
(F,), DV:.GxFS:W (F,), FS*WxMBC:G (F,) and
LG:G x FS:W (F,). All segregated in a ratio of 9 type II:
7 type I with not a poor fit at the 5% probability level and
a good fit overall (Table 4). Hence, these too appear to be
double heterozygotes, Pripri,Pr2pr2. Finally, type II
‘BEggshell” and the 2 hybrids between type IIs ‘Preston
Park’ and ‘Snowstorm’ (SSxPP/7 and 8) segregated
upon selfing into good fits with the monohybrid ratio of
3 type 11:1 type I (Table 4), suggesting that their geno-
types were either PriPr1,Pr2pr2 or Pripr!,Pr2Pr2. Fur-
ther tests to separate these alternatives are desirable.

Discussion

The overall pattern of our results is consistent with the
expectations of the complementary gene model. Al-
though all of the type-II plants used within the matrix of
crosses appeared to be identical double heterozygotes, we
were more fortunate in finding 3 type Is. So we had four
genotypes, enabling us to make ten tests — four selfs and
six crosses. For every test the overall results were consis-
tent with the model. In the light of our current findings,
the results which led to our former model of a gameto-
phytic lethal or incompatibility system (Tilney-Bassett
and Abdel-Wahab 1982) seem increasingly anomalous.
We had five results, out of 47 segregating families with 10
or more progeny, in which the segregation frequencies
did not fit the expected ratios at the 0.1% level of signif-
icance. In only one case, in a small family of 11 progeny
(Table 1), were all the progeny of the same kind — type 11.
Similarly, out of 12 true-breeding families with 10 or
more progeny, we had only one case of a single anoma-



lous type I amongst 47 type II (Table 2). Hence, even
when the data had a poor fit with the expected ratios, the
expectation of segregation, or of no segregation, was
met.

A single anomalous plant among otherwise identical
progeny is most likely a contaminant — an accidental self.
The rarity of this event indicates that our emasculation 1
or 2 days before cross pollination was normally very
effective. An occasional mutation of type II to type I is
also conceiveable. The quite large deviations from expec-
tation are more difficult to explain. No doubt we owe
some deviations to chance. In other cases, deviations may
partly arise from misclassification in which one type is
too frequently grouped with the other. An important
reason why this might happen is because we are using the
same criteria for distinguishing type IIs and Is through-
out. This method is logical and practical, but it ignores
the underlying differences in the background genotypes
of the maternal parents. Tilney-Bassett and Almouslem
{1989) regressed the percentage maternal plastid trans-
mission of variable numbers of type-II offspring on nine
selfed cultivars and found a significant heritable compo-
nent. At one side of their distribution type-II embryo
ratios sometimes overlap type Is, and this tendency is
stronger in some genetic backgrounds than others. If in
some crosses the real border between type IIs and Is is
shifted away from the border used in our classification,
then some misclassification is to be expected. Another
possible cause of large deviations from the expected is
selection. We have already referred to the cross between
‘Dolly Varden’ and ‘Flower of Spring’ in which there was
a great deficit of type IIs with ‘Flower of Spring’ as the
female parent but not with ‘Dolly Varden’. Although the
expected outcome of this pair of reciprocal crosses is the
same, the crosses are not identical. When ‘Flower of
Spring’ (Pripri,Pr2pr2) is the female parent the haploid
eggs may be any of four genotypes, Pri,Pr2; Pripr2;
pr1,Pr2; pri,pr2; whereas when ‘Dolly Varden’ is the fe-
male all eggs are of the same genotype, pri,Pr2, with
respect to the two independently assorting genes. The
difference in the outcome of the reciprocal crosses sug-
gests that there could be selection against eggs of geno-
type Pr1,Pr2; Pr!,pr2 in competition with eggs of geno-
type pr1,Pr2; prl,pr2 when ‘Flower of Spring’ is the fe-
male parent, but there can be no comparable selection
when ‘Dolly Varden’ is the female because now the eggs
are all of the same kind. As many eggs are not fertilised,
or do not develop, resulting in an overall fertility of
about 25% (Kubba and Tilney-Bassett 1981 a, b), there
is certainly an opportunity for selection. There remains,
however, the puzzle that this has not happened in every
cross in which ‘Flower of Spring’ is the female parent.

According to the complementary gene model, we
should be able to identify any type-II genotype by the
segregation pattern of the progeny after crossing with
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the two type Is of genotype PriPripr2pr2 and
priprl,Pr2Pr2. Similarly, we should be able to identify
any type-I genotype by the segregation pattern of the
progeny after crossing with two type IIs of genotype
PriPri,Pr2pr2 and Pripri,Pr2Pr2. Hence, we should be
able to find more of the nine genotypes in the future. We
also hope to be able to submit a report on the results of
a thorough examination of a further set of crosses de-
signed to provide an additional test of the model
(Amoatey 1991). When we have isolated additional geno-
types, we should be able to determine whether or not the
differences between them within each type affect the out-
come of crosses. If they do this might indicate a gene
dosage effect, if not the observed effects of differences
between cultivars would be indicative of polygenic ef-
fects, as previously suggested (Tilney-Bassett and Al-
mouslem 1989).

The demonstration of complementary gene action,
which is a common phenomenon in genetical studies,
emphasises that both the fate of the plastids within the
zygote and early embryo development are under cellular
control; it is not just due to chance. It tells us little,
however, about what happens to the plastids, so at this
time we have nothing to add to our previous discussions
(Tilney-Bassett and Almouslem 1989; Tilney-Bassett
1991). Nevertheless, the interesting results obtained with
other plants encourage us to believe that our understand-
ing of the behaviour of plastids in inheritance is going to
continue to improve.

Acknowledgements. Dr. H. M. Amoatey is grateful to the Com-
mission of The Association of Commonwealth Universities for
the award of a Commonwealth Scholarship during the academic
years 19871990 and also to the Atomic Energy Commission in
Ghana for granting him a leave of absence.

References

Almouslem AB (1988) Qualitative and quantitative genetical
studies in Pelargonium x Hortorum Bailey. PhD thesis, Uni-
versity of Wales, Swansea, UK

Amoatey HM (1991) Genetic studies in zonal pelargoniums.
PhD thesis, University of Wales, Swansea, UK

Boblenz K, Nothnagel T, Metzlaff M (1990) Paternal inheri-
tance of plastids in the genus Daucus. Mol Gen Genet
220:489-491

Chiu WL, Stubbe W, Sears BB (1988) Plastid inheritance in
Oenothera: organelle genome modifies the extent of bi-
parental plastid transmission. Curr Genet 13:181—189

Cornu A, Dulieu H (1988) Pollen transmission of plastid DNA
under genotypic control in Petunia hybrida Hort. J Hered
79:40-44

Corriveau JL, Coleman AW (1988) Rapid screening method to
detect potential biparental inheritance of plastid DNA and
results for over 200 angiosperm species. Am J Bot 75:1443—
1458

Corriveaun JL, Polans NO, Coleman AW (1989) Cultivar vari-
ability for the presence of plastid DNA in pollen of Pisum



324

sativum L.: implications for plastid transmission. Curr Genet
16:47-51

Derepas A (1991) Controle génétique de la transmission des
plastes d’origine paternelle chez Petunia hybrida Hort. PhD
thesis, University of Bourgogne, France

Derepas A, Dulieu H (1992) Inheritance of the capacity to trans-
fer plastids by the pollen parent in Petunia hybrida Hort. T
Hered 83:6-10

Dulieu H, Derepas A, Cornu A (1990) Le réle du pollen dans la
transmission des chloroplastes et des mitochondries. Etude
d’un cas particulier chez Petunia. Bull Soc Bot Fr 137:49-56

Hagemann R (1979) Genetics and molecular biology of plastides
in higher plants. Stadler Genet Symp 11:91-115

Hagemann R, Schréder MB (1989) The cytological basis of the
plastid inheritance in angiosperms. Protoplasma 152:57-64

Kirk JTO, Tilney-Bassett RAE (1978) The plastids: their chem-
istry, structure, growth and inheritance, 2nd edn. Elsevier/
North-Holland, Amsterdam

Kubba AJ, Tilney-Bassett RAE (1981a) Genetical studies of
fertilization in Pelargonium x hortorwm Bailey. Euphytica
30:209-215

Kubba AJ, Tilney-Bassett RAE (1981b) Genetical studies of
embryo survival and embryo breakdown in Pelargoni-
um x hortorum Bailey. Euphytica 30:881-887

Lee DJ, Blake TK, Smith SE (1986) Biparental inheritance of
chloroplast DNA and the existence of heteroplasmic cells in
alfalfa. Theor Appl Genet 76:545-549

Masoud SA, Johnson LB, Sorensen EL (1990) High transmis-
sion of paternal plastid DNA in alfalfa plants demonstrated
by restriction fragment polymorphic analysis. Theor Appl
Genet 79:49-55

Mather K (1951) The measurement of linkage in heredity.
Methuen and Co, London

Miyamura S, Kuroiwa T, Nagata T (1987) Disappearance of
plastid and mitochondrial nucleoids during the formation of
generative cells of higher plants revealed by fluorescence
microscopy. Protoplasma 141:149-159

Mogensen HL (1988) Exclusion of male mitochondria and plas-
tids during syngamy in barley as a basis for maternal inher-
itance. Proc Natl Acad Sci USA 85:2594-2597

Schumann CM, Hancock JF (1989) Paternal inheritance of plas-
tids in Medicago sativa. Theor Appl Genet 78:863-866

Sears BB (1980) Elimination of plastids during spermatogenesis
and fertilization in the plant kingdom. Plasmid 4:233-255

Shi L, Zhu T, Mogensen HL, Smith SE (1991) Paternal plastid
inheritance in alfalfa: plastid nucleoid number within gener-
ative cells correlates poorly with plastid number and male
plastid transmission strength. Curr Genet 19:399-401

Smith SE (1988) Biparental inheritance of organelles and its
implications in crop improvement. Plant Breed Rev 6:361—
393

Smith SE (1989) Influence of parental genotype on plastid inher-
itance in Medicago sativa. J Hered 80:214-217

Smith SE, Bingham ET, Fulton RW (1986) Transmission of
chlorophyll deficiencies in Medicago sativa. ] Hered 77:35—
38

Tilney-Bassett RAE (1973) The control of plastid inheritance in
Pelargonium 11. Heredity 30:1-13

Tilney-Bassett RAE (1974) The control of plastid inheritance in
Pelargonium 111. Heredity 33:353-360

Tilney-Bassett RAE (1975) Genetics of variegated plants. In:
Birky CW Jr, Perlman PS, Byers TJ (eds) Genetics and bio-
genesis of mitochondria and chloroplasts. Ohio State Uni-
versity Press, Columbus, pp 268308

Tilney-Bassett RAE (1976) The control of plastid inheritance in
Pelargonium 1V. Heredity 37:.95-107

Tilney-Bassett RAE (1984) The genetic evidence for nuclear
control of chloroplast biogenesis in higher plants. In: Ellis
RJ (ed) Chloroplast biogenesis. (Society for Experimental
Biology Seminar Series 21). Cambridge University Press,
London, pp 1350

Tilney-Bassett RAE (1988) Inheritance of plastids in Pelargo-
nium. In: Boffey SA, Lloyd D (eds) The division and segrega-
tion of organelles. (Society for Experimental Biology Semi-
nar Series 35). Cambridge University Press, London,
pp 115-129

Tilney-Bassett RAE, Abdel-Wahab OAL (1982) Irregular segre-
gation at the Pr locus controlling plastid inheritance in
Pelargonium: Gametophytic lethal or incompatibility sys-
tem? Theor Appl Genet 62:185-191

Tilney-Bassett RAE, Almouslem AB (1989) Variation in plastid
inheritance between pelargonium cultivars and their hybrids.
Herdity 63:145-153

Tilney-Bassett RAE, Almouslem AB, Amoatey HM (1989) The
complementary gene model for biparental plastid inheri-
tance. In: Boyer CD, Shannon JC, Hardison RC (eds) Phys-
iology, biochemistry, and genetics of nongreen plastids. The
American Society of Plant Physiologists, pp 265266

Tilney-Bassett RAE, Birky CW Jr (1981) The mechanism of the
mixed inheritance of chloroplast genes in Pelargonium: Evi-
dence from gene {requency distributions among the progeny
of crosses. Theor Appl Genet 60:43-53

White EE (1990) Chloroplast DNA in Pinus monticola 2. Survey
of within-species variability and deletion of heteroplasmic
individuals. Theor Appl Genet 79:251-255

Zhu T, Mogensen HL, Smith SE (1990) Generative cell compo-
sition and its relation to male plastid inheritance in
Medicago sativa. Protoplasma 158:66-72

Zhu T, Mogensen HL, Smith SE (1991) Quantitative cytology of
the alfalfa generative cell and its relation to male plastid
inheritance patterns in three genotypes. Theor Appl Genet
81:21-26



