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Summary. Cytoplasmic genes of crop species exhibit
non-Mendelian inheritance and affect quantitative
traits such as biomass and grain yield. Photosynthesis
and respiration are physiological processes responsible,
in part, for the expression of such quantitative traits
and are regulated by enzymes encoded in both the
cytoplasm and nucleus. Cytoplasmic genes are located
in the chloroplast and mitochondrial genomes. Unlike
the nuclear genome, the cytoplasmic genomes consist
of single, circular, double-stranded molecules of DNA,
and in many crop species, the cytoplasmic genomes are
inherited solely through the maternal parent. Maternal
inheritance of cytoplasmic genomes and Mendelian
inheritance of the nuclear genome were used to model
the genotypic value of an individual. The model then
was utilized to derive genetic variances and covari-
ances for a random-mating population. Finally, the use
of reciprocal mating designs to estimate variance com-
ponents was investigated.

Key words: Cytoplasmic genome — Extranuclear inheri-
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Introduction

Caspari (1948) classified the different types of non-
Mendelian inheritance as maternal inheritance, dauer-
modification, and cytoplasmic inheritance. Willham
(1963) developed a quantitative theory for traits in-
fluenced by maternal effects in animals. Evidence for
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cytoplasmic effects in quantitative traits of plants has
been adequate since Kihara (1951) developed allo-
plasmic wheat (Triticum aestivum L.) lines. The effects
of cytoplasms involve both direct influence and inter-
actions of cytoplasms with nuclear effects (Ashri 1964;
Duvick 1958; Robertson and Frey 1984). Indeed,
Hermesen (1968) proposed that every nuclear effect
has a cytoplasmic component.

Many quantitative traits are end products of meta-
bolic pathways that are controlled by both nuclear and
cytoplasmic genes (Beale and Knowles 1978). For
example, vegetative biomass is a measure of CO,
assimilation, which is regulated by photosynthesis and
respiration. Both processes are jointly controlled by
nuclear and cytoplasmic genes (Iwanaga etal. 1978).
Most organelle enzymes are constructed from poly-
peptides encoded in both the organelle and nuclear
genomes (Borst et al. 1983). Ribulose-1,5-bisphosphate
carboxylase, an enzyme responsible for carbon fixation
in bundle sheath cells of maize (Zea mays L.), consists
of eight copies of two nonidentical subunits. The large
subunit is coded by chloroplast DNA (Bowman et al.
1981), and the smaller one is coded within the nucleus
(Highfield and Ellis 1978; Cashmore et al. 1978) by a
multigenic family (Dunsmuir et al. 1983).

To date, a theory for quantitative traits influenced
by cytoplasmic effects has not been developed. How-
ever, given certain assumptions, models that utilize
reciprocal effects (Mather and Jinks 1982) can describe
cytoplasmic effects. Beavis (1985) used Mather and
Jinks’ models (1982) to describe the nuclear and
cytoplasmic effects on grain yield means of backcross
populations from reciprocal matings. The models did
not always fit the data, which suggests that the assump-
tions underlying the application of the models were
invalid.
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Most higher plant species exhibit uniparental in-
heritance of cytoplasmic effects through the maternal
parent, although exceptions occur in Secale, Solanum,
and Oenethera (Gilham 1978). Developments in bio-
technology have allowed molecular geneticists to con-
firm the inheritance of organellar DNA. Electrophoretic
patterns of endonucleic restriction digests of chloro-
plast and mitochondrial DNA have been used to de-
scribe the inheritance of organelle DNA in numerous
plant species (Conde et al. 1979; Hatfield et al. 1985;
Sisson et al. 1978; Tsunewaki and Ogihara 1983; Vedel
etal. 1976). Although there may be numerous mech-
anisms responsible for uniparental inheritance (Sears
1980), the result is that the cytoplasmic genome from
the paternal parent is eliminated from the zygote.

In this paper, we propose a quantitative genetic
model for traits influenced by cytoplasmic genes that
are maternally inherited, develop variance and co-
variance components for a random-mating population,
and consider the use of a reciprocal mating design for
the estimation of variance and covariance components.

Assumptions

Cytoplasmic genome

The cytoplasmic genome consists primarily of DNA in the
chloroplasts (¢cpDNA) and mitochondria (mtDNA) (Beale and
Knowles 1978). The number of chloroplasts and mitochondria
per cell is variable and depends upon the differentiated state
of the cell (Butterfass 1979). Organelles in both biparentally
and maternally inherited cytoplasms tend toward a homo-
geneous state within the cell (Michael 1978; Sears 1980), and,
unlike nuclear DNA, replication and transmission of orgenellar
DNA are independent of nuclear control (Birky 1983).
Michaelis (1958) proposed that the partitioning of organelles
during mitosis is stochastic; i.e., there is a positive probability
that daughter cells will not receive equal quantities of or-
ganelles. Birky (1983) also indicated that maternal inheritance
perpetuates the homoplasmic condition within maternal lines
of descent. Thus, it can be assumed that a plant population
that exhibits maternal inheritance of the cytoplasm consists of
individuals with genetically homogeneous chloroplasts and
mitochondria.

The structure of the mitochondrial genome is not well
established. Kolodner and Tewari (1972) found that the mito-
chondrial genome from pea (Pisum sativum L.) consists of
circular, double-stranded molecules of DNA. However, ac-
cording to Leaver and Gray (1982) and authors cited therein,
maize (Zea maize L.) mitochondria contain circular and linear
DNA of various sizes. Leaver and Gray (1982) suggested that
heterogeneous pieces of mtDNA may be a manifestation of a
genome organized into different-sized *‘chromosomes”. An
alternative hypothesis supported by most investigators (Leaver
etal. 1983; Levings 1983; Lonsdale etal 1983) is that the
genome usually exists as a single, large, circular, double-
stranded molecule of DNA from which smaller molecules
arise. The smaller molecules of DNA are formed by intra-
molecular recombination events between short repeated se-
quences. The structure of the chloroplast genome also is that
of single, circular, double-stranded DNA molecules (Gillham

1978, Palmer 1985). Until recently, the occurrence of intra-
molecular recombination was not known in the chloroplast
genome of higher plants, but Brears etal. (1986) have re-
ported that an inverted repeat of both sugar beet (Beta
vulgaris L.) and maize can recombine to give two isomeric
forms of the chloroplast genome. The evidence for intra-
molecular recombination suggests that inter-molecular re-
combination also occurs, although it has been difficult to
detect in organellar genomes because the genomes are homo-
zygous and are maternally inherited in most plant species.
However, work on cytoplasm fusion among Nicotiana spp.
(Maliga etal. 1982; Csépl and Maliga 1984) indicated that
inter-molecular recombination events can occur. Recombina-
tion events of the cytoplasmic genomes are of interest to the
study of gene expression, but they have no effect on the
concept of linkage for maternally inherited cytoplasms; i.e., all
cytoplasmic loct will appear to be completely linked. Thus, the
structure of the cytoplasmic genomes can be viewed as two
populations of polyploid organelles with a basic chromosome
number of one.

Population model

Consider a metric trait possessed by diploid individuals in an
infinite random-mating population. Assume that diverse cyto-
plasms exist within the population, but not within maternal
lines of descent. Also assume that there is no environmental
influence. Let two genetic loci, one located in the nuclear
genome and the other in the cytoplasmic genome, procude a
genotypic value Y. Because the cytoplasmic genome of plant
species consists of two distinct genomes, arbitrarily assign the
cytoplasmic locus to either the chloroplast or mitochondrial
genome. At each locus, it is possible to have an arbitrary
number of alleles. Denote the nuclear alleles, A, A,, A;, ..., Ay
and the cytoplasmic alleles C|, C,,C3,..., C,. Each of the
alleles have arbitrary allelic frequencies in the population of
PisP2s...» P Such that > p;=1 for the nuclear locus and

1

d1>q2. ..., qm such that > q,=1 for the cytoplasmic locus.
K

The genotype of an individual in the population may be
denoted A; A; C;. Given Mendelian inheritance of the nuclear
genes and strict maternal inheritance of the cytoplasmic genes,
the probability of selecting A; A; C, is p; p;q,. Following the
algebra of Kempthorne (1957), the genotypic value of this
individual may be denoted Y;;, and can be modelled as

Yije= g oaf +of + p7+ 00 + (a7 y%)i0 (0" 1), (0" ¥)ije (1)

In (1), ¢ is the population mean and is calculated as the sum
of the product of gene frequencies by genotypic values; i.e.,

p=2 22 pipy & Yije
1} t

af and of are the additive effects of alleles i and j at the

nuclear locus and are calculated as average deviations from
the population mean; i.e.,

a?=JZZt:qulYijt_”’ and

“;‘zzi‘,z‘lpiQtYijt—N~

7 is the additive effect of allele t at the cytoplasmic locus; i.e.,
= lZJZm P Yij — .

Jf} is the dominance deviation attributed to the nuclear locus
and is calculated as an average deviation from the population
mean after it is adjusted for additive effects from the nuclear



locus; 1.e.,
o= Zt,QtYijt_(ﬂ +of+af).

Because of the assumption of a homozygous organelle, no
dominance deviation needs to be defined for the cytoplasmic
locus. The three nuclear-cytoplasmic interaction effects can be
defined in a manner similar to the nuclear dominance effects;
ie.,

(@™ ) = 2 P Yiji —(u+ ol + 95,
]
@) =2.pi Yij— (u+a?— ), and
- ]
(0" ¥)ije=Yijo— (e + af + af + 37+ 05 + (2" ¥+ (2" ¥)0) -

Important algebraic properties resulting from these defini-
tions are:

L Y pat=2q,%=0,
1 t
2. Zp16{‘j=ij6i“j=0,
i 3
3.2 X piq (x99, =0,
1t
4.2 pi (& "/°)n=2tht(a“ ¥ =0.

Results

Variances

The genotypic variance for a random-mating popula-
tion can be partitioned into components:

oi=2 2 X pipia(Yi—Y..)?
ioq ot
=23 pi(a)?+ 2 a9+ 2 X pip(9h)>
i t i

+22 X P @ (@ )i+ X 2 2 pip a8y
it i j ot
(2)

Notice that two terms describe variability from the
additive effects at the nuclear locus and one term
describes the variability due to additive effects at the
cytoplasmic locus. One term describes variability de-
rived from effects of dominance deviations at the
nuclear locus, but analogous term is associated
with the cytoplasmic locus. The epistatic components
consist of three terms, two associated with additive
cytoplasmic by additive nuclear variability and one
associated with cytoplasmic additive by nuclear domi-
nance effects. The result is similar to the more general
two-locus model with arbitrary epistasis and no linkage
{Kempthorne 1957) and may be written as:

2_ .2 2 T2 2
Og = 0a, + OA¢ + J%n + O(AA)nc + (DAY, - (3)

Consider a case of two unliked nuclear loci with
arbitrary epistasis and one cytoplasmic locus. Again,
the algebra of Kempthorne (1957) is utilized to deter-
mine the genotypic variance for a random-mating
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population:
og= Z Z % 21: 2 piplpEpt (Vi = Y..)%,
1 ] t

where the superscript above p is used to designate the
nuclear locus with > pZ= 1. The algebraic properties
K

that apply to the first nuclear locus also apply to the
second, and the decomposed genetic variance may be
written as:

2_ 2 2 2 2 2 2
Oy = Ohy, t OA,, + 0D, + 0D, + 0(an), 0, T F(ADIn,

2 2 2 2 2
T 0Dy n, T AT Ty, e T T(AAI,e T T(aD)en,

2 2 2 2
+ O(AD)en, T OAAAI nye T (AD AN, e T TDDANnye ()

Note that the decomposition consists of the same terms
derived by Kempthorne (1957) for a two-locus model
with arbitrary epistasis, where the subscripts describe
the source and the locus (loci) responsible for the
effects. For example, A,, refers to the additive effects
from the first nuclear locus and AD, ,, refers to the
additive by dominance epistatic effects from the
nuclear loci. The decomposition also includes a term
that describes variability at the cytoplasmic locus, aﬁn,
and seven terms that describe variability due to nuclear
by cytoplasmic interactions. For example, U(ZAAA)m_ngc

describes the variability due to additive by additive
nuclear epistasis interacting with additive cytoplasmic
effects.

The model obtained by increasing the number of
cytoplasmic loci that affect a trait can be obtained by
reconsidering the structure, replication, and inheritance
of the cytoplasmic genomes. Recall that we assumed
that each copy of organellar DNA is an exact replica of
its sisters and that the organellar loci are completely
linked. Because at least one copy of the chloroplast and
mitochondrial genomes will be passed on to all daugh-
ter cells, the integrity of the cytoplasmic genome will
remain constant in a maternally inherited cytoplasm.
Therefore, the results given in (4) apply for two nuclear
loci and any number of cytoplasmic loci. The extension
to any number of nuclear and cytoplasmic loci is
immediate.

Covariances

Consider two individuals, X and Y, drawn from an
infinite random-mating population with genotypes de-
noted X = A; A;C, and Y = A A C,. Setting the popu-
lation mean equal to zero, the genotypic values for X
and Y may be modelled as:

Xije= ol + %+ pf+ 0ff + (@ 7)ic + (2" y9)5e +(8" ¥%)ije
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and
Yo = ok + o+ 75+ &+ (0" Y)eu + (07 )10+ (0" Y1
The Cov (X, Y) is E (Xjj, Yiiu), which equals

E[(af+af + yE+0f) (o + af + 75 + d¢1)]

+ E[((2 )i+ (@9 (0" Y )u + (@ P1u)]
+ E[(0" 7931 (6" ¥ )1l -

The algebraic properties given previously and an addi-
tional property, E (%, Yuy) =0, which can be derived
from property 1, make Cov (X, Y) equal to
(Pix + Py + Pj + Pj)) 3 63 + Py, o0&,

+ (Pirji+ Piyj) 0,

+ Pou (P + Py + P+ Py) 3 00an ),

+ Py (Pikji + Pirji) 02 (DA) e,
where P, is the probability that A; is identical by
descent to Ay, and Py j is the joint probability that
A; is identical by descent to A and A; is identical by
descent to A,. Notice that P, is the probability that X
and Y have the same cytoplasmic genes by descent.

In plant species that exhibit maternal inheritance of
cytoplasmic genes,

P(C,=C,/X and Y are full sibs) =P (C;=C,|X and Y
are maternal half sibs) =1, and

P(C,=C,|X and Y are reciprocal full sibs)
=P(C,=C,|X and Y are paternal half sibs) = 0.

By utilizing Malecot’s coefficient of parentage (ry,),
Kempthorne’s U,, to denote (Pjy;;+ Pj;jx), and C,,
to denote P,

Cov(X.Y) =21, 0k, + Cyy 0k + Uy, od,
+ 215y Cyy 6fanye + Usy Cry Ooayye- ()

The model may be extended to any number of nuclear
and cytoplasmic loci. Again, by making use of Kemp-
thorne’s results and assuming that all cytoplasmic loci
are completely linked, Cov (X, Y) is given by

Z Z (2 rxy)nl(ny)n2 G(ZAD)nlnz + ny O&C

n, 0z

+ ny Z Z (2 rxy) " (UX)’) " G(ZAD)nlnz Ac

n; My
where n; is the total number of nuclear loci involved in
the interaction of additive effects and n, is the total
number of nuclear loci involved in the interaction of
dominance effects.

Estimation of parameters

Model (1) can provide biological interpretations for
parameters generated from statistical analyses of reci-

procal crosses. Yates (1947) was the first to analyze
data from a complete set of reciprocal crosses. Griffing
(1956) considered such an analysis as one of four
possible diallel methods. Cockerham (1963) related
variance components of reciprocal crosses generated by
the complete diallel and North Carolina Design II with
reciprocals of Comstock and Robinson (1948) but
presented no biological interpretation for reciprocal or
maternal effects. Cockerham and Weir (1977) con-
sidered the relationships among three models used to
describe reciprocal effects generated by quadratic anal-
yses. One of the models, a “bio model”, considers
nuclear and extranuclear effects from both parents.

Our model (1) seems to be a special case of the
“bio model”, which, in the notation of Cockerham and
Weir (1977) is

Gijzni+nj+tij+mi+pj+kij. (©)
G;; is the coded genotypic mean of effects attributable

to maternal parent i and paternal parent j, where n and
t refer to nuclear effects, and m, p, and k refer to

Table 1. Values of Malecot’s coefficient of parentage r,,,
Kempthornes’ U,,, and the cytoplasmic coefficient C,, for
relationships obtained from reciprocal matings designs

Relationship  Cockerham-Weir®  2r,, U,y Cyy
notation

Full sibs “ 1 T 1

Reciprocal Cop % % 0
full sibs

Maternal Em ! 0 1
half sibs

Paternal “p % 0 0
half sibs

Reciprocal & % 0 0
half sibs

2 Cockerham and Weir (1977)

Table 2. Covariances of related individuals obtained from a
reciprocal mating design

Rela-  Covariance

tion-

ship?  Model (1) Model (c)*
1 2 b2

¢t TUAn+T‘7Dn+ G'EAC U§4+G%+O'%,1p
1 2 1 2

t3 ThAnc T3 TDAnc

1 !

an 70k, + 30D, 2 g2+ o}
12 2 41 2 2

&m 704, + Tac + 7 ORALe ™
I 2 2

gp T GAn ap
!

£ r G'/an o.lzl

* Notation of Cockerham and Weir (1977)



simple and epistatic extranuclear effects. The relation-
ship between our model (1) and model (c¢) of Cocker-
ham and Weir (1977) can be shown as follows. If a
maternal parent, A;A;C;, and a paternal parent,
Ay A, C,, are mated, the array of full sib offspring
from the mating is

T AACH+HAACHAAC+AA,CY. @)
Thus, if Cockerham and Weir’s (i) is replaced by (ijt)
and (j) is replaced by (vwu), the coded genotypic
mean, Gj;, becomes
G(ijt),(ku) = nij + Nyy + tij,vw + mijt + Pvwu + k(ijt)(ku)
=(z (a1 + o) + (3 (25 + 23)

+ %(5{1‘/ + 51nw + 5jnv + 5jnw)

(5 3@ )i+ 3 (€ 7950

F (G v+ 3 (@ P e+ 58" ¥)iw

+ 3 7w+ 50 Yy + 5 (0" ¥)jw) -

(8)

By (7), AjA, Cy, AjA, Cy, AjJA,Cy, and AjA, C, do
not exist. Therefore, the components of variance are
related as

Ur%:%ZZpipj(“i"‘aj)z:%Uﬁn,
i
ot=42 2 pip () =1 0b,,
i
oa=2 09>+ 5 2 X pia (")}
t 1 t
+5 2 2 Pide (@ )}
it
0%c+%agM)nc’
07
T2 2 Pa @)+ 2 X p @ f
it j ot

+ % Z Z Z Pi pj 4: (8" Vc)izjt =%(O-(2AA)HC + U(ZDA)HC)'
13t

Il

[

1

2
Op
ok

Covariances for specific relationships investigated
by Cockerham and Weir (1977) are determined for
model (1) by using the general formula for covariances
(5) and the coefficients of Table 1. Results of co-
variances for Cockerham and Weir’s model (¢) and our
model (1) are summarized in Table 2. The analysis of
variance table for a reciprocal mating design (Table 3
from Cockerham and Weir) can be recast in our
notation (Table 3). It is obvious that model (1) will
only produce estimates of genetic variance components
for

2 2 2 12 2 2
GAn’ O'Dn,UAc‘l'zO'(AA)nc, and G(AA)HC+ G(DA)nc

from a reciprocal mating design.

575

Discussion

On the basis of biological features of the cytoplasmic
genome, a quantitative genetic model was developed
for traits influenced by cytoplasmic genes that are
strictly inherited from the maternal parent. Application
of the model will depend, in part, upon the biological
validity of the assumptions. For cytoplasms that are
maternally inherited, we assumed that each organellar
genome is homoplasmic, that each organelle was poly-
ploid with a basic chromosome number of one (x = 1),
and that each organelle was homozygous at all loci.

There is evidence that both the chloroplasts and
mitochondria of a cell tend toward a homoplastic state;
i.e., that a population of chloroplasts or mitochondria
within each cell tends to be homogeneous (Birky 1983).
This tendency is best shown in species that exhibit
biparental cytoplasmic inheritance but also has been
shown in studies on protoplast fusion (Izhar 1980) and
cytoplasm-protoplast fusion (Maliga et al. 1982). Work
on cytoplast fusion among Nicotiana spp. (Maliga et al.
1982; Cséplé and Maliga 1984) showed that hetero-
genous populations could be maintained through plant
regeneration and one generation of seed production.
Nevertheless, the tendency toward a homoplasmic
condition was evident. Indeed, taxonomic studies on
cytoplasmic genomes, which utilize electrophoretic
patterns of endonuclease restricted ¢pDNA and/or
mtDNA, rely on the assumption that the organellar
genomes are homogeneous within maternal lines of
descent. Thus, it is not likely that a heteroplasmic
condition needs to be considered in a genetic model
with cytoplasmic effects that are maternally inherited.

As noted in the introduction, the structure of the
genome in both the chioroplast and mitochondrion is
hypothesized to consist of double-stranded, circular
molecules of DNA. We assumed that each chloroplast
and mitochondrion is a polyploid (x = 1) homozygous
organelle. Of course, the impact of inter-organellar
recombination and segregation on the model is negli-
gible, given that the cytoplasm consists of homoge-
neous organelles that are homozygous. In a system
where recombination events occur between heteroge-
neous organelles, it is unlikely that the integrity of the
cytoplasm will be maintained under the relaxed con-
trols of replication and segregation described by Birky
(1983), and the assumptions presented herein will need
to be revised.

To our knowledge, the heterozygosity of organelles
has not been tested, and the technology needed to
investigate intra-organellar heterozygosity may not
exist. A heterozygous, homoplasmic, cellular condition
of the mitochondrial genome might explain observed
heterogeneous restriction endonuclease digests of
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Table 3. Expected mean squares for indicated sources of variability in an analysis of variance of offspring from a reciprocal

mating design

Source df Expected mean squares

Model (1) Model (¢)?

U U UN UN
General 2(N-1) o+ " (Ttammd + Tip Ay + 5 ob,+ - (GR35 02nnD 2+ Uof+2U ot - (0% +0d)
UN

+ 5~ Oha +2UNog}

Specifi N ~1)2 2 E 2 2 E 2 2 2 2
pecific ( 1) g-+ 1 (Clamme T CDA) T > 1) o+ Uof+2U of

Reciprocal ,, U 5 L UN
general 2(N-1 oo+ 4 (T(aninet TDARD T > (Gh + 7 Tanpd o’ +Uoai+ (om +03)
Reciprocal 3 2 u , 2
specific (N-1) 0"+ (Olampne ¥ TD A o’ + U of
Error 2NZ(U-1) o2 o’

Total 2N2U-2

2 In the notation of Cockerham and Weir (1977)

mtDNA (Leaver and Gray 1982). If the organellies are
heterozygous, then the cytoplasmic effect (y!) may be a
composite of additive, dominance, and interactions of
additive and dominance, genetic effects. Nuclear by
cytoplasmic interaction effects in (1) also would be more
complex. However, if the integrity of the cytoplasm is
maintained (i.e., a homoplasmic condition is main-
tained from one generation to the next), then the
individual component effects of a heterozygous cyto-
plasm could not be detected from a reciprocal mating
design and the model would still apply.

The population assumptions are the usual ones for
a diploid species except for the assumption that multi-
ple cytoplasmic alleles exist in a random-mating popu-
lation. Theoretical models describing the origination,
evolution, and equilibrium conditions of cytoplas-
mic gynodieocy (male sterility) have been proposed
(Charlesworth and Ganders 1979; Clark 1984; Gre-
gorius and Ross 1984; Ross and Gregorius 1985). All
these studies were developed on simple models with
two cytoplasm types (e.g., male sterile and male fertile)
and could be generalized to cover multiple cytoplasmic
types. Under the condition of complete linkage, multi-
ple alleles are equivalent to multiple cytoplasms. In
addition, cytoplasmic variability in the form of cyto-
plasmic gynodioecy has been observed in natural
random-mating populations (Ganders 1978) and is well
utilized in plant species that are economically impor-
tant (Duvick 1965; Quinby 1970). Therefore, the as-
sumption of multiple cytoplasmic alleles is valid, and
the resulting model should be applicable to some
random-mating populations.

To apply model (1) to populations derived from
reciprocal matings, it must be assumed that the only
source of extranuclear effects are cytoplasmic. For
most plant breeding experiments where careful field
husbandry is practiced, maternal effects not attributed
to cytoplasms will be minimized. However, for those
species where a triploid endosperm affects growth and
development of the seedling, reciprocal effects cannot
be ascribed solely to the cytoplasm. Our results indi-
cate that, even in the absence of endosperm effects, the
use of a reciprocal mating design will not provide
unique estimates of the cytoplasmic variance compo-
nents for species that experience maternal inheritance
of cytoplasms. Also, the results show that the estimate
of general reciprocal effects will be an amalgam of
cytoplasmic variability and additive nuclear by cyto-
plasmic variability. The reason is revealed in equation
(8). Cockerham and Weir’s (1977) extranuclear mater-
nal effects include cytoplasmic effects and additive
nuclear by cytoplasmic interaction effects from the
maternal parent. From a biological perspective, it is
not possible to separate cytoplasmic effects from addi-
tive nuclear by cytoplasmic interactions because both
are inherited as a unit in species that exhibit maternal
inheritance of the cytoplasm. Also, metabolic processes
that are known to affect quantitative traits are regu-
lated by enzymes that are coded at both nuclear and
cytoplasmic loci. Indeed, the possibility of a pure
cytoplasmic effect is remote. Finally, from a plant
breeding perspective, confounding J,{c with a(zAA)nC will
have little impact on estimates of heritability or genetic
gain.



References

Ashri A (1964) Genic-cytoplasmic interactions affecting growth
habit in peanuts, 4. Aypogea. II. A revised model. Genetics
60:807-810

Beale G, Knowles J (1978) Extranuclear genetics. Edward
Arnold, London

Beavis WD (1985) Genetic modelling of nuclear-cytoplasmic
heterosis in oats (Avena sative L. and A. sterilis L.). PhD
Dissertation (Univ microfilm no 86-04446). Iowa State
University, Ames, Jowa

Birky CW (1983) Relaxed cellular control of organelle hered-
ity. Science 222:468 475

Borst P, Tabak HF, Grivell LA (1983) Organelle DNA. In:
Gregory SP, Flavell RA (eds) Eukaryotic genes: Their
structure activity and regulation. Butterworth, London, pp
71-84

Bowman CN, Koller B, Delvries H, Dyer TA (1981) A
physical map of wheat chloroplast DNA showing the loca-
tion of the structural genes for the r-RNAs and the large
subunit of ribulose-1,5-bisphosphate carboxylase. Mol Gen
Genet 183:93-101

Brears T, Schardl CL, Londale DM (1986) Chloroplast
genome organization in sugar beet and maize. Plant Mol
Biol 6:171-177

Butterfass T (1979) Patterns of chloroplast reproduction.
Springer, New York

Cashmore HR, Broadhurst MK, Gray RE (1978) Cell-free
synthesis of leaf protein: Identification of an apparent
precursor of the small subunit of ribulose-1,5-bisphos-
phate carboxylase. Proc Natl Acad Sci USA 75:655—659

Caspari E (1948) Cytoplasmic inheritance. Adv Genet 2:1-66

Charlesworth D, Ganders FR (1979) The population genetics
of gynodioecy with cytoplasmic-genic male sterility. He-
redity 43:213-218

Clark A (1984) Natural selection with nuclear and cytoplasmic
transmission. I. A deterministic model. Genetics 107:679—
701

Cockerham CC (1963) Estimation of genetic variance. In:
Hanson WD, Robinson HF (eds) Statistical genetics and
plant breeding. Natl Acad Sci-Natl Res Counc Publ
982:53-99

Cockerham CC, Weir BS (1977) Quadratic analysis of recip-
rocal crosses. Biometrics 33:187-203

Comstock RE, Robinson HF (1948) The components of
genetic variance in populations of biparental progenies
and their use in estimating the average degree of domi-
nance. Biometrics 4:254—266

Conde NF, Pring DR, Levings CS III (1979) Maternal in-
heritance of organelle DNAs in Zea mays-Zea perennis
reciprocal crosses. J Hered 70:2—4

Csépl6 A, Maliga P (1984) Large scale isolation of maternal-
ly inherited lincomycin resistance mutations in diploid
Nicotiana plubaginifolia protoplast cultures. Mol Gen
Genet 196:407—-412

Dunsmuir P, Smith S, Bedbrook J (1983) A number of dif-
ferent nuclear genes for the small subunit of RuBPCase are
transcribed in petunia. Nucleic Acids Res 11:4177-4184

Duvick DN (1958) Yields and other agronomic characteristics
of cytoplasmically pollen sterile corn hybrids, compared to
their normal counterparts. Agron J 50:121-125

Duvick DN (1965) Cytoplasmic pollen sterility in corn. Adv
Genet 13:1-56 ;

Ganders FR (1978) The genetics and evolution of gynodioecy
in Nemophila menziesie (Hydrophyllaceae). Can ] Bot
56:1400— 1408

577

Gillham NW (1978) Organelle heredity. Raven Press, New
York

Gregorius HR, Ross MD (1984) Selection with gene-cyto-
plasm interactions. I. Maintenance of cytoplasm poly-
morphisms. Genetics 107:165—178

Griffing B (1956) Concept of general and specific combining
ability in relation to diallel crossing systems. Aust J Biol
Sci 9:463-493

Hatfield PM, Shoemaker RC, Palmer RG (1985) Maternal
inheritance of chloroplast DNA within the genus Glycine
subgenus soja. J Hered 76:373-374

Hermesen HG Th (1968) A discussion on cytoplasmic res-
toration of ms-sterility. Euphytica (Suppl 1) 17:63-67

Highfield PE, Ellis RJ (1978) Synthesis and transport of
chloroplast ribulose bisphosphate carboxylase. Nature
271:420

Iwanaga M, Mukai Y, Panayotor 1, Tsunewaki K (1978)
Genetic diversity of the cytoplasm in Triticum and Aegilops.
VIL. Cytoplasmic effects on respiratory and photosynthetic
rates. Jpn J Genet 53:387-396

Izhar S (1980) Somatic hybridization in Petunia. 1. Hetero-
plasmic state in somatic hybrids followed by cytoplasmic
segregation into male sterile and male fertile lines. Theor
Appl Genet 57:241-245

Kempthorne O (1957) An introduction to genetic statistics.
Iowa State University Press, Ames lowa, pp 410—438

Kihara H (1951) Substitution of nucleus and its effects on
genome manifestations. Cytologia 16:177—-193

Kolodner R, Tewari KK (1972) Physiochemical characteriza-
tion of mitochondrial DNA from pea leaves. Proc Natl
Acad Sci USA 69:1830—1834

Leaver CJ, Gray MW (1982) Mitochondrial genome organiza-
tion and expression in higher plants. Annu Rev Plant
Physiol 33:373-402

Leaver CJ, Hack E, Dawson Al, Isaac PG, Jones VP (1983)
Mitochondrial genes and their expression in higher plants.
In: Schweyer RJ Wolf K, Kaudewitz F (eds) Mitochondria.
De Gruyter, New York, pp 269-283

Levings CS III (1983) The plant mitochondrial genome and its
mutants. Cell 32:659-661

Lonsdale DM, Hodge TP, Fauron CMR, Flavell RB (1983) A
predicted structure for the mitochondrial genome from the
fertile cytoplasm of maize. In: Goldberg RB (ed) UCLA
Symp Mol Cellular Biol, New Ser. A R Liss, New York,
pp 445-456

Maliga P, Lorz H, Lazar G, Nagy F (1982) Cytoplast-
protoplast fusion for interspecific chloroplast transfer in
Nicotiana. Mol Gen Genet 185:211-215

Mather K, Jinks JL (1982) Biometrical genetics: The study of
continuous variation. Methuen, London

Michael G (1978) Cytoplasmic inheritance (chloroplast,
mitochondria, plasmid). Prog Bot 40:261-275

Michaelis P (1958) Cytoplasmic inheritance and segregation
of plasmagenes. Proc 16th Int Congr Genet 1:375-385

Palmer JD (1985) Comparative organization of chloroplast
genomes. Annu Rev Genet 19:325-354

Quinby JR (1970) Effects of male-sterile inducing cytoplasm
in sorghum hybrids. Crop Sci 10:608—-614

Robertson LD, Frey KJ (1984) Cytoplasmic effects on plant
traits in 1nterspec1f1c matings of Avena. Crop Sci 24:200—
204

Ross MD, Gregorius HR (1985) Selection with gene-cyto-
plasm interactions. II. Maintenance of gynodioecy. Genetics
109:427-439

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



578

Sisson VA, Brim CA, Levings CS III (1978) Characterization
of cytoplasmic diversity in soybeans by restriction endo-
nuclease analysis. Crop Sci 18:991-996

Tsunewaki K, Ogihara Y (1983) The molecular basis of genetic
diversity among cytoplasms of Triticum and Aegilops
species. 1I. On the origin of polyploid wheat cytoplasms as
suggested by chloroplast DNA restriction fragment pat-
terns. Genetics 104:155-171

Vedel F, Quetier F, Bayen M (1976) Specific cleavage of
chloroplast DNA from higher plants by EcoR1 restriction
nuclease. Nature 263:440

Willham RL (1963) The covariance between relatives for
characters composed of components contributed by related
individuals. Biometrics 19:18-27

Yates F (1947) Analysis of data from all possible reciprocal
crosses between a set of parental lines. Heredity 1:287-301



