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Abstract The origin of six-rowed cultivated barley was
studied using a DNA marker cMWG699 closely linked
to the vrsl locus. Restriction patterns of the PCR-ampli-
fied product of the cMWG699 locus were examined in
280 cultivated (Hordeum vulgare ssp. vulgare) and 183
wild (H. vulgare ssp. spontaneum) barleys. Nucleotide
sequences of the PCR products were also examined in
selected accessions. Six-rowed cultivated barleys were
divided into two distinct groups, types | and Il. Type |
six-rowed cultivated barley was distributed widely while
type Il six-rowed cultivated barley was found only in the
Mediterranean region. The type | sequence was also
found in a wild barley accession from Turkmenistan
whereas the type Il sequence was also found in a two-
rowed cultivated barley from North Africa and a wild
barley from Morocco. These results suggested that the
six-rowed type | and Il barleys were derived from two-
rowed type | and Il barleys, respectively, by independent
mutations at the vrsl locus.
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Introduction

Barley (Hordeum vulgare) is one of the main crops in
world cereal production and is also one of the earliest
cultivated crops of the world along with emmer wheat
(Triticum turgidum ssp. dicoccon), einkorn wheat (Triti-
cum monococcum), lentil (Lens culinaris) and pea
(Pisum sativum) (Zohary and Hopf 1993). Unlike bread
wheat (Triticum aestivum) that experienced polyploid-
ization events, the domestication of barley is assumed to
have taken place from wild barley, subspecies sponta-
neum, in the Near East (Harlan and Zohary 1966). Popu-
lation genetic studies based on biochemical markers
(Nevo et al. 1986) and chloroplast DNA variation (Neale
et al. 1988) demonstrated much less variation of cultivat-
ed barley as compared to wild barley, suggesting that
cultivated barley had originated from a small number of
wild barley plants. However, the sites of the domestica-
tion eventsin barley remain unclear.

Row type of the spikelet is one of the key characters
for the elucidation of the origin of cultivated barley.
Wild barley is only two-rowed while cultivated barley
has two- and six-rowed spikelets, and six-rowed cultivat-
ed barley is more widely distributed than two-rowed cul-
tivated barley. Six-rowed barley was the main cerea
even in ancient Mesopotamia (the 4th millennium BC).
De Candolle (1882) was the first to study the origin of
barley. He mentioned two possibilities for the ancestors
of cultivated barley; ‘Hordeum spontaneum’, or six-
rowed wild barley which once existed but became ex-
tinct within historic time. Later, a number of researchers
argued whether the progenitor of cultivated barley was
two- or six-rowed, maintaining several opinions. the
“two-rowed progenitor hypothesis’ (Helbaek 1959;
Bakhteyev 1963; Harlan 1968), the “six-rowed progeni-
tor hypothesis’ (Schiemann 1932; Aberg 1940) and
the mixed “di-phyletic hypothesis’ (Freisleben 1940;
Takahashi 1955). Today, the two-rowed hypothesis has
been generally accepted because: (1) extant wild barley
has two-rowed spikelets while the six-rowed brittle form
sometimes found in Tibet and Israel, and designated as



the wild six-rowed form, viz. ‘H. agriocrithon’, is
regarded as a hybridization product of two-rowed wild
barley with six-rowed cultivated barley (Zohary 1963;
Bothmer et al. 1995); (2) before the cultivation of barley,
the two-rowed brittle barley such as the ssp. spontaneum
form was utilized as food (Harlan 1968); and (3) the
two- and six-rowed spikelets are controlled at the vrsl
(formerly v) locus in chromosome 2H (Griffee 1925)
(the new gene symbol follows Franckowiak et al. 1997),
and the two-rowed type is dominant while the six-rowed
type is recessive (Ubisch 1916). Mutation at this locus
by irradiation caused the change from the two- to six-
rowed type (Nybom 1954; see Lundquvist et al. 1997)
but the reciprocal is unknown. If indeed six-rowed bar-
ley evolved from the two-rowed type, then the present
six-rowed barley seems to have originated from alimited
number of two-rowed barley. Clarification of the sites of
origin of six-rowed barley would provide important in-
formation on the crop history and will also be useful for
future barley breeding.

Since genes at the vrsl locus have not been cloned
yet, this study used the cMWG699 marker, which was
linked to the vrsl locus with a map distance of 0.1 cM
(Graner et a. 1991; Komatsuda et al. 1999). In a previ-
ous study (Tanno et al. 1999), restriction analysis of the
amplified DNA of this marker showed three haplotypes
in barley cultivars, which were named A, D and K; and
analysis of their DNA sequence suggested that six-rowed
barleys of types A and D had differentiated from two-
rowed barleys of types A and D, respectively. However,
this study included a small number of cultivated barleys,
so that the conclusion was not solid, and the data did not
tell us anything about the domestication of barley be-
cause wild barley was not included. In the present study,
the geographical distribution of the three haplotypes was
investigated using a larger number of cultivated and wild

Table 1 Barley germplasms used in this study. For information
Komatsuda
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barley accessions, and their nucleotide sequence was
analyzed to elucidate the origin of the six-rowed culti-
vated barley.

Materials and methods

Plant materials

This study included 280 cultivated and 183 wild (ssp. sponta-
neum) barley accessions (Table 1). The cultivated barleys were
mostly landraces; 76 were two-rowed and 204 were six-rowed.
Materials from the new continents and two-rowed barleys from
the Far East were not included, since such materials are consid-
ered to have been introduced recently. Some brittle rachis six-
rowed forms ‘H. agriocrithon’ are found in Tibet and Israel, but
they are probably hybridization products between ssp. spontaneum
and six-rowed cultivated barley (Zohary 1963; Bothmer et al.
1995). For this reason, the H. agriocrithon form was not included
in this study. All the barley germplasms used are collections of
the Barley Germplasm Center, Research Institute for Bioresources,
Okayama University, Kurashiki, Japan, except for 12 Isragli,
6 Jordanian, 3 Turkish and 1 Syrian accessions of ssp. spontaneum
which were obtained from USDA. The row type of spike was de-
termined based on the fertility of the lateral spikelets.

DNA amplification and restriction analysis

Total DNA was extracted from young leaves as described by
Komatsuda et al. (1998). PCR amplification of cMWG699 and re-
striction analysis with Tagl (Nippongene) were performed follow-
ing the methods described by Komatsuda et al. (1998). For simpli-
fication of gel electrophoresis (3% MetaPhor, FMC, Rockland,
Maine), the internal primers cMWG699 T7-3 and T3-3 (see
Tanno et a. 1999), instead of externa primers cMWG699 T7-2
and T3-2, were used to amplify the intron part.

DNA sequencing

DNA amplification was performed by PCR using the cMWG699
T7-2 and T3-2 primers (Komatsuda et al. 1998). Amplified DNA

about the collection history of each accession, contact Tanno or

Region Abbreviation Cultivated (280) Wild (183) Accession
2-Rowed 6-Rowed 2-Rowed

North and Central Europe  NCEU 28 10 Czechoslovakia, Denmark, Finland,
Germany, Hungary, Poland, Romania,
Sweden, Switzerland, United Kingdom

South Europe SEU 7 16 Bulgaria, France, Italy, Spain, Yugoslavia

North Africa NA 3 10 9 Algeria, Egypt, Libya, Morocco, Tunisia,
an unknown country

Ethiopian ETP 9 28 Ethiopia

Middle East ME 29 21 123 Armenia, Azerbaijan, Cyprus, Georgia,
Iran, Irag, Israel, Jordan, Syria, Turkey

South and Central Asia SCA 10 51 Afghanistan, India, Pakistan, Tajikistan,
Turkmenistan

Himalayan HL 32 Nepal, Tibeta

Far East FE 77 China?, Japan, North Korea, South Korea

Total 76 204 183

aTibet is dealt with separately from Chinain this study
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was cloned into the pCRII vector by using the TA cloning kit (In-
vitrogen). Nucleotide sequences were determined with Fluores-
cence Cycle Sequencing Kits (Applied Biosystems) and a 373 A
automated DNA sequencer (Perkin-Elmer). Three independent
clones were analyzed for each accession to eliminate PCR-ampli-
fication artifacts. The DNA sequences were aligned manually.

Results

Geographical distribution
of cMWG699/Tagl polymorphism

The PCR amplification generated a single DNA frag-
ment of about 490 bp in all the barley accessions. The
Taqgl digestion of the PCR products showed three haplo-
types A, K and D in the materials (Fig. 1). The three
hapl otypes corresponded to the A, K and D types detect-
ed in a previous study (Tanno et al. 1999), and no other
type was detected in this study.

Figure 2 shows the geographical distribution of the
three haplotypes. In ssp. spontaneum (Fig. 2a), type A
was predominant (172 out of 183) and was distributed in
a large area of the Middle East, and South and Central
Asia. In contrast, only four accessions were of type K
which were obtained from Iran (three accessions) and
Israel (one accession). Type D was found only in North
Africa. Seven accessions out of nine were of type D and
they were from Morocco (the other two were of type A
from Libya). We picked up a number of Moroccan ssp.
spontaneum in this region since some reports suggest
that Morocco is one of the domestication centers for cul-
tivated barley (see Discussion).

In two-rowed cultivated barley (Fig. 2b), 38 acces
sions were of type A, 36 were of type K and two were of
type D. The proportion of type K was high in North and
Central Europe (85%) and Southern Europe (86%), but
low in the Middle East (17%), and none in Ethiopia
(0%). In North Africa, only three cultivars were analyzed
because two-rowed cultivated barley is rare in this
region (Yasuda et al. 1993). They were of types A, K
and D.

In six-rowed cultivated barley (Fig. 2c), type A was
prevalent all over the regions examined and was predom-

exon intron exon
196bp 361bp 376bp
R TR — - K
L, L, ] PR
T7-2 T7-3 T3-3 T3-2
2520p  S9Qo  2420p L 187bp ,  272bp
type-K —1 T 1
282bp
type-A i t i
379bp
type-D 1 1

Fig. 1 Restriction site map of cMWG699. The bar indicates the
Tagl recognition site. The map was made based on Tanno et al.
(1999)

inant in number. In the 204 accessions analyzed, type D
was found in only seven accessions and al of them were
from Southern Europe (Spain, France, Italy, Yugoslavia
and Bulgaria). Type K was not found in six-rowed culti-
vated barley.

a) wild barley (H. vulgare ssp. spontaneum )

b) two-rowed cultivated barley

c) six-rowed cultivated barley

Fig. 2a—c Geographica distribution of the cMWG699/Tagl poly-
morphism of the three different haplotypes A (hatched), K (open)
and D (closed). For abbreviations see Table 1. For information
about the genotype in each accession, contact Tanno or Komatsuda
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Table 2 Nucleotide polymorphisms at cMWG699 in cultivated and wild barley. Asterisk denotes consensus sequence. Dash denotes gap

Haplotype status Row Locality Accession Symbol
type A wild 2 \/po Turkmenistan Ssp. spontaneum OUH730 |
wild 2 Turkmenistan Ssp. spontaneum OuUH644
wild 2 Afganistan Ssp. spontaneum OUH630
wild 2 Iran Ssp. spontaneum OUHT728
wild 2 Iraq SSp. spontaneum OUH707
wild 2\/pb Iraq ssp. spontaneum OUH742
wild 2 Jordan Ssp. spontaneum OUH638
wild 2 Turkey Ssp. spontaneum OUH726

cult. 2 Iran Ghazvin 1
cult. 2 Chechoslovakia Jubilee
cult. 2 Syria Aleppo 1
cult. 2 Ethiopia Hiproly
cult. 2Vtb Ethiopia Debre Zeit 29
cult. 2Vtb Ethiopia Glyorgi 1
cult. 6 Japan Azumamugi 3) |
cult. 6 China Paoanchen 1 I
cult. 6 Tibet Tibet Violet 1 |
cult. 6 Afganistan Kabul 1 |
cult. 6 Iraq Bagubah 1 I
cult. 6 Ethiopia Adigrat 3 |
cult. 6 Ethiopia Addis Ababa 3 |
cult. 6 Tunisia Tunis |
cult. 6 Italy Orayio |
cult. 6 Finland Ollic I

type K wild 2 Iran SSp. spontaneum OUH729
cult. 2 Turkey Turkey 111
cult. 2 Germany Hanna
cult. 2 United Kingdom Golden Promise®

type D wild 2 Morocco Ssp. spontaneum OUHT77 Il
cult. 2 North African Palmella Blue 1
cult. 6 Bulgaria Caveda Il
cult. 6 Germany Dissa® Il
cult. 6 Spain Valencia Il

a The aligned sequences are 934 nucleotides long, including 20-
base primer sequences on both ends

b VP and Vt are multiple alleles at v (vrsl) of two-rowed barleys.
Barley of VP and W has tip-awned lateral spikelets (proskowetzii)

Sequencing analysis

Seguence analysis was done to reveal further variations
of the nucleotide sequence within each haplotype. Since
type A was predominant in the restriction analysis
(Fig. 2), more accessions of type A were included than
those of types K and D. Materials were selected from as
distantly separated areas as possible. Table 2 shows poly-
morphic nucleotide sites of the cMWG699 sequence.

In type A, the ssp. spontaneum accessions were more
variable than the cultivated accessions, where seven
hapl otypes were found among eight accessions studied.
The two-rowed cultivated barley was less variable, in-
cluding three haplotypes among six accessions. In con-
trast, the six-rowed cultivated barleys consisting of ten
accessions had an identical sequence. The seguence
coincided with that of OUH730, a ssp. spontaneum
accession from Turkmenistan.

and markedly reduced lateral spikelets (deficiens), respectively.
All the other two-rowed barleys have V

¢ Sequence data of “Azumamugi”, “Olli”, “Golden Promise” and
“Dissa’ are cited from Tanno et al. (1999)

The two-rowed cultivated accessions included two
deficiens forms from Ethiopia. The deficiens barley is
two-rowed and has arudimentary lateral spikelet without
any sexual organ (Woodward 1949). The two Ethiopian
deficiens accessions (“Debre Zeit 29” and “Glyorgi 1")
had the same sequence, which was identical with that of
the normal two-rowed cultivars “Aleppo 1" (from Syria)
and “Hiproly” (from Ethiopia).

In haplotype K, one wild and three cultivated barleys
had an identical sequence (Table 2). Their sequences
were also identical with that of “Kanto Nakate Gold”
which was analyzed by Tanno et a. (1999). Therefore,
al of the type K accessions studied had an identical se-
guence. The wild accessions originated from Iran
(OUHT729).

All of the type D barleys analyzed had the same se-
guence. The six-rowed cultivated barleys analyzed were
from Bulgaria (“Caveda’), Germany (“Dissa’) and Spain
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Table 2 (continued)

Polymorphic sitez

Exon Intron Exon

64 172 228 242 254 289 297 325 440 448 480 500 509 527 539 732 735 753
C C - C T A A C T G T C T C T T T A
* * — * * * * * * * * T * * C C * *
* T — * * * * * * * * * * * * * * *
* * — * * — * * * * * * * * * * * *
T * — * * * G * * * C * G * * * * *
* * — * * * * T * * * * * * * * * *
* * — * * — * * * * * * * * * * * *
* * — T * * * * C A * * * * * * * *
* * C * * * * * * * * * * * * * * *
* * C * * * * * * * * * * * * * * T
* * — * * * * * C A * * * * * * * *
* * — * * * * * C A * * * * * * * *
* * — * * * * * C A * * * * * * * *
* * — * * * * * C A * * * * * * * *
* * — * * * * * * * * * * * * * * *
* * — * * * * * * * * * * * * * * *
* * — * * * * * * * * * * * * * * *
* * — * * * * * * * * * * * * * * *
* * — * * * * * * * * * * * * * * *
* * — * * * * * * * * * * * * * * *
* * — * * * * * * * * * * * * * * *
* * — * * * * * * * * * * * * * * *
* * — * * * * * * * * * * * * * * *
* * — * * * * * * * * * * * * * * *
* * — * C * * * * * * * * * * * * *
* * — * C * * * * * * * * * * * * *
* * — * C * * * * * * * * * * * * *
* * — * c * * * * * * * * * * * * *
* * — * * * * * C A * * * T * * C *
* * — * * * * * C A * * * T * * C *
* * — * * * * * C A * * * T * * C *
* * — * * * * * C A * * * T * * C *
* * — * * * * * C A * * * T * * C *

(*Valencia’). The two-rowed barleys included one culti-
vated barley from an unknown locality in North Africa
(“Palmella Blue”) and one wild barley from Morocco
(OUHTTY).

Discussion

From the results of this study, the six-rowed cultivated
barleys were classified into two sequence-based haplo-
types, types | and |1, at cMWG699 (Table 2). Types| and
I correspond to the sequences of the six-rowed barleys
that showed types A and D in the restriction analysis
(Fig. 2), respectively. The two sequences were the same
as in our previous study based on a limited number of
cultivated barleys from East Asia, Europe and North
America (Tanno et al. 1999). Three scenarios are possi-
ble for the differentiation of the six-rowed type | and Il
barleys: (1) Mutation from two-rowed to six-rowed bar-
leys occurred in the most-recent common ancestor of
types | and Il barleys, and later cMWG699 evolved to
types| and Il. (2) Six-rowed barleys of types| and Il dif-

ferentiated from two-rowed barleys of types | and Il, re-
spectively, by mutation at vrsl. (3) Recombination oc-
curred between vrsl and cMWGE99, but this probability
seems very low under normal cultivation conditions be-
cause barley isahighly self-fertile crop and the probabil-
ity of recombination between the two loci is as low as
1/1,000 (Komatsuda et al. 1999). Our previous study
(Tanno et al. 1999) estimated that the DNA sequences of
types | and Il (types A and D, previously) diverged some
138-830-thousand years ago. This divergence time is
much older than the history of barley cultivation (ap-
proximately 10-thousand years). This indicates that the
six-rowed character of types | and Il was most likely de-
rived from independent mutation events from two-rowed
barleys of types | and I, respectively.

Helbaek (1959) proposed a theory of the origin of six-
rowed cultivated barley based on his study of an archae-
ological excavation of the Jarmo remains. the two-rowed
cultivated barley was first domesticated from wild barley
at the foothills somewhere in Kurdistan (Iran, Irag,
Turkey) over 9,000 years ago, and in the 5th millennium,
when irrigated agriculture started in the alluvial Mesopo-



tamia and Egypt, six-rowed barley arose from two-rowed
cultivated barley by mutation and spread to the artificial
ecological environment of theirrigated plain.

In this study, OUH730, a ssp. spontaneum from
Turkmenistan, had the type | sequence. OUH730,
a ‘proskowetzii’ form possessing an elongated awn
(about 2 cm) at the lateral spikelets, was collected by
Dr. F. Bakhteyev (Bakhteyev 1963). The elongated awn
is controlled by the VP allele which is one of the multiple
aleles at the vrsl locus (Takahashi and Tomihisa 1970).
Another ‘proskowetzii’ form from Jarmo, Iraq (ssp.
spontaneum OUH742), has only one base difference
from OUH730. These results suggested that the six-
rowed character of type | barley had differentiated from
the ‘proskowetzi’ form, or that the ‘proskowetzi’ and
the six-rowed forms had differentiated from a common
ancestor of type | in this region. Therefore, our data is
not incongruent with Helbaek’s theory. Six-rowed barley
comprised some 90% of cereal crop production in an-
cient Mesopotamia (Harlan 1970), and probably they
were of type | and were spread around the world.

Type |l was the other haplotype found in the six-
rowed cultivars, which were distributed mainly in the
Mediterranean region. This type was aso found in two-
rowed cultivars from Spain and North Africa (location
unknown) and seven Moroccan accessions of ssp.
spontaneum. These results suggested that the six-rowed
barleys of type Il probably differentiated from the two-
rowed forms of type Il in this region. It is, however, still
not clear whether the six-rowed barleys were derived
from the two-rowed “cultivated” barleys or directly from
the ssp. spontaneum forms. A number of researchers
maintain that the distribution of the Moroccan ssp.
spontaneum is disjunctive and is different from that of
ssp. spontaneum in the Middle East where populations of
ssp. spontaneum form distinctive colonies (Harlan and
Zohary 1966; Bothmer et al. 1995). The Moroccan ssp.
spontaneum accessions collected by Molina-Cano et al.
(1982) were more or less weedy plants because their
habitat was an artificially disturbed environment occur-
ring along cultivated barley fields. However, a multiple
alelic RFLP study by Molina-Cano et a. (1999) demon-
strated that the Moroccan ssp. spontaneum formed a
unique cluster apart from ssp. spontaneum of other re-
gions. They pointed out the possibility of the multiple
origin of cultivated barley in Morocco. The present study
used the Moroccan ssp. spontaneum accessions collected
by Molina-Cano et a. (1982). If these Moroccan acces-
sions are genuine wild barleys, the two-rowed cultivated
barley of type Il might have been domesticated from the
Moroccan wild barley.

Two-rowed cultivated barley was distributed from the
Middle East to Europe, and most of them are of type K.
All three cultivated barleys of this type showed the same
sequence, and the sequence was identical with that of an
Iranian ssp. spontaneum accession. The seeds of the
Iranian accessions were shrunken and pubescent, charac-
teristics often being observed in ssp. spontaneum. How-
ever, as the two-rowed spike is common in both cultivat-
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ed and wild barleys, and introgression between the two
forms may occur, it is difficult to assess whether wild
barley carried the type K allele from nature or whether
the alele was introduced from the two-rowed cultivated
barley. For this reason, it is not possible to conclude at
this moment that the Iranian wild barley is an original
two-rowed cultivated barley of type K.

The deficiens form, having Vt alelic at vrsl, is two-
rowed and has a rudimentary lateral spikelet without any
sexual organ (Woodward 1949). Takahashi (1955) specu-
lated that the deficiens form was derived recently from
normal two-rowed cultivated barley because this form is
not found in awild barley population and the distribution
of deficiensislimited to a narrow area, such as Ethiopia.
In this study, the deficiens forms had an identical
cMWG699 sequence with that of normal two-rowed cul-
tivated barley from Ethiopia and Syria, and the sequence
was not identical with any of ssp. spontaneum. This sug-
gested that the deficiens form was derived from normal
two-rowed barley and supports Takahashi’s above-men-
tioned presumption (Takahashi 1955).

The multiple origin of six-rowed barley suggested in
this study is based on the assumption that six-rowed
barley differentiated from two-rowed barley, i.e. the
two-rowed ancestral theory. The present study demon-
strated that variation of the nucleotide sequence was
highest in ssp. spontaneum, intermediate in the two-
rowed cultivated barley and very low in the six-rowed
cultivated barley (Table 2). This strongly supports the
hypothesis that six-rowed barley was derived from two-
rowed barley. The neutrality test based on Tgjima's D
statistics (Tajima 1989) indicated that the null hypothe-
sis of neutral evolution was discarded for randomly
sampled ssp. spontaneum (type A accessions) (D=-1.67,
fitness probability is p<0.05). The negative D value im-
plies the existence of a deleterious gene around the
DNA region. Thisisin a good agreement with the ob-
servation by Zohary (1963) that six-rowed brittle bar-
leys were apt to be eliminated in a population of the ssp.
spontaneum form. These pieces of evidence agree with
the two-rowed ancestral theory.

In conclusion, this study based on the cMWG699 |o-
cus revealed at least two distinct groups in six-rowed
cultivated barley, types | and Il. The two forms probably
differentiated by independent mutations of the vrsl locus
from two-rowed barleys of types | and Il, and the place
of their origin may be near Turkmenistan and the Medi-
terranean region, respectively.

Acknowledgments The authors are grateful to Dr. R. von
Bothmer and Dr. S. Nishimura for their critical reading of the
manuscript. The authors thank Dr. H. Takahashi for raising, and
Dr. Y. Mano for DNA isolation of, ssp. spontaneum accessions.

References

Aberg E (1940) The taxonomy and phylogeny of Hordeum L.
Sect. Cerealia Ands. Symbolae Bot Upsalienses 4:1-156

Bakhteyev FK (1963) Origin and phylogeny of barley. Barley
Genet 1:1-18



60

Bothmer R von, Jacobsen N, Baden C, Jergensen RB, Linde-
Laursen | (1995) An ecogeographical study of the genus
Hordeum, 2nd edn. Systematic and ecogeographic studies on
crop genepools 7. International Plant Genetic Resources Insti-
tute, Rome

De Candolle A (1882) Origin of cultivated plants. Paul, Trench,
Tribner. London

Dellaporta SL, Wood J, Hicks JB (1985) Maize DNA miniprep.
In: Malmberg R, Messing J, Sussex | (eds) Molecular biology
of plants: a laboratory course manual. Cold Spring Harbor
Laboratory, Cold Spring Harbor, New York, pp 36-37

Franckowiak JD, Lundqvist U, Konishi T (1997) New and revised
name for barley genes. Barley Genet Newslett 26:4-8

Freiseben R (1940) Die phylogenetische Bedeutung asiatisher
Gersten. Zuchter 12:257-272

Graner A, Jahoor A, Schondelmaier J, Siedler H, Pillen K,
Fischbeck G, Wenzel G, Herrmann RG (1991) Construction of
an RFLP map of barley. Theor Appl Genet 83:250-256

Griffee F (1925) Correlated inheritance of botanical charactersin
barley, and manner of reaction to Helminthosporium sativum.
JAgric Res 30:915-935

Harlan JR (1968) On the origin of barley. In: Barley: origin, bota-
ny, culture, winterhardiness, genetics, utilization, pests. US
Dept Agric Handbook 338, Washington, pp 9-31

Harlan JR (1970) On the origin of barley: a second look. Barley
Genet |1 45-50

Harlan JR, Zohary D (1966) Distribution of wild wheat and barley.
Science 153:1074-1080

Helbaek H (1959) Domestication of food plants in the old world.
Science 130:365-372

Komatsuda T, Nakamura |, Takaiwa F, Oka S (1998) Devel opment
of STS markers closely linked to the vrsl locus in barley,
Hordeum vulgare. Genome 41:680-685

Komatsuda T, Li W, Takaiwa F, Oka S (1999) High resolution
map around the vrsl locus controlling two- and six-rowed
spikes in barley, Hordeum vulgare. Genome 42:248-253

Lundqvist U, Franckowiak JD, Konishi T (1997) New and revised
descriptions of barley genes. Barley Genet Newdlett 26:22-516

Molina-Cano JL, Gomez-Campo C, Conde J (1982) Hordeum
spontaneum C. Koch as a weed of barley fields in Morocco. Z
Pflanzenzucht 88:161-167

Molina-Cano JL, Moraejo M, lgartua E, Romagosa | (1999)
Further evidence supporting Morocco as a center of origin of
barley. Theor Appl Genet 98:913-918

Neale DB, Saghai Maroof MA, Allard RW, Zhang Q, Jorgensen
RA (1988) Chloroplast DNA diversity in populations of wild
and cultivated barley. Genetics 120:1105-1110

Nevo E, Beiles A, Zohary D (1986) Genetic resources of wild
barley in the Near East: structure, evolution, and application in
breeding. Biol J Linn Soc 27:355-380

Nybom N (1954) Mutation types in barley. Acta Agric Scand
4:430-456

Schiemann E (1932) Entstehung der Kulturpflanzen. Handbuch
Vererbungswissenschaft |11, Berlin, pp 161-174

Tajima F (1989) Statistical method for testing the neutral mutation
hypothesis by DNA polymorphism. Genetics 123:585-595

Takahashi R (1955) The origin and evolution of cultivated barley.
In: Demerec M (ed) Advance in Genetics 7, Academic Press,
New York, pp 227-266

Takahashi R, Tomihisa'Y (1970) Genetic approach to the origin of
two wild forms of barley, laguncliforme Bacht. and pros-
kowetzii Nabelek (Hordeum spontaneum C. Koch emend.
Bacht.). Barley Genet I1:51-62

Tanno K, Takaiwa F, Oka S, Komatsuda T (1999) A nucleotide
sequence linked to the vrsl locus for studies of differentiation
in cultivated barley (Hordeum vulgare L.). Hereditas 130:77—
82

Ubisch G (1916) Beitrag zu einer Faktorenanalyse von Gerste. Z
Induktive Abstam u Vererbungslehre 17:120-152

Woodward RW (1949) The inheritance of fertility in the lateral
florets of the four barley groups. Agron J41:317-322

Yasuda S, Hayashi J, Moriya | (1993) Genetic constitution for
spring growth habit and some other characters in barley culti-
vars in the Mediterranean coastal regions. Euphytica 70:77-83

Zohary D (1963) Spontaneous brittle six-rowed barley, their na-
ture and origin. Barley Genetics |. Proc 1st Int Barley Genet
Symp, Wageningen 1963, Pudoc, Wageningen, The Nether-
lands, pp 27-31

Zohary D, Hopf M (1993) Domestication of plants in the old
world: the origin and spread of cultivated plants in West Asia,
Europe, and the Nile Valley, 2nd edn. Clarendon Press, Ox-
ford, pp 54-64



