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Abstract Changes in plant architecture have been central
to the domestication of wild species. Tillering or the degree
of branching determines shoot architecture and is a key
component of grain yield and/or biomass. Previously, a
tiller inhibition mutant with monoculm phenotype was
isolated and the mutant gene (tin3) was mapped in the distal
region of chromosome arm 3AmL of Triticum monococcum.
As a first step towards isolating a candidate gene for tin3,
the gene was mapped in relation to physically mapped
expressed sequence tags (ESTs) and sequence tag site
(STS) markers developed based on synteny with rice. In
addition, we investigated the relationship of the wheat
region containing tin3 with the corresponding region in rice
by comparative genomic analysis. Wheat ESTs that had
been previously mapped to deletion bins provided a useful
framework to identify closely related rice sequences and to
establish the most likely syntenous region in rice for the
wheat tin3 region. The tin3 gene was mapped to a 324-kb
region spanned by two overlapping bacterial artificial
chromosomes (BACs) of rice chromosome arm 1L.
Wheat–rice synteny was exceptionally high at the tin3
region despite being located in the high-recombination,
gene-rich region of wheat. Identification of tightly linked
flanking EST and STS markers to the tin3 gene and its
localization to highly syntenic rice BACs will assist in the
future development of a high-resolution map and map-
based cloning of the tin3 gene.
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Introduction

While the angiosperm (flowering plant) lineage is thought
to be about 200 million years old, the Poaceae family,
which includes a very diverse set of cereal species, diverged
from a common ancestor only about 50–70 million years
ago (Kellogg 2001). This diversity is manifested in huge
differences in nuclear DNA content, which varies from
430 Mb in rice to 5,700 Mb in diploid wheat Triticum
monococcum (Arumuganathan and Earle 1991). Despite
these large differences in genome size and chromosome
number, extensive conservation of gene content and order,
termed synteny or colinearity, was observed in the first
comparative restriction fragment length polymorphism
(RFLP) maps constructed for wheat and rice (Ahn et al.
1993; Van Deynze et al. 1995a, b). The genomes of
distantly related cereals, such as oat, rice, and maize, can
be divided into linkage blocks that have homology to
corresponding segments of the wheat genome (Moore et al.
1995). The degree of genomic similarity observed at the
macrolevel among grass genomes coupled with the as-
sumption that the essential components of growth and
development are conserved among plants led to the notion
that comparative mapping experiments could serve as an
efficient tool for transferring information and resources
from well-studied genomes, such as that of rice, to related
plants. Further, comparative low-resolution genetic map-
ping of shattering quantitative trait loci (QTL) in the
orthologous genomic regions in sorghum, maize, and rice
led to the notion that domestication of diverse cereals may
have involved mutations in genes for same traits (Paterson
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et al. 1995). This suggested that many structural and
functional parallels appear to have persisted since the
divergence of cereals from a common ancestor and synteny
could allow the cross-referencing among plant genomes.
The best examples of the use of macrolevel conservation of
synteny in plants were the cloning of the Rht genes
responsible for the green revolution in wheat (Peng et al.
1998) and the cloning of genes for the stay-green
phenotype in rice based on the cotyledon color phenotype
originally described by Mendel (Armstead et al. 2007).

Because genomics and gene discovery in hexaploid
wheat is confounded by a genome size of approximately
17,300 Mb (Bennett and Leitch 1995) and an abundance
(80%) of repetitive sequences (Wicker et al. 2001;
SanMiguel et al. 2002; Li et al. 2004), the use of a small
genome as a reference is a natural choice for positional
cloning of agriculturally important genes using comparative
genomic approaches (Yan et al. 2003). Currently, there are
more than 550,000 wheat expressed sequence tag (EST)
sequences, with 122,282 unique sequences (http://www.tigr.
org/tigr-scripts/tgi/T_index.cgi?species=wheat) deposited in
public databases, providing an excellent resource for
mapping genes. A set of wheat deletion lines has been
used to locate 7,873 unique ESTs into chromosome bins
(Qi et al. 2004; http://wheat.pw.usda.gov/NSF/progress_
mapping.html). Although the remaining EST sequences
have not been physically or genetically mapped, existing
synteny between rice and wheat, as well as other cereals,
can be exploited to tentatively position ESTs in silico based
on orthology with sequences in the rice genome, and
wheat–rice comparative maps have been constructed for all
the wheat chromosomes (Sorrells et al. 2003; La Rota and
Sorrells 2004). Conserved synteny between wheat and rice
has been used for gene mapping and gene discovery in
wheat. The positional cloning of the wheat vernalization
gene VRN1 (Yan et al. 2003) is a good example of using
information from the colinear regions in rice and sorghum
to facilitate the cloning of a wheat gene. Most importantly,
synteny between wheat and rice has been successful in
some cases in finding new markers (Liu and Anderson
2003) and for fine mapping (Distelfeld et al. 2004) of the
targeted gene or region in wheat.

To characterize the underlying genetic variation for
tillering in wheat, we recently identified a tiller inhibition
gene (tin3) in diploid wheat that was compromised in
tillering ability (Kuraparthy et al. 2007). The tin3 mutant
produces a single monoculm phenotype compared to the
wild-type T. monococcum with more than 30 tillers. Genetic
and physical mapping suggested that the tin3 gene was
located in a high-recombination and gene-rich region of
chromosome arm 3AL of wheat, suggesting it is feasible to
clone the tin3 gene using map-based cloning (Kuraparthy et
al. 2007). In the present study, we report the genomic

targeting and mapping of tin3 gene using wheat ESTs and
synteny with rice. Our goal is to achieve the map-based
cloning of the tin3 gene. The objectives of this study were
to fine map the tin3 gene, examine microcolinearity in the
tin3 region between wheat and rice, and explore the
possible candidate genes for tin3.

Materials and methods

Plant material

For mapping the physically mapped wheat ESTs and
sequence tag site (STS) markers developed based on
synteny with rice, an F2 population of 88 plants reported
in Kuraparthy et al. (2007) was used. For additional low-
resolution molecular mapping, the tin3 mutant was crossed
as a female with T. monococcum subsp. aegilopoides
(TA4342-95) and an F2 population of 476 plants was used
for segregation analysis. To study whether there are any
local chromosomal rearrangements at the tin3 locus, we
tested the map order of the orthologous alleles of the linked
markers of tin3 in the diploid D-genome donor species
Aegilops tauschii. An F2 population of 118 plants derived
from a cross between AL8/78 and TA1604 was used for
molecular mapping.

EST/STS mapping and wheat–rice synteny

Physically mapped wheat ESTs of the deletion bin 3AL5-
0.78-1.00 of Chinese Spring (http://wheat.pw.usda.gov/cgi-
bin/westsql/map_locus.cgi) and markers developed based
on synteny with rice were used for molecular mapping of
tin3. Both the ESTs and STS markers were mapped as
RFLPs for molecular mapping. DNA isolation, Southern
blotting, and hybridization were done as reported in
Kuraparthy et al. (2007). DNA of the parents of the diploid
wheat mapping populations was digested with six restric-
tion enzymes (DraI, EcoRI, EcoRV, HindIII, ScaI, and
XbaI) for polymorphism study.

Comparative genomic analysis using physically and
genetically mapped ESTs with the rice annotated bacterial
artificial chromosome (BAC)/P1 artificial chromosome
(PAC) sequence was done to establish the synteny and
macrocolinearity in the genomic region encompassing the
tin3 gene of wheat. Full-length cDNA or tentative contig
sequence of the mapped ESTs were extracted using The
Institute for Genomic Research (TIGR) wheat gene index
TaGI release 10.0 (http://tigrblast.tigr.org/tgi/). These
sequences were then used to search the rice genome database
(http://tigrblast.tigr.org/euk-blast/index.cgi?project=osa1)
using BLASTn (Altschul et al. 1997) to identify the
syntenic rice BAC/PACs. Sequences in the target region
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of the rice genome were also used as queries in BLASTn
(Altschul et al. 1997) searches of the wheat EST database
(http://tigrblast.tigr.org/tgi/) to identify additional un-
mapped wheat ESTs that are potentially linked to tin3 and
to develop STS markers (Table 2) for further mapping and
genomic targeting of tin3. Predicted rice sequences of the
syntenic rice BACs were further subjected to tBLASTx
searches against the wheat EST clusters using the Gramene
(Ware et al. 2002) database (http://www.gramene.org/Multi/
blastview) for confirming the true orthology. In the
BLASTn searches, a significant match was declared when
there was at least 65% nucleotide identity for at least half of
the query sequence but not less than 150 bases, and with an
e value of less than e-20. For tBLASTx searches,
significance was declared when there was at least 40%
amino acid identity over at least half of the TC or EST
sequence, but no less than 200 amino acids, and an e value
of less than e-11. Whenever there were several significant
matches for a single predicted rice gene sequence, only the
best match was reported.

Development of STS markers for RFLP analysis

Primer design was done with Primer3 software (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and
amplicons of 160–400 bp were targeted. Polymerase chain
reaction (PCR) amplifications were performed in 25-μl
reactions with 2.5 μl of 10× magnesium-free PCR buffer,
1.5 μl of magnesium chloride (25 mM), 2.0 μl of
deoxyribonucleotide triphosphates (dNTPs) (2.5 mM each
dNTP), 1 μl each forward and reverse primer (10 pmol/μl),
and 100 ng of DNA in a PTC-200 thermal cycler (MJ
Research, Waltham, MA, USA). Primer annealing temper-
atures varied from 50 to 60°C depending on the primers.
All PCR products were resolved in 1% agarose gels with
1× Tris-borate EDTA buffer and visualized using ethidium
bromide staining. After verifying the fragment sizes of the
PCR products from EST–STS markers in agarose gels,
fragments were eluted using a NucleoTrap® Gel Extract Kit
(BD Biosciences Clontech, Palo Alto, CA, USA) as per the
manufacturer’s instructions. Purified PCR product was
quantified using a NanoDrop ND-1000 UV-VIS spectro-
photometer (Agilent Technologies, Palo Alto, CA, USA)
and ligated to pGem-T Easy Vector System I (Promega,
Madison, WI, USA) according to the manufacturer’s
instructions. For all PCR products, excess salts were
removed by drop dialysis using 0.025 μm dialysis
membranes (Millipore, Billerica, MA, USA). The ligated
mixture was transformed into competent cells of
Escherichia coli strain DH10B (Invitrogen, Carlsbad, CA,
USA) by electroporation using a Cell-Porator (Life Tech-
nologies, Invitrogen). The transformation product was then
mixed with SOC medium and incubated in a shaker for 1 h

at 37°C. Approximately 8–15 μl of this incubated mixture
was inoculated on Luria–Bertani (LB) media containing
carbenicillin and X-gal. Ten to 20 white colonies of each
transformant were selected and grown in liquid LB
containing 50 mg/ml carbenicillin for 8–12 h. Plasmid
DNA was isolated from three well-grown cultures for each
transformant using a Qiagen Plasmid Mini Kit (Qiagen,
Santa Clarita, CA, USA) as per the manufacturer’s
instructions. Plasmid inserts were sequenced and positive
clones were identified through sequence alignment using
bl2seq of the National Center for Biotechnology Informa-
tion (http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.
cgi), and positive clones were PCR amplified using the
standard M13 primer. The PCR product was purified using
QIAquick PCR Purification kit (Qiagen) as per the
manufacturer’s instructions. About 50 ng of purified PCR
product was used for genetic mapping. All markers that
showed polymorphism between tin3/Tm18 of T. monococcum
and T. aegilopoides were mapped genetically in the F2
mapping population. Southern hybridization and RFLP map-
ping was done as reported previously (Kuraparthy et al. 2007).

Linkage analysis

The computer program Mapmaker (Lander et al. 1987),
version 2.0 for Macintosh, was used to calculate linkage
distances using the Kosambi mapping function (Kosambi
1944) with an LOD threshold of 3.00.

Results

Candidate gene mapping

The lateral suppressor of tomato (Schumacher et al. 1999),
no apical meristem protein of petunia (Souer et al. 1996),
monoculm1 of rice (Li et al. 2003), and teosinte branched1
of maize (Doebley et al. 1997) are the cloned genes
involved in lateral branching or tillering in plants. These
candidate genes were analyzed for their association with the
tin3 gene or to its colinear rice chromosomal regions.
BLASTn searching of these sequences against rice genomic
sequence database showed that lateral suppressor (Ls) of
tomato (GRAS family transcription factor protein) and no
apical meristem (NAM) of petunia (a novel class of
proteins with conserved N-terminal domain) showed
significant homology to sequences on the rice chromosome
arm 1L. Of the two other candidate gene sequences,
monoculm1 of rice, which is a GRAS family transcription
factor, was located on chromosome arm 6L of rice, and the
orthologue of teosinte branched1 of maize was mapped on
chromosome 3 of rice. Wheat homologues of Ls and NAM
were used to develop STS markers for molecular mapping
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of tin3 (Table 2). Although XSTS-WNAM5 produced
multiple bands, the polymorphic fragment was not linked
to tin3 in the F2 population at an LOD of 3.0. The STS
marker (XSTS-WLS6) developed from lateral suppressor
(Ls) of tomato mapped 37.1 cM proximal to tin3 and
cosegregated with a previously reported RFLP marker
Xbcd372 on chromosome arm 3AmL (Fig. 1).

EST and wheat–rice synteny-based mapping

Out of the 25 ESTs of deletion bin 3AL5-0.78-1.00, 22
(88%) were polymorphic between the diploid parents, tin3

and T. aegilopoides. From these, only 11 polymorphic EST
markers were included in the map because few ESTs
produced multiple bands where the polymorphic fragments
mapped elsewhere in the genome and the remaining ESTs,
although produced single/double bands, the polymorphic
fragments of these ESTs were not mapped on chromosome
arm 3AmL. Combined with the previously mapped markers
of Kuraparthy (2007) and Kuraparthy et al. (2007), these
markers gave a genetic map length of 75.3 cM (Fig. 1).
Comparative genomic analysis of the genetically mapped
markers with the rice genome sequence showed that eight
had significant homology to the colinear rice genome

Fig. 1 Genetic mapping of tin3 gene using wheat ESTs and STS
markers and its alignment with the BAC/PAC-based physical map of
colinear rice chromosome 1L and the diploid D genome map. The top
of each map is towards the centromere and the bottom is towards the
telomere. In the T. monococcum map, all the markers that were
mapped in the present study are in bold, and the markers that are

highly syntenic to the colinear rice genomic sequence are indicated in
green. Orthologous genes among the species are connected by arrows.
Syntenic rice BAC/PACs spanning the tin3 orthologous region are
indicated in green filling. All STS markers were developed based on
syntenic rice genomic sequences
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sequence (Table 1, Fig. 1). Three EST markers
(XBE428994, XBE406551, and XBF293186) showed high
homology with noncolinear rice sequences (Table 1). Al-
though the other two EST markers (XBE604885 and
XBE637664) had less homology, they showed hits with the
genomic sequences of the rice chromosome arm 1L (Table 1).
The order of the genetically resolved colinear ESTs is
consistent with the physical order of the orthologous rice
sequences on chromosome arm 1L (Fig. 1). Furthermore, the
orientation of the telomeric end of the wheat chromosome 3L
corresponded well with the telomeric end of chromosome
arm 1L of rice where the distal region of 3L correspond to
the distal region of chromosome arm 1L of rice (Fig. 1). This
indicated that macrocolinearity at the orthologous region
proximal to the tin3 gene is well conserved between wheat
and rice.

The EST marker (XBE488620) tightly linked to tin3 in
the genetic map showed high sequence homology to the
BAC P0466H10, which was mapped distally at 167.2 cM
on the long arm of rice chromosome 1 (Fig. 1, Table 1).
Because XBE488620 mapped distal to the tin3, and the
centromere to telomeric end orientation of the syntenic
wheat–rice orthologous regions corresponded well (Fig. 1),
we selected the rice gene sequences within BAC P0466H10
and its proximally mapped overlapping BAC P0614D08 for

further comparative genomic analysis and genomic
targeting of tin3. Annotated gene sequences from rice
BACs were used as queries in the BLASTn searches of the
wheat EST database (http://tigrblast.tigr.org/tgi/). Of the 13
gene sequences of BAC P0466H10, 7 (53.8%) showed
significant homology to wheat ESTs, whereas 47.36% (9)
of the total 19 gene sequences of the BAC P0614D08 were
significantly homologous to wheat ESTs (Table 3). These
results tentatively suggested that microcolinearity is also
well conserved between wheat and rice in the genomic
region spanning tin3 gene of wheat. Only one wheat EST
homologous to the rice gene armadillo repeat-containing
protein (TC240391) of BAC P0466H10 was physically
mapped on the homoeologous group-5 chromosomes by the
wheat NSF-EST mapping project (http://wheat.pw.usda.
gov/cgi-bin/westsql/map_locus.cgi). For further genomic
targeting of the tin3 gene, STS markers were developed
from the wheat ESTs that were showing high homology
with rice gene sequences from the above two BACs. Of the
three STS markers developed, two were from P0466H10
and one was based on sequences from P0614D08 (Table 3).
All three STS markers showed polymorphism with one or
more restriction enzymes used. Genetic mapping in the F2
population showed that the STS marker XSTS-TR3L4
developed from Rho-GTPase-activating protein cosegregated

Table 1 Syntenic relationships of the wheat ESTs and RFLP markers genetically mapped in the region encompassing tin3 gene with rice genome
sequence

EST/TC/
RFLP
marker

Marker Syntenic relationship with rice

e value BLASTn

tBLASTx BLASTn Rice BAC(s) Rice
chromosome

Genetic position on
chromosome 1 (cM)

Physical position on
chromosome1 (bp)

TC237943 XSTS-WLS6 1.4e-238 6.6e-287 B1027B04
B1065E10

1 147.5 38389995–38756345

TC268056 Xbcd372 3.1e-135 2.7e-122 B1027B04
P0018C10

1 149.1 38389995–38756345

TC253444 XSTS-TR3L6 9.3e-113 3.6e-63 P0614D08 1 167.2 41807392–41925745
PSR1205 XPSR1205 7.6e-05 0.0016 OSJNBb0069N01 4 na na
TC254523 XBE488620 6.2e-88 3.7e-135 P0466H10 1 167.2 41925746–42095418
TC269390 XSTS-TR3L4 1.7e-104 4.2e-118 P0466H10 1 167.2 41925746–42095418
TC251929 XBE604885 3.4e-65 2.3e-30 B1108H10 1 73.4 18609821–18709760
TC271773 XBE406551 5.8e-21 1.5e-30 OSJNBa0095N06 3 na na
TC26924 XBE444864 6.6e-78 4.4e-64 P0401G10 1 170.4 42582381–42723237
TC238164 XBE490274 5.4e-43 1.6e-35 P0401G10 1 170.4 42582381–42723237
TC236864 XBE442875 1.1e-39 3.8e-59 P0401G10

P0483G10
1 170.4 42582381–42723237

TC262720 XBE428994 5.3e-77 3.9e-92 OSJNBb0081K01 3 na na
BF293186 XBF293186 1.4e-67 2.3e-75 OSJNBa0025B05 7 na na
TC257361 XBE637664 1.2e-90 3.0e-2 P0408G07

OSJNBa0048I01
1 150.7 38756346–38874806

TC272982 XBE443132 1.5 0.00079 P0483G10 1 170.4 42723238–42865873
TC253918 XBE494622 2.5e-154 3.0e-178 P0458E05 1 176.3 42865874–43007184

na not applicable, TC tentative consensus
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with the XBE488620 and mapped 0.6 cM distal to tin3
(Fig. 1). The gene sequence of Rho-GTPase-activating
protein (TC269390) in rice was located 2.77 kb proximal
to the homologous sequence (pyrroline-5-carboxylate reduc-
tase, TC254523) of wheat EST marker XBE488620; their
cosegregation in the genetic map suggests the conserved
microcolinearity. The other STS marker XSTS-TR3L17
produced multiple bands, and the polymorphic fragments
were not linked to tin3 and mapped elsewhere in the
genome. However, the STS marker XSTS-TR3L6 developed
from wheat ESTs that were homologous to gene sequence of
BAC P0614D08 (Table 2) mapped 3.5 cM proximal to the
tin3 gene in the genetic map (Fig. 1). Genetic map order of
these wheat STS markers was consistent with the physical
order of the orthologous rice sequences on chromosome arm
1L, further confirming the conserved microcolinearity at the
tin3 region. Because XSTS-TR3L6 mapped proximally and
XBE488620 mapped distally, tin3 gene was localized in the
rice genomic region spanning two overlapping BACs,
P0614D08 and P0466H10 of chromosome 1L.

Because macro- and microcolinearity at the genomic
region of tin3 gene spanned by two overlapping BACs
P0614D08 and P0466H10 of chromosome 1L were well
conserved, this genomic region in rice was analyzed for the
presence of possible candidate genes involved in tillering or
lateral branching in plants. Three candidate genes involved
in lateral branching or tillering in plants were identified,
NAM-like protein, Rho-GTPase-activating protein-like, and
a GRAS family transcription factor containing protein
(Table 3). Because the wheat STS marker (XSTS-TR3L4)
homologous to Rho-GTPase-activating protein-like of
P0466H10 was mapped 0.6 cM distal to tin3, this gene
cannot be a candidate for tin3. BLASTn searching of the
remaining two candidate sequences as queries in the wheat
EST database (http://tigrblast.tigr.org/tgi/) showed that the
level of homology of the ESTs detected by the rice GRAS
family transcription factor (CA721360, e value 1.3e-27)
and NAM-like protein (CV771545, e value 3.5e-0.06) was
not significant. However, we were unsuccessful in devel-

oping STS markers from these ESTs for candidate gene
mapping of tin3.

Mapping in the D-genome

The additional low-resolution F2 mapping population of 476
plants segregated 369 wild-type and 107 mutant phenotypes,
which was a good fit for the monogenic segregation ratio of
3:1. Only the mutant F2 plants (107 plants) were used for
mapping using previously reported linked marker Xpsr1205.
The tin3-specific allele of the marker Xpsr1205 cosegregated
with the mutant phenotype in all the mutant F2 plants
(Supplementary Fig. 1), suggesting that Xpsr1205 is a very
tightly linked marker to tin3.

Because marker Xpsr1205 cosegregated with mutant
phenotype in the high-resolution mapping population of
468 F2 plants, the genomic region of tin3 was studied for
possible chromosomal rearrangements and suppressed re-
combination. An F2 population of the diploid D genome
derived from A. tauschii accessions AL8/78 × TA1604 was
used to map the markers Xbcd131, Xpsr1205, and
XBE488620, which were mapped in the genomic region of
tin3 gene. Marker order and relative marker distances in the
diploid D genome map were the same as in the tin3 F2
mapping population, suggesting that there were no DNA
rearrangements in the genomic region of tin3. However, the
genetic distance between markers Xpsr1205 and XBE488620
was much longer in the D genome than in the A genome
(Fig. 1). Because the marker alleles of Xpsr1205 and
XBE488620 showed clear monogenic codominant segrega-
tion in the A genome, relatively less genetic distance
between markers Xpsr1205 and XBE488620 in the A
genome compared to the D genome indicated that the
recombination could be mildly suppressed in the tin3 region
in the A-genome mapping population. However, it is also
possible that the markers could be physically farther apart in
A. tauschii than in T. monococcum because intergenic
sequences are highly variable among genomes due to
retroelements and other genomic processes.

Table 2 Wheat–rice synteny based STS markers used for targeting the tin3 gene

Marker Source Forward primer (5′→3′) Reverse primer (5′→3′) TA (°C) Fragment size (bp)

XSTS-TR3L4 TC269390 CCACACTAGGCAGGCTCTTC CAGCAAGATGCAGAGGATCA 60 195
XSTS-TR3L6 TC261350 ATGGCTTCTACGCATGGAGT TGTTGATATGGCGAGCTGAG 60 220
XSTS-TR3L17 TC244162 TGATGAACATGACAGCAGCA TTCTTTATGGCGAGCAATCC 60 199
XSTS-WNAM5 TC218530 TACGGCGAGAAGGAGTGGTA ACTCGTGCATGATCCAGTTG 60 214
XSTS-WMEPC TC256332 TGTTAAGAGGGATGGCCTTG GAAAGGCAATGGAATGTCGT 50 230
XSTS-WLS6 TC237943 CAGCTGTCAGCAATGCAAAT TCGTGATCATCCACACCAGT 60 224

TC tentative consensus

38 Funct Integr Genomics (2008) 8:33–42

http://tigrblast.tigr.org/tgi/


Discussion

As a first step towards isolating a candidate gene, the tin3
gene was mapped in relation to physically mapped ESTs
and STS markers developed based on synteny with rice.
Tightly linked flanking markers were identified that will
assist in future development of a high-resolution map. In
addition, we investigated the relationship of the wheat
region containing tin3 with the corresponding region in rice
by comparative genomic analysis. Wheat ESTs that had
been previously mapped to deletion bins provided a useful

framework to identify closely related rice sequences and to
establish the most likely syntenous region in rice for the
wheat tin3 region.

Of all the homoeologous groups in wheat compared to
rice chromosomes, the homoeologous group-3 chromo-
somes have been shown to be the best conserved (Sorrells
et al. 2003; La Rota and Sorrells 2004). Our results agree
with this notion, and the data in this study confirm the
synteny reported for 3AL of wheat and 1L of rice (La Rota
and Sorrells 2004; Sorrells et al. 2003). Of the total ESTs
and STS markers mapped in the genetic map (Fig. 1), 68%

Table 3 Annotated rice sequences in the syntenic rice BACs P0466H10 and P0614D08 which spans the tin3 gene of wheat and their wheat
orthologues based on the best BLASTn and tBLASTx hits in the wheat gene indices.

Locus identifier Putative function Wheat EST/
TCa

e value

Wheat
BLASTn

Wheat
tBLASTx

BAC: P0466H10
LOC_Os01g71830 Glucan endo-1, 3-beta-glucosidase GV, putative, expressed TC253444b 7.8e-124 3.5e-119
LOC_Os01g71850 Putative far-red impaired response protein TC272356 2.0e-35 9.0e-55
LOC_Os01g71860 Glycosyl hydrolases family 17 protein, expressed TC235738 6.4e-130 1.9e-111
LOC_Os01g71870 LigA, putative N/A NS NS
LOC_Os01g71930 Glycosyl hydrolases family 17 protein, expressed TC238272 2.2e-61 6.8e-80
LOC_Os01g71950 Expressed protein NS NS NS
LOC_Os01g71960 ERCC4 domain containing protein, expressed TC244162b 1.5e-101 1.9e-58
LOC_Os01g71970 GRAS family transcription factor containing protein, expressed N/A NS NS
LOC_Os01g71980 Rho-GTPase-activating protein-like, expressed TC269390b 4.2e-118 3.8e-109
LOC_Os01g71990 Pyrroline-5-carboxylate reductase, putative, expressed TC254523b 3.7e-135 4.5e-102
LOC_Os01g72000 Armadillo repeat-containing protein, putative, expressed TC240391c 3.9e-125 NS
LOC_Os01g72009 Expressed protein N/A NS NS
LOC_Os01g72020 BOP2, putative, expressed N/A NS NS
BAC: P0614D08
LOC_Os01g71620 Expressed protein N/A NS NS
LOC_Os01g71624 Expressed protein N/A NS NS
LOC_Os01g71630 Expressed protein N/A NS NS
LOC_Os01g71650 Glucan endo-1,3-beta-glucosidase, acidic isoform precursor, putative TC251667 5.7e-65 1.5e-70
LOC_Os01g71670 Glucan endo-1,3-beta-glucosidase GII precursor, putative, expressed TC235738 3.3e-149 2.3e-128
LOC_Os01g71680 Glucan endo-1,3-beta-glucosidase GII precursor, putative TC235738 9.3e-113 8.9e-105
LOC_Os01g71690 RecA protein, expressed TC261350b 2.7e-108 9.6e-76
LOC_Os01g71700 Amino-acid permease C1039.01, putative, expressed N/A NS NS
LOC_Os01g71710 Amino-acid permease C74.04, putative, expressed N/A NS NS
LOC_Os01g71720 GABA-specific permease, putative, expressed TC240455 7.6e-89 4.9e-78
LOC_Os01g71740 Amino-acid permease C584.13, putative, expressed TC270002 1.5e-81 NS
LOC_Os01g71760 Amino-acid permease C584.13, putative, expressed N/A NS NS
LOC_Os01g71770 Heterogeneous nuclear ribonucleoprotein 27C, putative, expressed TC236826 1.3e-114 4.9e-103
LOC_Os01g71780 Nucleotide binding protein, putative, expressed CK210942 1.2e-32 4.5e-79
LOC_Os01g71790 NAM-like protein, putative, expressed N/A NS NS
LOC_Os01g71800 1-O-acylceramide synthase precursor, putative N/A NS NS
LOC_Os01g71810 Glucan endo-1,3-beta-glucosidase GV, putative, expressed TC253444b 1.1e-122 1.9e-113
LOC_Os01g71820 Glucan endo-1,3-beta-glucosidase GV, putative, expressed TC253444b 5.1e-124 4.3e-119
LOC_Os01g71599 Hypothetical protein N/A NS NS

TC tentative consensus, NS no significant similarity. N/A TC sequence not available
a Designations of ESTs (Genbank) and TCs (TIGR) as of December 2006
b Closest EST-based STS marker placed in the linkage maps
cMapped to 5BL, 5DL and 4AL by wheat NSF-EST mapping project
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were colinear to rice chromosome 1, where these markers
also showed very high level of homology to their
orthologous rice sequences. The conservation of the order
of the genetically resolved wheat EST and STS markers
relative to their orthologous sequences in the rice genome
suggest that the macrocolinearity in the tin3 region is well
conserved. Comparative genomic analysis of the annotated
rice sequences from rice BACs P0466H10 and P0614D08
as queries in BLASTn searches of the wheat EST database
TIGR wheat gene index TaGI release 10.0 (http://tigrblast.
tigr.org/tgi/) showed that 73–75% of rice sequences had
corresponding homologues in wheat, tentatively suggesting
the conserved microcolinearity at the tin3 genomic region
(Table 3). It is interesting to note that the level of homology
at the tin3 genomic region is less than what was observed at
the R-A1 gene region. This observation is in agreement with
previous reports suggesting that wheat genomic regions
with high recombination rates show perturbations in
synteny with rice (Akhunov et al. 2003) because the tin3
gene was mapped distal to the R-A1 gene or to its linked
distal markers on the distal region of the chromosome arm
3AL (Kuraparthy 2007; Kuraparthy et al. 2007). Neverthe-
less, the level of homology within the tin3 gene region was
still much higher than what was expected based on a
general observation that colinearity among the wheat
genomes is better in the proximal regions of the chromo-
somes than in the distal regions (Akhunov et al. 2003). The
ends of the chromosomes were found to be particularly rich
in colinearity exceptions because these regions were
associated with the higher gene density and higher rates
of recombination observed in the telomeric regions of the
large genomes of the Triticeae species (Akhunov et al.
2003; SanMiguel et al. 2002; Yan et al. 2003; Distelfeld et
al. 2004). Breaks in wheat/rice microcolinearity were
frequently observed in studies involving the distal regions
of the wheat genome, such as the Lrk/Tak region (Feuillet
and Keller 1999), the Sh2/X1/X2/A1 region (Li and Gill
2002), or the Rpg1 region (Kilian et al. 1997). Comparative
genomics analysis at the whole genome level between
wheat and rice also indicated an increase in the divergence
of gene sequences physically located at or near the
telomeric ends of wheat chromosomes (See et al. 2006).
Although tin3 is located at the distal high-recombination
gene-rich region of wheat, high level of conservation of
wheat–rice synteny at this region suggest that the present
results are an exception to the above observations.
Exceptions to the idea that distal regions are less conserved
than proximal regions were also reported by Chantret et al.
(2004). These exceptional observations are of considerable
interest in understanding the biological and evolutionary
processes in the cereal genome evolution. The partial
genetic map of ESTs and STS markers and anchoring this

map to rice sequence is the first step to characterize this
important region in cereals.

Since the initial comparative mapping experiments with
rice, wheat, and maize (Ahn et al. 1993) and the recently
constructed genome-wide comparative mapping between
wheat and rice (Sorrells et al. 2003; La Rota and Sorrells
2004), conserved wheat–rice synteny was used in gene
mapping and gene discovery. The rice genome sequence
was a potentially valuable tool for map-based cloning of the
vernalization gene VRN1 (Yan et al. 2003) and a grain
protein content gene (Distelfeld et al. 2004; Uauy et al.
2006). However, more extensive use of wheat–rice synteny
has been the use of colinear regions of rice as a useful
source of markers for saturation and high-resolution
mapping of target genes in wheat (Distelfeld et al. 2004;
Mateos-Hernandez et al. 2005; Valárik et al. 2006).
Identification of flanking markers to tin3, mapping of tin3
to specific genomic location in wheat chromosome arm
3AL, and the genomic targeting of tin3 to two overlapping
BACs P0466H10 and P0614D08 suggested that physically
mapped EST sequences of wheat and wheat–rice synteny
was very helpful in molecular mapping and targeting of the
tin3 gene. Liu and Anderson (2003) were also able to
leverage the synteny of chromosome 3BS of wheat and 1S
of rice to enrich the markers near the QTL for resistance to
FHB. Because the markers flanking tin3 were from highly
homologous sequences of these two BACs with the size of
176.53 kb (P0466H10) and 147.5 kb (P0614D08), the
physical size of the tin3 BAC region in rice could be less
than 324 kb. Because the microcolinearity is also conserved
within the BAC region orthologous to tin3 gene, the present
results could pave the way for further high-resolution
mapping, candidate gene analysis, and molecular cloning
of tin3 in wheat.

The degree of genomic similarity observed at the
macrolevel among grass genomes coupled with the as-
sumption that the essential components of growth and
development are conserved among plants led to the notion
that comparative mapping experiments could serve as an
efficient tool for transferring information and resources
from well-studied genomes, such as that of rice, to related
plants. Further comparative low-resolution genetic mapping
of shattering QTL in the orthologous genomic regions in
sorghum, maize, and rice led to the notion of convergent
domestication of cereal crops by independent mutations at
orthologous loci (Paterson et al. 1995). However, the recent
mapping data (Li and Gill 2006) and our studies reported
here including comparative mapping of candidate genes for
tillering loci do not support this hypothesis. The candidate
homolog of a major gene, lateral suppressor (GRAS family
transcription factor) of tomato mapped 37.1 cM proximal to
the tin3 gene (Fig. 1). In rice, a major gene controlling
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tillering was found to be a GRAS family transcription
factor (Li et al. 2003). Its noncolinear map location on
chromosome 6 of rice with respect to tin3 of wheat suggests
that different genes or genetic systems are involved in the
tillering of cereal crops. The Ls and Moc1 genes encode
putative transcriptional regulators of the plant-specific
GRAS family (Bolle 2004). Recent evidence also suggests
that members of the GRAS gene family encode transcrip-
tional regulators that have diverse functions in plant growth
and development, such as gibberellin signal transduction,
root radial patterning, axillary meristem formation, phyto-
chrome A signal transduction, and gametogenesis (Bolle
2004). Consistent with these observations, bioinformatic
analysis identified 57 GRAS genes in rice (Tian et al.
2004). This partly indicates that the paralogous sequences
of GRAS genes could have different functions in different
plants, thereby challenging the convergent domestication of
crop plants with respect to tillering or lateral branching.
Although convergent domestication has not been unequiv-
ocally demonstrated for major domestication traits in
cereals, functional gene orthologs have been reported for
some plant traits. For example, the green revolution genes
Rht-B1/Rht-D1 and maize dwarf-8 are orthologues of
Arabidopsis Gibberellin insensitive gene (GAI) (Peng et
al. 1998) and genes involved in the vernalization in wheat
and barley (Yan et al. 2006; Yan et al. 2004; Fu et al. 2005).
Cloning and characterization of tin3 in wheat could not
only shed more light on the genetics and domestication of
tillering in wheat and cereals but could also lead to better
understanding of the grass evolution.

Most of the cloned genes involved in the lateral
branching or tillering are found to be transcription factors
(Schumacher et al. 1999; Li et al. 2003; Lynn et al. 1999;
Otsuga et al. 2001; Doebley et al. 1997). In the genomic
region of tin3 there are two putative transcription factors,
the GRAS family transcription factor-like protein in BAC
P0466H10 and the NAM-like protein genes in P0614D08
(Table 3). However, absence of a high level of sequence
similarity expected for these two developmental genes
makes the candidate gene approach difficult for cloning
the tin3 in wheat. Nevertheless, genomic targeted mapping
of tin3 in the specific syntenic rice BACs delimited by
closely linked markers of tin3 is a first step in molecular
cloning of tin3 in wheat.
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