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Summary. A total of 289 accessions of cultivated barley
were assayed for ribosomal DNA (rDNA) polymor-
phisms. These accessions comprised four independent
samples: (1) 79 entries from China, (2) 59 accessions from
Ethiopia, (3) 59 entries from Tibet and (4) 92 entries
representing 36 barley growing countries of the world
(referred to as “world sample™). In all, 17 rtDNA pheno-
types (genotypes) were observed, which were composed
of 10 alleles at two rDNA loci, Rrnf and Rrn2. The world
sample contained the largest number of phenotypes and
alleles and also demonstrated the highest level of diversi-
ty. Ribosomal DNA phenotypes 104, 112 and 107, 112
occurred at high frequencies worldwide. Allele 112 was
the predominant allele of Rrnf in all four samples, and
104 and 107 were the two major alleles of Rrn2 world-
wide. The distributions of rDNA genotypes and alleles
demonstrated a clear differentiation of two distinct bar-
ley groups: an Oriental group represented by the samples
from China and Tibet, which is characterized by allele
107 at the Rrn2 locus (rDNA phenotype 107, 112); and
an Occidental group, represented by Ethiopian and
world samples, which is comprised mostly of allele 104 at
the Rrn2 locus (rDNA phenotype 104, 112). The results
also raised new questions concerning the phylogeny and
evolution of cultivated barley.
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Introduction

The ribosomal DNA of plants is arranged in tandemly
repeating arrays varying from several hundred to several
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thousand copies per haploid genome. In barley, the aver-
age copy number of rDNA is 1880 per haploid genome
(Zhang et al. 1990a). Each repeat consists of a transcrip-
tion unit and an intergenic spacer (IGS) region that sep-
arates adjacent transcription units. The IGS region in-
cludes an array of repeated sequences referred to as sub-
repeats. In barley, the restriction enzyme SsfI cleaves
each of the rDNA units twice, once on each side of the
transcription unit, thus generating two rDNA fragments
from each repeat unit. One fragment, representing the
major portion of the transcription unit, is invariant
(~3880 bp), whereas the other fragment, made up pri-
marily of the IGS region, varies in length as a result of
differences in the number of subrepeats present in the
IGS region. Twenty rDNA spacer-length variants (slvs)
have been identified as alleles at two Mendelian loci,
Rrnt and Rrn2, associated with the nucleolar organizer
regions of chromosomes 6 and 7, respectively (Saghai
Maroof et al. 1984; Allard et al. 1990). The 20 slvs are
organized into two families, one comprised of a regularly
complete 8-step ladder, 4625-5430 bp long, arranged in
the nucleolar organizer region of chromosome 7. The
other is a 12-step ladder, 5545-6695 bp long, located in
the nucleolar organizer region of chromosome 6. All slvs
differ from their immediately adjacent neighbors by a
115-bp subrepeat except for slv 108 a (the shortest variant
in Rrni), which is about 42 bp shorter than slvi08 and
73 bp longer than slvi07. The 8 shorter slvs (100-107)
segregate and serve as markers for the 8§ rDNA alleles of
the locus Rrn2, whereas the 12 longer slvs (108a-118)
segregate and serve as markers for the 12 alleles of Rrnf.
Thus, in barley, an rDNA allele is comprised of a large
number of tandem repeats of a transcriptional unit plus
an associated IGS region that is variable in length.

It has been demonstrated in an experimental popula-
tion of cultivated barley (Hordeum vulgare ssp. vulgare)



grown in large plots without conscious selection that the
dynamic changes in the TDNA allele frequencies are un-
der the influence of natural selection. It has also been
established, in a study of TDNA polymorphisms in 18
populations of H. vulgare ssp. spontaneum (Saghai Ma-
roof et al. 1990), that rDNA alleles and genotypes vary
widely from habitat to habitat and that the occurrence of
specific alleles and two-locus genotypes is closely associ-
ated with factors of the physical environments. These
studies suggest that natural selection acting on the por-
tions of the genome marked by the alleles of the two
rDNA loci plays an important role in the development
and maintenance of the observed patterns of molecular
and genetic organization of rDNA variability in barley.

In the paper presented here we extend our investiga-
tion of rDNA variability to barley samples representing
many barley growing areas of the world and to three
specific regions that have been postulated as playing im-
portant roles in the evolution and variation of cultivated
barley. The results clearly show that there is extensive
variation in tDNA alleles and genotypes in cultivated
barley. The study reveals two distinct barley groups with
respect to rDNA genotypes: an Oriental group that is
likely to be centered at Tibet, and an Occidental group
that appears to be diversified from Ethiopia. The results
also raise new questions concerning the phylogeny and
evolution of cultivated barley.

Materials and methods

The genetic materials used in this study were 289 accessions of
cultivated barley (H. vulgare ssp. vulgare), grouped in four inde-
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pendent samples. The first sample, henceforth referred to as
“world sample”, comprised 92 accessions from 36 countries
representing all the major barley growing areas of the world.
The second sample consisted of 59 landraces from Ethiopia.
These two samples were obtained from the barley collection
maintained by the United States Department of Agriculture.
The third sample included 79 landraces and cultivars collected
from barley growing areas all over China. The fourth sample
consisted of 59 accessions of Tibetan barley drawn from the
Hordeum collection maintained at the Agricultural Institute of
Tibet, Lhasa.

DNA was prepared from single plants for the 92 accessions
of the world sample and from bulked seedlings for each entry of
the other three samples following the procedures of Saghai Ma-
roof et al. (1984). About 1 pg of total cellular DNA from each
accession was digested with the restriction endonuclease SstI
and fractionated in an 1.2% agarose gel. Electrophoresis, blot-
ting and hybridization closely followed described procedures
(Saghai Maroof et al. 1984). A genomic clone, pTA71 (Gerlach
and Bedbrook 1979), containing the entire wheat rDNA repeat
unit was used as the hybridization probe.

Scoring of the rDNA spacer-length variants and designa-
tions of alleles at the two rDNA loci were essentially the same
as described by Saghai Maroof et al. (1984) and modified by
Allard et al. (1990).

Results
Variation of rDNA spacer-length phenotypes (genotypes)

A total of 17 IDNA spacer-length phenotypes (genotypes
can be deduced from these phenotypes) were observed in
the entire sample of 289 accessions (Table 1). Two of the
17 phenotypes (fragment patterns) were one banded, 6
were two banded, 7 were three banded, and 1 phenotype
each was four and five banded, respectively. Each of

Table 1. Ribosomal DNA phenotypes (genotypes) and their frequencies in each of the four samples of cultivated barley

slv phenotype World? China Ethiopia Tibet Total
n f n f n f n f n f

101, 104, 112 3 0.033 3 0.010
101, 104, 105, 107, 112 1 0.017 1 0.003
102, 112 1 0.011 1 0.003
104, 105, 112 1 0.017 1 0.003
104, 107, 112 1 0.011 2 0.025 3 0010
104, 108 3 0.051 3 0.010
104, 111, 112 1 0.017 1 0.003
104, 112 56 0.609 26 0.329 51 0.864 133 0.460
106, 107, 111, 112 2 0.022 2 0.007
106, 107, 112 1 0.013 2 0.034 1 0.003
107 2 0.022 1 0.017 3 0.010
107, 108, 112 1 0.017 1 0.003
107, 110 2 0.022 2 0.007
107, 111 1 0.017 1 0.003
107, 111, 112 1 0.011 4 0.068 5 0.017
107, 112 19 0.207 50 0.633 2 0.034 50 0.847 121 0.419
112 5 0.054 5 0.017
Total 92 79 59 59 289

h, 1.317 0.803 0.601 0.645 1.234

* A sample of 92 accessions from 36 countries representing all the major barley growing areas of the world
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these 17 phenotypes contained at least 1 of the 3 most
frequent spacer-length variants: slv104, slvi07 or slv112.
Two phenotypes, namely 104, 112 and 107, 112, were
predominant (f>0.80) both in the 92 entries of the world
sample and in all samples of the 289 accessions as a
whole. All other phenotypes were very rare, except for 2
that were locally frequent: 104, 108 in Ethiopia (f=0.051),
and 107, 111, 112 in Tibet (f=0.068).

Ten phenotypes were observed in the world sample, 6
each in Ethiopian and Tibetan samples, and only 4 in the
sample from China. Thus, the world sample contained a
larger number of rDNA phenotypes than any of the
regional samples. However, a number of phenotypes ap-
peared in regional samples that were not observed in the
world sample. Examples include: phenotypes 104, 108,
104,111, 112 and 101, 104, 105, 107, 112 in the Ethiopian
sample; phenotypes 107, 111 and 107, 108, 112 in the
Tibetan sample; and 106, 107, 112 in both the Tibetan
and Chinese samples.

Variation of rDNA alleles

Previous studies (Saghai Maroof et al. 1984; Allard et al.
1990) established that each of the slvs represents an allele
at one of the two rDNA loci, Rrnf and Rrn2. Table 2
gives the numbers and frequencies of alleles observed in
these four samples. Four conventions (Saghai Maroof
et al. 1990) were followed in assigning slvs to alleles of
individual loci and in enumerating numbers of alleles. (1)

Each individual was considered to have two tDNA loci
with 2 alleles per locus. (2) All variants in the series slv
101-107 were assigned as alleles of Rrn2 and enumerated
as alleles 101107, respectively, and all variants in the
series slv 108—112 were assigned as alleles of Rrnf and
enumerated as alleles 108~112, respectively. (3) All
plants with 3 slvs were considered to be heterozygous at
one locus and homozygous at the other locus, although
there was evidence indicating that some of the three-
banded types are homozygotes for a “‘compound allele”
consisting of 2 different slvs (Allard et al. 1990). This
convention also applies to four-banded phenotypes. (4)
A one-banded plant was scored as homozygous for one
locus, and null for the other locus. Our previous data
indicated that these four conventions are not necessarily
always correct.

It can be seen from Table 2 that, in total, 10 alleles (not
including deduced null alleles) were observed in these
four samples. Allele 112 was predominate at the Rrnf
locus in all four samples and was the only allele at that
locus in the sample from China. Allele 108 appeared to
be locally frequent (f=0.051) in the Ethiopian samples,
while allele 111 was locally frequent (f=0.052) in the
Tibetan samples. Both collection regions represent envi-
ronmental extremes. At the Rrn2 locus, alleles 104 and
107 occurred at a high frequency in the world sample as
well as in all the samples as a whole. There were also
alleles that appeared in the three regional samples but

Table 2. Alleles of the two tDNA loci, Rrnf and Rrn2, observed in each of the four samples. See text for the conventions of allele

enumeration
Allele World® China Ethiopia® Tibet Total
n f n f n f n f n f

Rrn2
101 3 0.016 3 0.005
102 2 0.011 2 0.003
104 116 0.630 54 0.342 111 0.957 281 0.488
105 1 0.009 1 0.002
106 2 0.011 1 0.006 2 0.017 5 0.009
107 51 0.277 103 0.652 4 0.034 116 0.983 274 0.476
Null® 10 0.054 10 0.017
Total 184 158 116 118 576

Rrnl
108 6 0.051 1 0.008 7 0.012
110 4 0.022 4 0.007
111 3 0.016 1 0.008 6 0.051 10 0.017
112 173 0.940 158 1.00 111 0.941 109 0.924 551 0.953
Null? 4 0.022 2 0.017 6 0.010
Total 184 158 118 118 578

* Null alleles were deduced according to the conventions we followed in this paper
b A sample of 92 accessions from 36 countries representing all the major barley growing areas of the world
¢ The five-banded individual, 101, 104, 105, 107, 112, was not enumerated in this table



were not observed in the world sample. Examples in-
clude: allele 105 in Ethiopia and allele 108 in both
Ethiopia and Tibet.

The level of diversity

Shannon’s information statistic (h,= — Zp;Inp;, where
p; is the frequency of the i rDNA phenotype) was calcu-
lated to evaluate the phenotypic diversity level of IDNA
in barley from each region as represented by the samples.
These calculations (Table 1) indicate that the world sam-
ple has the highest diversity value (h,=1.317), followed
by the sample from China (0.803). The information
statistic value for the Tibetan sample is not significantly
higher than that of the Ethiopian sample (0.645 versus
0.601).

Contrasting patterns of r¥DNA variation
in samples from different regions

It can be seen from Table 1 that there are two sharply
contrasting patterns of tDNA genotypes in these four
samples as illustrated by the frequencies of phenotypes
104, 112 and 107, 112. Tibet and Ethiopia appear to
represent the two extremes of such contrasting patterns:
phenotype 107, 112 is predominant in Tibetan barley
(f=0.840), but very rarely observed in the Ethiopian
sample (f=0.034); whereas phenotype 104, 112 occurs at
a very high frequency in Ethiopian barley (f=0.864), but
is not observed at all in the Tibetan sample. The rDNA
pattern of the world sample, characterized by a high
frequency of the 104, 112 phenotype, is more similar to
that of the Ethiopian barley sample, whereas the IDNA
pattern of the Chinese sample, with 107, 112 as the most
frequent phenotype, more closely resembles that of the
Tibetan barley sample.

This is also the case for the distribution of the rDNA
alleles among the four samples. As can be seen clearly
from Table 2, the contrasting patterns of the rDNA geno-
types discussed above are attributable to drastic differ-
ences in the frequencies of alleles 104 and 107 in the Rrn2
locus among the four samples. Allele 104 is observed at
an extremely high frequency in Ethiopian barley
(f=0.957), while 107 is the predominant allele of Rrn2 in
Tibetan barley (f=0.983). These represent the extremes
in allele frequency distribution. Allele 104 is the most
frequent allele of this locus in the world sample
(f=0,630), and 107 occurs most commonly in the sample
from China. Thus, the rDNA allelic compositions of
these samples also supports the conclusion of greater
similarity between the world and Ethiopian barley sam-
ples and between the Chinese and Tibetan barley sam-
ples. :
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Discussion

The 289 accessions included in the present study are
likely to represent the widest range of genetic variation in
cultivated barley. The results indicate that although a
total of 17 tDNA phenotypes are present in these four
samples, only 2, namely 104, 112 and 107, 112, occur at
high frequencies. Two additional phenotypes, 104, 108
and 107, 111, 112, are observed at a substantial frequency
only in environmentally extreme conditions (104, 108 in
Ethiopia and 107, 111, 112 in Tibet). When the occur-
rence of individual alleles is followed, it is found that
allele 112 predominates at the Rrnf locus worldwide,
while at the Rrn2 locus, allele 104 is most frequent in the
world sample and in barley from Ethiopia, but 107 is the
most common allele in barley from China and Tibet.
Alleles 108 and 111 occur frequently in some localities of
Ethiopia and Tibet, respectively.

In this connection, it is interesting to note that in a
study of rDNA diversity in a large sample of 267 acces-
sions of the wild barley H. vulgare ssp. spontaneum from
Southwest Asia, Saghai Maroof et al. (1990) detected a
total of 36 phenotypes composed of 17 alleles of the two
rDNA loci. Phenotype 107, 112 was the most frequent
phenotype (f=0.38) in their sample; 4 additional pheno-
types were also observed at substantial frequencies
(f=0.05). When alleles at each of these two loci were
counted, it was found that allele 112 was the most fre-
quent allele of the Rrr1 locus (f=0.53). However, 4 other
alleles also occurred at frequencies between 0.05 and
0.19. Aliele 107 was the most common allele of the Rrn2
locus; 2 additional alleles were also observed at substan-
tial frequencies. Thus, it is clear that this wild barley is
much more variable with respect to rDNA genotypes
than cultivated barley. It is also interesting to note that
phenotype 104, 112 and allele 104, which occurred at
high frequencies in cultivated barley, were rarely ob-
served in this wild barley (f<0.01 for phenotype 104,
112, and £=0.02 for allele 104).

Vavilov (1926) and Freisleben (1940) suggested the ex-
istence of two distinct groups in world barley: an Oriental
group and an Occidental group. Takahashi (1955) pro-
vided evidence of genetic differentiation between these
two barley groups based on his genetic analyses of ear
rachis brittleness and powdery mildew resistance. He
placed barleys grown in China proper, southern Japan
and South Korea in the Oriental group, and barleys from
the rest of the world in the Occidental group. Similar but
less clear-cut differentiation has also been observed in
patterns of multilocus associations among enzyme loci
(Kahler and Allard 1981; Zhang et al. 1990b). The pres-
ent study shows that rDNA alieles and genotypes, as
marked by the spacer-length variants, are clearly differ-
entiated into these two groups: barley from China and
Tibet, characterized by allele 107 or phenotype 107, 112,
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falls into the Oriental group, while accessions from the
rest of the world, with Ethiopia as the most extreme
example, belong to the Occidental group.

An inspection of the sampling allocation of the acces-
sions included in the present study indicate, that 11 acces-
sions in the world sample are from China, Japan and
Korea. Ten of these 11 accessions are phenotypically 107,
112. Allele 104 in the Chinese barley sample is mostly
from two sources: spring barley landraces from North-
east China (formerly known as Manchuria), which Taka-
hashi (1955) placed in the Occidental group, and culti-
vars from the Southeast coastal area where germ plasm
from Western countries has been incorporated into bar-
ley breeding programs. When those entries are discount-
ed, the rDNA pattern of the world sample is even more
similar to that of Ethiopian barley, and allele 104 be-
comes very rare in the Chinese sample. These results
suggest that Tibet be the center of Oriental barley and
Ethiopia the center of Occidental barley.

Several issues have emerged from the results of the
present study regarding the phylogeny and evolution of
cultivated barley. There have been a number of hypothe-
ses concerning the origin of cultivated barley. For exam-
ple, Aberg (1940) postulated that the six-rowed wild bar-
ley, H. vulgare ssp. agriocrithon, found in Tibet was the
progenitor of cultivated barley. Harlan (1976) main-
tained an opposite opinion that barley was first domesti-
cated in Southwest Asia from a two-rowed wild barley H.
vulgare ssp. spontaneum. Freisleben (1940), on the other
hand, proposed a diphyletic hypothesis that six-rowed
cultivated barley in the Oriental region was derived from
H. vulgare ssp. agriocrithon, while two-rowed cultivated
barley in Southwest Asia originated from H. vulgare ssp.
spontaneum. The numerous other forms of cultivated
barley are considered to be either direct descendants
from one or the other ancestral forms, or derived from
hybridizations between the two ancestral forms.

However, results from our previous study (Saghai
Maroof et al. 1990) showed that at the Rrn2 locus 107 is
the most frequent allele (f=0.78) and 104 is very rare
(f=0.02) among 267 accessions of H. vulgare ssp. sponta-
neum representing almost the entire distribution range of
this wild barley in Southwest Asia. Thus, with any of the
above hypotheses, either singly or in combination, it is
difficult, in two respects, to explain the distribution pat-
terns of the rDNA polymorphisms observed in these
studies. First, if H. vulgare ssp. spontaneum in Southwest
Asia was the progenitor of the cultivated barley, 107
should be expected to occur at the highest frequency in
world barley, and allele 104 would have very little chance
to be brought into cultivation. This, however, is not the
case. Instead, allele 104, which occurred very rarely
(f=0.02) in H. vulgare ssp. spontaneum, is the most fre-
quent allele in the world sample of cultivated barley. It
should be pointed out that the generation of one rDNA

allele from another involves a series of molecular events
including unequal crossing-over and the homogenization
of several hundred to several thousand repeating units
that would probably take thousands of years to accom-
plish unless there was extremely strong selection for such
turn-over. It may also be difficult for allele 104 to replace
allele 107 once the latter is established, since 107 seems to
be favored under both favorable (e.g., Davis, California,
Saghai Maroof et al. 1984) and unfavorable (e.g., Tibet
in the present study) conditions. Thus, it is unlikely that
the widely occurring 104 allele was derived from allele
107 after barley was domesticated. This observation ap-
pears to be at odds with the proposition that H. vulgare
sSp. spontaneum is the immediate progenitor of the culti-
vated barley.

The second difficulty is that it is not apparent why the
tDNA patterns of H. vulgare ssp. spontanewm are more
similar to those of barley in the Oriental region than to
those of cultivated barley in its immediate surroundings.
Detailed information on the distribution of rDNA geno-
types in cultivated barley across the continent of Asia
and in wild barley of Tibet will certainly be helpful, and
studies are currently in progress toward resolving such
difficulties.
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