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The lateral spikelets of two-rowed barley are reduced in size and sterile, but in six-rowed barley all three

spikelets are fully fertile. The trait is largely controlled by alleles at the vrs1 locus on chromosome arm 2HL,

as modified by the allele present at the I locus on chromosome arm 4HS. Molecular markers were developed

to saturate the 4HS region by exploiting expressed sequence-tags, either previously mapped in barley to this

region, or present in the syntenic region of rice chromosome 3. Collinearity between rice and barley was

strong in the 4.8 cM interval BJ468164–AV933435 and the 10 cM interval AV942364–BJ455560. A major

QTL for lateral spikelet fertility (the I locus) explained 44% of phenotypic variance, and was located in the

interval CB873567–BJ473916. The genotyping of near-isogenic lines for I placed the locus in a region be-

tween CB873567 and EBmac635, and therefore the most likely position of the I locus was proximal to

CB873567 in a 5.3 cM interval between CB873567–BJ473916.

Key Words: lateral spikelet fertility, row-type, mapping, rice genome, synteny.

Introduction

Barley (Hordeum vulgare ssp. vulgare) has one central and

two lateral spikelets at each rachis node. In the two-rowed

barley the lateral spikelets remain small and are sterile, but

in six-rowed barley all three of these spikelets are fully fer-

tile. As the spike of the wild-type progenitor (H. vulgare ssp.

spontaneum) is also of the two-rowed type, it has been

suggested that this spike type must be more ancient. The

six-rowed spike gene (vrs1) is genetically recessive which

originated from a mutation in a homeobox gene (Komatsuda

et al. 2007). The selection by pioneering agriculturalists of a

six-rowed spike plant, which has the potential to set three

times more grains per spike than the two-rowed type, is

thought to have established barley as a founder crop for the

Near Eastern Neolithic civilization (Zohary and Hopf 2000).

However, full development of the lateral spikelets in six-

rowed barley needs the additional action of the intermedium

gene (I). The I gene naturally and commonly occurs in six-

rowed barley (Gymer 1978) and increases the size of lateral

spikelets. Fertility of lateral spikelet is considerably en-

hanced by I in combination with Vrs1vrs1 heterozygotes

(Lundqvist and Lundqvist 1987). The I gene was located on

the short arm of chromosome 4H (Marquez-Cedillo et al.

2000, Komatsuda and Mano 2002, Hori et al. 2005). Alleles

at the intermedium spike-c (int-c) also alter the size of lateral

spikelets (Lundqvist and Lundqvist 1987) and all mutant

lines for int-c were artificially induced in two-rowed barley

(Lundqvist et al. 1997). The int-c gene is recessive for inter-

medium spike, therefore the directions of actions of domi-

nance of the I and int-c genes were opposite and it is not clear

whether the two genes are alleleic, although the location of I

and int-c are both in the short arm of chromosome 4H.

Gene product encoded by I is unknown and molecular

mechanism of the interaction between I and Vrs1. Although

the I locus was located in molecular maps (Marquez-Cedillo

et al. 2000, Komatsuda and Mano 2002, Hori et al. 2005), its

status is far from the molecular cloning. In this paper we

present a comparative map of the region of barley 4H con-

taining the locus, with an emphasis on its synteny with rice

chromosome 3 (Stein et al. 2007). This has been combined

with a QTL analysis for lateral spikelet fertility.

Materials and Methods

Plant materials

Azumamugi (AZ) is a standard six-rowed cultivar, and

Kanto Nakate Gold (KNG) is a two-rowed cultivar. AZ is
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homozygous for vrs1 and I and KNG for Vrs1 and i

(Komatsuda and Mano 2002). We use the I-i gene designa-

tion in this paper because it is not clear whether the I and int-

c genes are alleleic, and parental cultivars carry alleles of

natural variation (but not the mutational alleles). A set of 99

F12 recombinant inbred lines (RILs) were developed from

the AZ × KNG cross by single-seed descent. An I/i pair of

near-isogenic lines (NILs) was generated from a recurrent

back-crossing programme between AZ (donor) and KNG

(recurrent parent). In each BCn generation, six to ten ran-

domly selected plants of heterozygous Vrs1/vrs1 (these

plants have developed lateral spikelets and tip-pointed

lemma) were pollinated with KNG pollen. At the maturity,

plants showing 35% to 50% fertility of lateral spikelets (by

self-fertilization) in the spikes on the remaining tillers, the

indication of I, were selected and its hybrid grains were

taken for the next back-crossing. Finally, a single BC5F1

plant (AZ/6*KNG 2-3-3-s4) was established and self-

pollinated to generate NILs. Fertility of lateral spikelets was

documented previously (Komatsuda et al. 1999). A set of

wheat-barley chromosome addition lines (CALs) (kindly

provided by Dr. A.K.M.R. Islam, University of Adelaide,

Australia) were used to allow the chromosome location of

marker loci. Each CAL represents a wheat plant carrying a

single pair of barley chromosomes, and all seven barley

chromosomes are represented, except for 1H (Shepherd and

Islam 1981).

Resources of molecular marker development

Various consensus genetic maps of barley chromosome

4H (http://wheat.pw.usda.gov/GG2/ index.shtml) were ex-

ploited to provide a set of RFLP loci mapping within the te-

lomeric region of 4HS (Table 1). The DNA sequences of oat

and wheat clones mapping to this region were BLASTed

against the set of barley ESTs present in GenBank (http://

www.ncbi.nlm.nih.gov/) to obtain their barley orthologues,

and the sequences of these clones were used to design 21nt

PCR primers using Oligo5 software (W. Rychlick, National

Bioscience, Plymouth, MN, USA) and synthesized commer-

cially (Bex, Tokyo, Japan). Additional barley ESTs were

obtained from a set which have been directly mapped to

chromosome 4H (Sato et al. 2009) (Table 2). An third set

of barley ESTs were obtained by selecting those with high

homology (E value <10−15 or a score value >300) to the

genomic sequence of rice chromosome 3 (japonica chromo-

some 3 pseudo-molecule AP008209) (Table 3). High copy

number sequences were identified in TIGR (http://tigrblast.

tigr.org/euk-blast/index.cgi?project=plant.repeats). In oppo-

site the rice regions most highly homologous to these barley

ESTs were searched in TIGR database (http://tigrblast.

tigr.org/euk-blast/index.cgi?project=osa1) and RAP-DB

(http://rapdb.dna.affrc.go.jp/tools/converter/run) to confirm

their orthology.

Molecular marker analysis

Plant DNA was extracted as described by Komatsuda et

al. (1998). PCRs were carried out in a volume of 10 μl, con-

taining 0.25 U ExTaq polymerase (Takara, Tokyo, Japan),

0.3 μM of each primer, 200 μM dNTP, 1.0–4.0 mM (primer

pair dependent, see Table 2 and Table 3) MgCl2, 25 mM

TAPS pH 9.3, 50 mM KCl, 1 mM 2-mercaptoethanol and

20 ng genomic DNA. The PCR programme consisted of a

denaturation step of 94°C/5 min, followed by 30 cycles of

94°C/30 s, 50–72°C (primer pair dependent, see Table 2 and

Table 3)/30 s and 72°C/0.5–2 min, and a final incubation

step of 72°C/7 min. Reaction products were electrophoresed

through either agarose (Agarose ME, Iwai Kagaku, Tokyo,

Japan) or MetaPhor agarose (Cambrex Bio Science Rock-

land Inc., Rockland, MA, USA) gels, depending on ampli-

con size, and were visualized by ethidium bromide staining.

Prior to sequencing, the PCR products were purified using

the QIAquick PCR purification kit (Qiagen, Germantown,

MD, USA) and subjected to cycle sequencing using a Big

Dye kit (Applied Biosystem, Foster, CA, USA). Sequencing

reactions were purified by Sephadex G-50 (Amersham

Pharmacia Biotech AB, Uppsala, Sweden) and analysed

with an ABI Prism 3100 Genetic Analyzer (Applied Bio-

system). Sequence data were aligned using ClustalW software

(http://www. ebi.ac.uk/clustalw/). Restriction site polymor-

phisms were identified by Mapper software (http://arbl.

cvmbs.colostate.edu/molkit/mapper/) applying the ‘Restric-

tion Maps’ option.

Linkage and QTL analysis

Newly developed chromosome 4H markers were incor-

porated into the AZ × KNG base map (Mano et al. 2001,

Mano and Komatsuda 2002, Sameri et al. 2009). Linkage

analysis was performed using MAPMAKER/EXP v3.0

(Lander et al. 1987), and recombination frequencies were

converted to genetic distances into cM by the Kosambi

(1944) function. The lateral spikelet fertility data described

by Komatsuda and Mano (2002) were used to detect QTL.

A combination of regression models (forward, backward

and forward and backward), walk speed (1–2), window size

Table 1. RFLP markers obtained from the barley consensus genetic map of chromosome 4H

Marker Primer Upper Primer Lower
Anneal. 

(°C)

Ext. 

(min)
Cycle

MgCl2 

(mM)

Amplicon 

(bp)

Poly-

morphism

MWG2282 CTTTCGCCATCACCATAGTGG AAGATTAGAGGCCAGACATTGC 62 1 30 2.5 313 Dominanta

MWG634 GTGCTGGGTGGATTAAAAAAGAGGG GAACTAAAGATAGGCGGGAGTACTG 64 1 30 4.0 832 Monomorph

WG622 TTCACCTTGCCATGACGA CTGCCTGTTGATTTTCCATG 62 1 30 2.5 161 Dominanta

a Dominant allele present in AZ.
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(5–15 cM), permutation test (1000–2000) and in and out

probability (0.01–0.1) were considered, using Windows

QTL Cartographer v2.0 (Wang et al. 2004). Composite

interval mapping (CIM) employed a 5 cM window and a

maximum of ten marker cofactors per model, at walk speed

1. Tests were performed at 1 cM intervals, and cofactors

were selected by forward-backward stepwise regression

(Model 6, Pin,out = 0.05). Genome-wide, trait-specific thresh-

old values (α = 0.05) of the likelihood ratio test statistic for

declaring the presence of a QTL was estimated from a 2000

permutation test by random sampling of phenotypic data

(Doerge and Churchill 1996). The phenotypic variation

explained by a QTL (R2) conditioned by the CIM cofactors

was calculated at the most likely QTL position, along with

the additive effect of an allelic substitution at each QTL. The

LOD peak of each significant QTL was taken as the QTL

location on the linkage map.

Results

Mapping the subtelomeric region of chromosome 4HS

The sequences of three RFLP probes detecting loci in the

telomeric region of 4HS were used to convert the assays into

a PCR format (Table 1). MWG2282 and WG622 produced a

dominant assay for AZ, and the two loci were completely

linked to one another, mapping 8.7 cM distal of MWG2033

mapped in the same population previously (Komatsuda and

Mano 2002) (Fig. 1). The MWG634 sequences of AZ and

KNG were identical. All 23 barley EST markers previously

located to chromosome 4H generated a single PCR product

(Table 2). One (BJ455560) generated a size polymorphism

between AZ and KNG, and ten were converted to CAPS

markers. BJ460446 co-segregated with WG622 and

MWG2282 at the end of the linkage map, and AV933435

mapped between BJ460446 and MWG2033. The others were

evenly distributed across the chromosome (Fig. 1).

Enrichment of EST markers at the I region

A set of 21 barley ESTs homologous to rice chromosome

3 in the contig defined by BACs AC146718 and AC120508

was assembled (Table 3). Of these, 19 were amplifiable by

PCR, and the sequences of 12 of the amplicons were poly-

morphic between AZ and KNG. Nine of these 12 polymor-

phisms could be exploited for conversion into a CAPS mark-

er (Table 3), and seven of the CAPS markers were mapped

within the interval BJ460446–AV933435, in the same order

as they are present in rice (Fig. 1). The other two CAPS

markers detected loci on chromosomes 3H and 6H (Table 3).

The 20 cM interval between MWG2033 and BJ455560 was

enriched with markers based on ESTs showing homology to

the rice segment delineated by AC087181 and AC135228

(Table 3). Of the 23 ESTs tested, 19 produced a single PCR

product, and 17 of these amplicons were sequenced (the oth-

er two detected loci on chromosome 5H and 6H). Ten of the

17 amplicons were polymorphic in sequence between AZ

and KNG, and nine were convertible to a CAPS assay

(Table 3). These nine CAPS loci mapped in the interval

MWG2033–BJ455560 (Fig. 1), and their order in barley was

identical to that in rice.

QTL mapping of lateral spikelet fertility

CIM analysis using the enriched chromosome 4H map

detected a major QTL (peak LOD 9.41) within the interval

of 5.3 cM between CB873567–BJ473916. The location of

this QTL at 23 to 28 cM distal to the centromeric marker

MWG058 (Fig. 1) is in good agreement with the location of I

as reported in the literature (Franckowiak 1997, Hori et al.

2005, Kleinhofs 1997, Marquez-Cedillo et al. 2000). The

QTL explained 44% of the phenotypic variance (data not

shown), with the AZ allele increasing lateral spikelet fertili-

ty. The 90% confidence interval of the QTL (Lander and

Botstein 1989) represented a wider region of 18 cM between

BJ468503 and BJ473916 (Fig. 1C, shaded region). Outside

chromosome 4H, two minor QTL (each explaining 9% of

the phenotypic variance) were located—one close to

MWG882 (peak LOD 6.17) on chromosome 2HL, and the

other to MWG2230 (peak LOD 7.94) on chromosome 5HL

(for the map location of these loci, see Mano and Komatsuda

2002). The AZ allele at the chromosome 2HL QTL had a

positive effect on the trait, but the one at the chromosome

5HL QTL had a negative effect.

NIL genotypes

The genotype of the NIL carrying the AZ allele at I was

determined at the set of EST-based loci covering the entire

length of chromosome 4H (Fig. 1). The initial BC5F1 plant

(AZ/6*KNG 2-3-3-s4) was homozygous for KNG alleles in

the regions WG622–CB873567 and EBmac635–HVM67,

and heterozygous between BJ473916 and EBmac775, there-

fore AZ-derived segment stretched to a region between

CB873567 and EBmac635. Taking the 90% confidence in-

terval of the QTL and the AZ-derived segment, the most

likely position of the I locus was a 5.3 cM interval between

CB873567–BJ473916 or a 5.8 cM interval between

CB873567–BQ659801/AL501345 to be in more safe side.

Discussion

To date there have been few large-scale comparisons be-

tween rice and barley at the DNA sequence level (Brunner et

al. 2003, Dubcovsky et al. 2001, Stein et al. 2007). Here we

have shown that barley/rice collinearity has been maintained

in a 58 cM genetic interval of chromosome 4H (equivalent to

a physical interval of 30 Mbp on rice chromosome 3), and

this is separated into a 35 cM (3 Mbp in rice) and a 23 cM re-

gion (27 Mbp in rice) of inverted collinearity (Fig. 1). The

same interruption in collinearity has been documented by

Stein et al. (2007). Gene level collinearity between rice and

barley has been observed in several studies (Kilian et al.

1997, Caldwell et al. 2004, Rossini et al. 2006). The present

data have been based on a single mapping population (in

contrast to the commonly used integrated maps based on
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Fig. 1. Mapping of intermedium spike (I) as a QTL in barley chromosome 4H. The physical map of rice chromosome 3 (A) was alignment with

the genetic map of barley (B). The portion of rice chromosome 3 collinear with the barley BJ468164–AV933435 segment is represented by five

BAC clones of rice. The next collinear region (AV942364–BJ468365) is represented by seven BAC clones. On the barley genetic map, markers in

italics are either derived from RFLPs or are SSRs while AFLP markers carry the suffix “e” mapped previously (Mano et al. 2001, Sameri et al.

2009). MWG058 is a centromeric marker, and EST markers appearing were mapped in this study. Dotted lines connect markers collinear between

barley and rice. (C) The interval AV942364–EBmac775 segregates between the I NILs derived from a single BC5F1 plant (AZ/6*KNG 2-3-3-s4)

(arrow at right). A QTL LOD score plot for lateral spikelet fertility derived from CIM. Threshold LOD value estimated by permutation test was

3.0. The shaded region between BJ468503 and BJ473916 represented the 90% confidence interval of the QTL.
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several mapping populations, eg. Rostok et al. (2005), Stein

et al. (2007)), which may allow for a less speculative com-

parison between the two different genomes. In the present

study a 10 cM barley region flanked by AV942364 and

BJ455560 is collinear with only a 0.8 Mbp rice segment de-

fined by AC087181 and AC135228 (Fig. 1). Breakdown of

collinearity within telomeric regions was reported as a gen-

eral trend (Caldwell et al. 2004). Location of the BJ460446,

which is homologous with rice chromosome 9 at the telo-

meric region of barley chromosome 4H, demonstrated that

the border of rice chromosome 3 linkage block correspond-

ing with telomeric region is characterized by an extensive

loss of synteny. This may happen by the insertion of one rice

linkage block into another by the breakage and fusion

(Kilian et al. 1999).

Komatsuda and Mano (2002) treated lateral spikelet fer-

tility as a qualitative trait as well as a quantitative trait,

where the I (gene symbol int-c was used in the report) was

mapped at 8.2 cM distal to MWG2033. In the present study,

the I locus was mapped proximal to MWG2033 due proba-

bly to a number of molecular markers added to 4H in this

study, which allowed accurate QTL mapping. Disagree-

ment of the position may also be due to misclassification

caused by QTLs located on chromosomes 2HL and 5HL,

however, this would not be the case because the same trait

data of the same 50 families presented in Komatsuda and

Mano (2002) were used for the analysis in this study. It was

a coincident that the location of the I locus was around the

upper border of the segment inherited from AZ in the NIL,

therefore the I gene is likely located immediately proximal

to the border (Fig. 1). The rice segment syntenous with the

barley CB873567-BJ473916 region includes 18 expressed

genes (ESM 1). Considering the wider region toward the

centromere, there were several genes which could be relat-

ed to formation of floral organs. One of which is a zinc

finger homeodomain protein (ZF-HD, Os03g0718500). In

Arabidopsis thaliana, the ZF-HD gene family members

represent a group of transcriptional regulators which are ex-

pressed predominantly or exclusively in floral tissue, indi-

cating their likely regulatory role during floral development

(Tan and Irish 2006). The various members of the family all

contain two highly conserved amino acids motifs in their

N-terminal region, and these motifs are also present in rice

homologues (Windhövel et al. 2001). Of course collinear

regions are commonly separated by regions where re-

arrangement disturbs linear order (Mammadov et al. 2005,

Pourkheirandish et al. 2007), and relationship between the

annotated genes and the intermedium spike needs further

evidences. Candidate gene for int-c was detectable by an as-

sociation approach using 192 cultivars and 4600 SNPs and

reportedly confirmed by re-sequencing the int-c mutant

lines, but details about the gene were not described (Waugh

et al. 2009). It remains unclear whether the I and int-c genes

were alleleic, and why directions of dominance of the two

genes were opposite each other.
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