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ABSTRACT

Associations among alleles at nine nuclear loci and three chloroplast DNA (cpDNA) genotypes
were assessed in a sample of 247 accessions of the wild barley, Hordeum vulgare ssp. spontaneum.
Alleles at two of the nine nuclear loci are marked by length variations in the intergenic spacer region
of ribosomal DNA (rDNA), and those of the other seven loci are well characterized allozymes. The
three chloroplast DNA (cpDNA) genotypes are marked by restriction fragment length polymorphisms
resulting from three polymorphic restriction sites detected by Southern blot hybridization. The
analyses were performed by dividing the nine nuclear loci into a series of two-locus subsets and
constructing log-linear models to characterize associations between the subsets of two nuclear loci and
the cpDNA genotypes. Statistically significant associations were detected between six of the nine
nuclear loci and the cpDNA genotypes, either individually as pairwise correlations, or through
interaction with another nuclear locus to form three-variate complexes. Although the sample size of
the present study was inadequate for statistical evaluation of higher order interactions, the results
suggest the existence of interactions in which more than two nuclear loci are involved in associations
with cpDNA genotypes. The observed cytonuclear associations appear to result from interplay among
a number of evolutionary forces including a mating system of predominant selfing, differentiation
among gene pools of local populations, and adaptation of barley genotypes to specific environmental

conditions.

NTERACTIONS between nuclear and chloroplast
genomes have been demonstrated for a number
of important physiological and biochemical processes.
A well known example is the enzyme ribulose 1,5-
bisphosphate carboxylase-oxygenase (Rubisco), whose
eight larger subunits are encoded by chloroplast DNA
(cpDNA) and synthesized within the organelle,
whereas the eight smaller subunits are encoded by the
nuclear DNA and synthesized in the cytoplasm as
higher molecular weight precursor polypeptides.
These precursors are transported into chloroplasts,
processed to their mature sizes, and combined with
larger subunits to form functional enzyme (ELLIS
1981).

At the phenotypic level, functional interactions be-
tween nuclear and chloroplast genomes leading to
variegation in Oenothera have been well studied (re-
view in GRUN 1976). In hybrids made to produce
various combinations of chloroplast genotypes and
nuclear backgrounds, it was found that only certain
combinations of chromosome complements and chlo-
roplast types were compatible with each other in pro-
ducing green tissue, whereas other combinations pro-
duced no green tissue or various sorts of abnormal
tissue. It was also found, in studies of mixed plastids,
that the chloroplasts of various species differed con-
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sistently in their relative competitiveness.

These observations of differential compatibility and
varying competitiveness have direct implications in
mechanisms of coadaptation between the two ge-
nomes. For example, if a mutation with increased
competitiveness were to occur in a naturally compat-
ible nuclear-chloroplast system, the changes in chlo-
roplast competitiveness could lead to displacement of
the ancestral type. Conversely, if the nuclear geno-
types were less compatible with the new chloroplast
type than with the ancestral one, selection might occur
for nuclear mutants that are more compatible (or
better adapted) with the more competitive chloroplast
type; thus, the chloroplast genome might act in turn
as a selective agent for the genetic composition of the
nuclear genome. Therefore, many combinations of
nuclear and chloroplast genes with varying degrees of
adaptedness may exist at the population level. Some
combinations may be more fit than others under given
environmental conditions and the best adapted nu-
clear-chloroplast combinations may differ from one
environmental condition to another, thus extending
the scope of “coadaptation” in incorporating genes
into different genomes. Studies of the modes of such
interactions between the two genomes require ability
to identify intergenomic coadapted complexes which
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in turn depends on ability to detect associations among
genetic markers representing the two genomes. A
prerequisite for observing such associations is availa-
bility of polymorphic markers in both the nuclear and
chloroplast genomes.

In the wild barley, Hordeum vulgare ssp. spontaneum,
polymorphisms have been observed in nuclear-en-
coded genes, including resistance to various diseases
(e.g., MOSEMAN, NEVO and ZOHARY 1983), isozymes
(e.g., NEVO et al. 1979), and spacer length and copy
number in ribosomal DNA (SAGHAI MAROOF ¢t al.
1984; SAGHAI MAROOF, ALLARD and ZHANG 1990;
ZHMANG, SAGHAI MAROOF and ALLARD 1990a). Most
of the variations were correlated with ecological vari-
ables which was interpreted as evidence for adaptation
of specific genotypes to the environmental conditions
(NEvVO et al. 1979; SAGHAI MAROOF, ALLARD and
ZHANG 1990).

Intraspecific restriction fragment length polymor-
phism (RFLP) has also been observed for organellar
DNA in wild barley species (NEALE et al. 1988). The
polymorphisms resulted from nucleotide substitutions
within restriction sites in the barley chloroplast ge-
nome, such that the presence or absence of restriction
sites could be detected. Geographical differentiation
of the cpDNA genotypes was apparent among samples
from different collection sites. Thus, it is of interest
to determine whether variations encoded in nuclear
and chloroplast genomes are correlated, and how
these associations are distributed ecogeographically.

Theoretical models of multilocus associations in-
volving nuclear-organellar polymorphisms have only
recently been investigated (e.g., ASMUSSEN, ARNOLD
and AvisE 1987, 1989; SCHNABEL and ASMUSSEN
1989). Even though there have been reports of signif-
icant cytonuclear interactions on quantitative traits
(BEAVIS and FReY 1987; BEAvIs, POLLACK and FrREY
1987) and reports of the functional importance of
nuclear and organellar gene products (N1VISON and
HaNsoN 1989), intrapopulational plant nuclear-orga-
neliar associations have not been reported. This paper
presents results from a study of statistical associations
of polymorphisms in nine nuclear loci and three
cpDNA markers, using log-linear analysis of a series
of data subsets, each including two nuclear loci and
the cpDNA markers. It is clear from the results that
six of nine nuclear loci interacted significantly with
the cpDNA genotypes, either in pairwise correlations,
or through interaction with an additional nuclear
locus to form three-variate complexes. These analyses
established that associations of various orders are
prevalent between the nuclear and chloroplast ge-
nomes in wild barley species, although the causes of
the associations remain speculative.

MATERIALS AND METHODS

Genetic materials: Two hundred forty seven accessions
of H. vulgare ssp. spontaneum representing 30 populations

from Israel and Iran were obtained from the U.S. Depart-
ment of Agriculture. Each accession contains bulked seeds
which trace back to a single spike. One seed from each
accession was used in this study. The description of collec-
tion sites and number of accessions from each site were
given by NEALE ¢t al. (1988) and SAGHAT MAROOF, ALLARD
and ZHANG (1990). Collection sites were ecologically di-
verse, ranging from humid to semiarid and they included a
variety of soil types (NEVO et al. 1979).

Allozyme electrophoretic markers: All 247 accessions
were assayed for seven enzyme loci following the procedures
of KAHLER and ALLARD (1970), and KAHLER, HEATH-PAG-
LIusoc and ALLARD (1981). The enzyme markers are four
esterase loci (Estl, Est2, Est3 and Est4), one acid-phospha-
tase locus (Acpl) and two 6-phosphogluconate dehydrogen-
ase loci (6-Pgdl and 6-Pgd2). Three of the esterase loci,
Estl, Est2 and Est3, are very ti%htly linked on chromosome
three (Est2 « %92 Est] « %% FE5t3); Est4 is located on
chromosome one. Acpl is located on chromosome six; the
chromosomal locations of 6-pgd 1 and 6-pgd2 are not certain
but there is evidence suggesting that they are located on
chromosome five (SOLIMAN and ALLARD 1989). Seeds were
planted in a growth chamber and grown for seven days at
which time a small amount of tissue was sampled for allo-
zyme assays. The seedlings were then transplanted to a
greenhouse and, when they were sufficiently large, leaf
tissues were harvested from individual plants. DNA samples
were then prepared from freeze-dried tissue following the
method of SAGHAT MAROOF ¢t al. (1984).

Ribosomal DNA (rDNA) markers: Restriction enzyme
digestion, Southern blotting, probe hybridization and rDNA
allele scoring followed the procedures of SAGHAI MAROOF
et al. (1984); SAGHAT MAROOF, ALLARD and ZHANG (1990)
and ALLARD et al. (1990). Assignment of the rDNA alleles
to the two loci, Rrnl and Rrn2, was done according to the
results of the inheritance study by ALLARD et al. (1990) in
which variants 100-107 were shown to segregate as alleles
of the locus Rrn2 on chromosome 7, and variants 108a~119
as alleles of the locus Rrnl on chromosome 6.

cpDNA markers: Approximately 1 pg of total cellular
DNA was digested with each of the three restriction enzymes
Bcll, EcoR1 and HindlIll, and probed with Petunia hybrida
clones P6, P8 (PALMER et al. 1983) and barley clone pHvcP3
(DAY and ELLIs 1985). Barley cpDNA RFLPs were essen-
tially as described in NEALE et al. (1988).

Statistical methods: The associations between alleles of
nuclear loci and cpDNA genotypes were assessed using a
discrete multivariate analysis technique (FIENBERG 1980),
which was found to be particularly suitable for characteriz-
ing structures of multilocus genetic systems (ZHANG, SAGHAI
MAROOF and ALLARD 1985). First, partial and marginal
associations were tested (BROWN 1976) in a series to identify
and eliminate terms that had nonsignificant effects in each
of the data sets under investigation; second, log-linear
models were constructed to fit the data for the remaining
terms in each data set. Models were fit in an hierarchical
manner such that a higher order term was included only
when lower order terms failed to fit the data; also, when a
higher order term was included all of its lower order rela-
tives were also included. The “best fitting” model was chosen
on the basis that it included a minimal number of terms (i.e.,
was maximally parsimonious) and also provided a statistically
acceptable fit to the data. Stepwise screening (GOODMAN
1971) was used to facilitate model selection. All the analyses
were done with the BMDP4F. The multivariate analysis and
the log-linear model selection will be illustrated with an
example involving nuclear loci and cpDNA genotypes.
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TABLE 1

Number of alleles (n), designation of the most common allele
(allele), frequency of the most frequent allele (freq), and
diversity index (k) for each of the nine nuclear loci in wild
barley

Most frequent
allele

Locus n m h°
Est1 6 1.8 0.79 0.366
Est2 6 2.7 0.47 0.684
Est3 5 4.4 0.46 0.687
Est4 4 6.4 0.72 0.453
Acpl 5 2.0 0.46 0.633
6-Pgd1 2 2.3 0.98 0.039
6-Pgd2 2 Null 0.94 0.113
Rrnl 10 112 0.53 0.658
Rrn2 7 107 0.78 0.371

* Diversity index calculated as —3, f; In f;, where f; is the frequency
of the ith variant at a given locus.

RESULTS

Marker polymorphisms: The total number of al-
leles, the frequency of the most common allele, and a
diversity index for each of the nine nuclear loci, are
listed in Table 1. Seven of the nine loci (Estl, 2, 3, 4,
Acpl, Rrnl and Rrn2) are highly polymorphic. Only
two alleles per locus were observed for 6-Pgd 1 and 6-
Pgd2; one allele was predominant at each of these two
loci, and the levels of genetic diversity were substan-
tially lower than for the other seven loci.

Two alternative restriction fragment length var-
iants were detected with each of the three chloroplast
probe/enzyme combinations (P6/EcoRI, P8/Bcll and
pHvcP3/HindllI). Variation detected by each of these
probe/enzyme combinations resulted from the pres-
ence/absence (or +/—) of a restriction site, presumably
due to a single nucleotide substitution. Interestingly,
only three multirestriction site combinations were ob-
served among the total of eight that are potentially
possible with these three probe/enzyme combinations.
We henceforth refer to these three combinations as
cpDNA genotypes. These combinations are desig-
nated — — —, — — + and + + —, in the order pHvcP3/
Hindlll, P6/EcoRI and P8/Bcll, where + and — rep-
resent presence and absence of a restriction site. The
frequencies of these three cpDNA genotypes in our
sample were 0.267, 0.397 and 0.336, respectively.

Data management for analyses of associations
between nuclear and cpDNA markers: In assessing
the extent of associations between the nuclear and
chloroplast DNA markers, it would be ideal to include
the data for all nine nuclear loci and the three chlo-
roplast genotypes in a single analysis. However, the
total number of combinations possible with such a
data set far exceeds the number of individuals in-
cluded in the experiment, thus, rendering such an
analysis impossible. Consequently, the data were re-
duced in three ways to bring the analysis into manage-

able proportions. First, the nine nuclear loci were
divided into three sets: the first set included the four
esterase loci, Estl, Est2, Est3 and Est4, which are
designated as A, B, C and D, respectively; the second
set included Acpl, 6-Pgdl and 6-Pgd2, designated as
P, G and H, respectively; and the third set included
the two rDNA loci, Rrnl and Rrn2 designated as N
and R, respectively. The names and designations of
these loci will henceforth be used interchangeably to
designate the chromosome segments marked by these
nine marker loci.

The second method of data reduction featured
collapsing alleles of each nuclear locus to a diallelic
state following the convention used by WEIR, ALLARD
and KAHLER (1972) and SAGHAI MAROOF, ALLARD
and ZHANG (1990). Accordingly, one allele of each
locus was designated as allele 1 and all the other alleles
were combined into a synthetic class designated as
allele 2. To be consistent with previous studies (e.g.,
WEIR, ALLARD and KAHLER 1972; KAHLER and AL-
LARD 1981; ZHANG, SAGHAI MAROOF and ALLARD
1990b; SAGHAT MAROOF, ALLARD and ZHANG 1990),
alleles 1.8, 2.7, 5.4 and 6.4 were designated allele 1
for Estl, Est2, Est3 and Est4; alleles 2.0, 2.3 and null
were designated allele 1 for Acpl, 6-Pgdl and 6-Pgd2,
and alleles 112 and 107 as allele 1 for the two rDNA
marker loci, Rrnl and Rrn2, respectively. As a result,
allele 1 is the most frequent allele for eight of the nine
loci studied (Table 1). The third method of reduction
was to treat the three cpDNA genotypes as three
different categories of the same attribute. Individual
plants were assigned one of the three multirestriction
site cpDNA genotypes.

Although the log-linear techniques (ZHANG, SAGHAI
MAROOF and ALLARD 1990b) and the computer pro-
gram available can accommodate large numbers of
variables per analysis, it is optimal to include no more
than 12-16 cells in the contingency tables for our
sample of 247 individuals. Therefore, we further di-
vided each of the three sets of nuclear loci into a series
of subsets, each including two nuclear loci and the
three chloroplast genotypes.

Associations between cpDNA genotypes and es-
terase loci: There are 6 two-locus combinations within
the set of four esterase loci: Est] and Est2 (AB), Estl
and Est3 (AC), Estl and Est4 (AD), Est2 and Est3 (BC),
Est2 and Est4 (BD), and Est3 and Est4 (CD). Associa-
tions of each two-locus combination with cpDNA gen-
otypes, which are designated as (L), were analyzed
using the log-linear multivariate techniques. For illus-
tration, we will describe in detail the analysis of a data
subset including cpDNA and two nuclear loci, Est2
(B) on chromosome three and Est4 (D) on chromo-
some one.

Partial and marginal association tests indicated that
all three pairwise association terms were significant
either at probability level 0.05 (BD) or 0.01 (BL. and



228 M. A. Saghai Maroof et al.

TABLE 2

Observed number, expected number and standardized residual
(top, middle and bottom) for each cell under the model (BD)

(BL) (DL)
Est4 (D)
1 2
cpDNA Est2 (B) Est2 (B)
genotype
(L) 1 2 1 2
1 10 28 9 19
8.8 29.2 10.2 17.8
0.4 -0.2 -0.4 0.3
2 33 34 21 10
33.6 33.4 20.4 10.6
—-0.1 0.1 0.1 -0.2
3 30 39 9 5
30.6 38.4 8.4 5.6
-=0.1 0.1 0.2 -0.2

DL). The third order association (BDL) was not sig-
nificant, and hence it was not analyzed further. Step-
wise selection identified the model involving all three
pairwise associations (BD) (BL) (DL) as the best fitting
model in the sense that it is maximally parsimonious
(i.e., included only the minimal number of terms nec-
essary to incorporate all of the significant associations),
yet provided a statistically acceptable fit to the data.
The log-linear form of the model is:

In Mz‘jh =u+ UBG) + MD(’) + uL(,,)

+ uppg) + UsLay T UpLgr,

foralli,j=1and 2,and k=1, 2 and 3, where My is
the expected number of individuals carrying the ith
allele of Est2, jth allele of Est4 and kth cpDNA geno-
type. Terms ugg, upj and ug designate the main
effects of the ith allele of Est2, jth allele of Est4 and
kth genotype of cpDNA, respectively. These terms
compare the relative frequencies of alleles or geno-
types for each variable. The term ugpg; represents the
correlation between Est2 and 4, and ugi @ and upi g
represents associations of Est2 and Est4, respectively,
with the cpDNA genotypes.

Goodness of fit to the model was further tested with
the standardized residual [SR = (obs — exp)/ Vexp]
resulting from fitting the data. Based on the hypoth-
esis that the model fits the data, SR follows asymptot-
ically an (0, 1) distribution (normal distribution with
zero mean and unit variance). Thus, absolute SR
values >1.96, 2.58 and 3.29 indicate significant devia-
tions of observed from expected numbers at P = (.05,
0.01 and 0.001 probability levels, respectively. Table
2 shows that the absolute values for all the standard-
ized residuals are much smaller than 1.96, indicating
a good fit to the data.

According to this model, there is a significant cor-
relation between the two alleles of the two esterase
loci Est2 and Est4, and each of these two loci is also

TABLE 3

Standardized u values for BL and DL associations under the
model (BD) (BL) (DL)

cpDNA genotype (L)

Locus 1 2 3
Est2 (B) 1 -3.37 2.67 1.27
2 3.37 —2.67 -1.27
Est4 (D) 1 ~3.22 -0.23 3.26
2 3.22 0.23 —-3.26

Standardized u values 21.96, 2.58 and 3.29 are significant at P
= 0.05, 0.01 and 0.001 level, respectively.

associated with the cpDNA genotypes. Furthermore,
these three pairwise associations are statistically un-
correlated with each other. Upon acceptance of the
model the standardized u value for each term, which
follows an asymptotic n(0, 1) distribution, was also
estimated to quantify the magnitude of association for
the term of interest.

The u terms in the BD association are related to
each other bY UBp(11) = —UBD(12) = —UBD(21) = UBD(22)
thus, there is only 1 d.f. and only one u value for the
BD association. The absolute value of this « term is
2.14, which is significant at probability level P = 0.05.
The algebraic signs (not shown) of these u values
indicate that allele 1 of Es:2 is preferentially associated
with allele 2 of Est4, and allele 2 of Est2 is preferen-
tially associated with allele 1 of Est4.

There are three estimated u values for each of the
BL and DL associations as listed in Table 3. Two of
the three values for the BL association are highly
significant (P < 0.01). The correlation is such that
allele 1 of Est2 is positively associated with cpDNA
genotype 2 (— — +), and allele 2 of Est2 is positively
associated with cpDNA genotype 1 (— — —). Chloro-
plast DNA genotype 3 (+ + —) is not significantly
associated with any allele of Est2. Similarly, two of the
three u values are highly significant (P < 0.01) for the
DL association (Table 3); allele 2 of Est4 is positively
associated with genotype 1 of cpDNA, and allele 1 of
Est4 is positively associated with genotype 3 (+ + —)
of cpDNA. However, genotype 2 of cpDNA is not
significantly associated with either of the alleles of
Est4.

The log-linear analyses for the remaining data sub-
sets involving the four esterase loci were carried out
in parallel fashion. The models selected for each of
the six data subsets, each consisting of two esterase
loci and the cpDNA markers, are listed in Table 4.
Two subsets (ACL and ADL) included one pairwise
correlation term between an esterase locus and
cpDNA in the respective log-linear models; two and
three pairwise associations between cpDNA and ester-
ase loci were included in two data subsets CDL and
BDL, respectively, whereas the saturated model in-
volving association among all three attributes (two
nuclear loci and the chloroplast genotypes) was se-






