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Abstract The introgression of Reduced height (Rht)-B1b
and Rht-D1b into bread wheat (Triticum aestivum) varieties
beginning in the 1960s led to improved lodging resistance and
yield, providing a major contribution to the ‘green revolution’.
Although wheat Rht-1 and surrounding sequence is available,
the genetic composition of this region has not been examined
in a homoeologous series. To determine this, three Rht-1-
containing bacterial artificial chromosome (BAC) sequences
derived from the A, B, and D genomes of the bread wheat
variety Chinese Spring (CS) were fully assembled and ana-
lyzed. This revealed that Rhs-1 and two upstream genes were
highly conserved among the homoeologs. In contrast, trans-
posable elements (TEs) were not conserved among homoeo-
logs with the exception of intronic miniature inverted-repeat
TEs (MITEs). In relation to the Triticum urartu ancestral line,
CS-A genic sequences were highly conserved and several
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colinear TEs were present. Comparative analysis of the CS
wheat BAC sequences with assembled Poaceae genomes
showed gene synteny and amino acid sequences were well
preserved. Further 5" and 3’ of the wheat BAC sequences, a
high degree of gene colinearity is present among the assem-
bled Poaceae genomes. In the 20 kb of sequence flanking
Rht-1, five conserved non-coding sequences (CNSs) were
present among the CS wheat homoeologs and among all the
Poaceae members examined. Rht-A 1 was mapped to the long
arm of chromosome 4 and three closely flanking genetic
markers were identified. The tools developed herein will
enable detailed studies of RAz-1 and linked genes that affect
abiotic and biotic stress response in wheat.

Introduction

Global food shortages prevalent in the 1960s were greatly
abated by the development of high yielding bread wheat
(Triticum aestivum) varieties containing either Reduced
height (Rht)-B1b or Rht-D1b in what is commonly known as
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the ‘green revolution’. Rht-B1b and Rht-D1b each confer a
shortened stature to wheat, which is key to producing
varieties with increased lodging resistance and greater
harvestable yields under intensive agricultural practices.
The Rht-B1b and Rht-D1b alleles along with the Rht-Bla
and Rht-Dia wild-type alleles have been sequenced (Peng
et al. 1999), physically mapped to the short arms of 4B (Rht-
BI) and 4D (Rht-DI) (McVittie et al. 1978), and genetically
mapped in several studies (Borner et al. 1997; Peng et al.
1999; Ellis et al. 2002; Somers et al. 2004; Quarrie et al.
2005; Draeger et al. 2007; Cuthbert et al. 2008; Srinivas-
achary et al. 2008, 2009; Cao et al. 2009; Raquin et al.
2008). The wild-type alleles encode DELLA proteins that
repress plant growth in the absence of gibberellin (GA), but
when GA is present, DELLA is degraded, thereby removing
this growth restriction. Rht-B1b and Rht-D1b encode altered
forms of the DELLA protein that result in reduced GA
sensitivity and decreased stalk length (Peng et al. 1999). In
addition to Rht-BI and Rht-D1, a third homoeolocus, Rht-
Al, was recently identified using the bread wheat variety
Chinese Spring (CS; Febrer et al. 2009). Rht-Al was also
fully sequenced in the bread wheat variety Cadenza and
shown to express the DELLA protein (Pearce et al. 2011).
Rht-A1 maps to chromosome 4A (Pearce et al. 2011), but
linked genetic markers have not been identified and the
physical location on 4A is not known.

Recent studies indicate that DELLA proteins play a role
in abiotic and biotic stress tolerance in plants. DELLA
proteins appear to be directly associated with changes in
tolerance to pathogens in Arabidopsis thaliana, barley
(Hordeum vulgare), and wheat (Navarro et al. 2008; Saville
et al. 2012) and with changes in tolerance to cold and
salinity in Arabidopsis (Achard et al. 2006, 2008) and
potassium deprivation in wheat (Moriconi et al. 2012). Rht-
D1I1b and Rht-B1b have both been associated with changes
in the levels of resistance to Fusarium Head Blight (FHB),
a major disease in wheat. A quantitative trait locus (QTL)
that encompassed Rht-DIb and was associated with
increased susceptibility to FHB has been identified in
several studies (Hilton et al. 1999; Draeger et al. 2007,
Srinivasachary et al. 2008, 2009). A QTL containing Rht-
B1b was associated with increased Type I (initial infection)
susceptibility to FHB and, conversely, increased Type II
(fungal growth within the spike) resistance to FHB (Srin-
ivasachary et al. 2009). The association of the semi-
dwarfing alleles with changes in FHB resistance may be the
result of changes in plant height (Yan et al. 2011); how-
ever, height was not correlated with FHB susceptibility
when Rht-Dla and Rht-DI1b wheat doubled haploid sub-
populations arising from a single cross were analyzed
separately (Draeger et al. 2007). In addition, Srinivasach-
ary et al. (2009) reported that although the QTL associated
with FHB susceptibility contained Rht-D1b, the peak was
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consistently placed not at Rht-D1b, but at a nearby marker.
Identification of the loci neighboring the wheat Rht-1 ho-
moeologs should aid in identifying the underlying cause of
deleterious or beneficial traits linked to Rht-1.

It is well established that gene synteny in the A, B, and
D wheat genomes is highly conserved and that this colin-
earity extends to other members of the grass (Poaceae)
family (Moore et al. 1995; Gale and Devos 1998; Kumar
et al. 2009). However, gene micro-colinearity among the
grasses may often be disrupted by gene duplications and
chromosomal rearrangements (Gale and Devos 1998). The
synteny of the hexaploid wheat genomes has been affected
by several translocations, inversions, and deletions (Nar-
anjo et al. 1987; Mickelson-Young et al. 1995; Devos et al.
1995; Nelson et al. 1995; Miftahudin et al. 2004). In cases
where multiple copies of a single gene are present due to
polyploidization or segmental doubling, duplicate genes
may be lost due to redundancy or there may be a change in
function (Kashkush et al. 2002; Lai et al. 2004). Trans-
posable elements (TEs), relative to genes, evolve faster and
are not as well conserved among species (Devos et al.
2008). Among the A, B, and D wheat genomes, which
diverged approximately two to four million years ago
(MYA; Huang et al. 2002; Dvorak and Akhunov 2005;
Chalupska et al. 2008), studies of homoeologous regions
have shown no apparent conservation of TEs with the
exception of miniature inverted-repeat TEs (MITEs),
which sometimes are conserved between genomes
(Anderson et al. 2002; Gu et al. 2004; Chalupska et al.
2008; Ragupathy and Cloutier 2008). Similarly, between
Brachypodium distachyon and Brachypodium sylvaticum,
which diverged an estimated 1.7 to 2.0 MYA, TEs were not
conserved except for a low proportion of MITEs (Buch-
mann et al. 2012). Transposon excisions can also result in
deletions or insertions in flanking sequence that can be
hundreds of bases in length, further eroding genome
colinearity of intragenic regions (Buchmann et al. 2012). In
wheat, a large genome size and the lack of an assembled
sequence make comparative analysis with assembled and
annotated Poaceae genomes a particularly useful tool for
identification of genes, structural domains, and conserved
non-coding sequences (CNSs).

To determine the genes and sequence immediately sur-
rounding Rht-1, wheat bacterial artificial chromosome
(BAC) clones containing Rh#-1 from the A, B, and D
genomes of CS were isolated, sequenced, and assembled.
In addition, BAC insert sequences from the D genome of
Aibai/CS (Duan et al. 2012) and from the A genome
ancestor T. urartu were examined in relation to the CS
homoeologs. Comparative analysis of the wheat BAC
genes was performed with respect to Poaceae orthologs
from rice (Oryza sativa), B. distachyon, foxtail millet
(Setaria italica), sorghum (Sorghum bicolor), maize (Zea
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mays), and barley. Colinearity of the region that extends
beyond the Rht-1 BAC sequences was also examined in the
assembled Poaceae genomes.

Materials and methods
BAC library screening and sequencing

CS wheat BAC clones 224-M10_CS-A and 1417-F16_CS-
B were isolated as described in Febrer et al. (2009). BAC
clone 155-124_CS-D was isolated from the French com-
ponent of the CS library created by Allouis et al. (2003) by
screening colony filters using a 195 bp radiolabeled [**P]
probe, which spans the DELLA protein domain and is
specific to Rht-1 (CS Rht-DI nucleotide coordinates
49-243). The Rediprime II DNA labeling system (GE
Healthcare Life Sciences) was used to radiolabel the probe.
Southern hybridization of colony filters was carried out as
described by Sambrook et al. (1989). Following hybrid-
ization, filters were exposed overnight on phosphor screens
and visualized with a Typhoon phosphorimager (Amer-
sham Biosciences). Rht-1 presence on the inserts was
confirmed by PCR using the Rht-F1 and Rht-R1 primers as
described in Febrer et al. (2009). BAC 50-M3_CS-B was
isolated from the French component of the CS BAC library
held at the French Plant Genomic Resource Center (INRA-
CNRGYV, Toulouse, France). To isolate BAC 50-M3_CS-
B, pooled BAC library DNA was PCR-screened by the
CNRGV using primers Z-F02 (5'-GGG AGG CTA GCT
CAT CAT CA-3) and Z-R02 (5-CAA CCG CAT ACA
AAG CAA AA-3'), which are specific to a C3HC4 zinc
finger (ZnF) gene that neighbors Rht-1. For the Rht-1-
containing BAC sequence derived from 7. urartu (Tu-JJ1),
shotgun libraries for selected positive BACs were con-
structed as described by Kong et al. (2004).

BAC inserts from 224-M10_CS-A, 1417-F16_CS-B,
and 155-124_CS-D were sequenced to 8 x coverage by
shotgun sequencing and assembled into four, three, and
four contigs, respectively, as a service of The Genome
Institute, Washington University, St. Louis, MO, USA. The
order and orientation of contigs were determined using
PCR with gaps between contigs estimated at 500 bp or less
(pers. comm., W. Courtney, Washington University). BAC
50-M3_CS-B was sequenced by Eurofins MWG Operon
(Ebersberg, Germany) using GS FLX Titanium series
chemistry (Roche Applied Science) and assembled into 19
large contigs with orientation and order not determined.
The ZnF gene sequence on BAC 50-M3_CS-B was deter-
mined by combining three overlapping contigs using
sequence from BAC 155-124_CS-D as template. BAC Tu-
JJ1 was sequenced from forward and reverse directions
using Applied Biosystems (ABI) BigDye 3.1 terminator

chemistry and analyzed on an ABI 3730XL automated
capillary sequencer. Assembly analyses were performed
using PHRED (Ewing et al. 1998) and contigs assembled
with Lasergene v7.10 software (http://www.dnastar.com/)
with match size 40 and minimum match percentage 98.
Gaps were closed and weak consensus regions strength-
ened by direct sequencing of subclones using primer
walking with dGTP and DMSO added to the sequencing
mix.

Annotation of Rht-1-containing wheat BAC sequences

Locations and identities of repeat elements in the wheat
BAC sequences were determined by BLASTn and
tBLASTx searches of the Triticeae Repeat Sequence
Database (http://wheat.pw.usda.gov/ITMI/Repeats) using
an expectation value (E) threshold of ¢~ '°. Retrotransposon
long terminal repeats (LTR) and target site duplications
were identified using the default settings of LTR Finder
(http://tlife.fudan.edu.cn/ltr_finder; Xu and Wang 2007)
and verified manually. Gene predictions were made across
entire BAC inserts using Softberry FgeneSH software
(http://linux 1.softberry.com/berry.phtml). Nucleotide seq-
uences of predicted genes were queried against the Triti-
ceae Repeat Sequence Database, the National Center for
Biotechnology Information (NCBI) nucleotide collection
(http://blast.ncbi.nlm.nih.gov/Blast.cgi), The Institute for
Genomic Research (TIGR) plant transcript assemblies
(TAs) monocot collection (http://plantta.jcvi.org), and the
Knowledge-based Oryza Molecular biological Encyclope-
dia rice cDNA collection (http://cdna0l.dna.affrc.go.jp/
cDNA) to identify regions of homology. Predicted genes
were considered true genes if orthologous genes were
identified in the database searches and were not considered
true genes if the sequence had a partial or full match to a
repeat element. If the predicted gene sequence did not have
a match to an orthologous gene or to a repeat element, it
remained a predicted gene. Intron-exon boundaries of
genes were determined by manually aligning sequences
with TIGR wheat TAs, TIGR barley TAs, and annotated
orthologs in rice, B. distachyon, sorghum, and maize (B73
inbred) using GeneDoc v2.6.002 software (Nicholas and
Nicholas 1997). The remaining BAC sequences that did not
correspond to a TE, gene, or predicted gene were BLAST-
searched against the NCBI database nucleotide collection
to determine if any similarity existed. Annotation of BAC
sequences was facilitated with Vector NTI v10.1.1 (Invit-
rogen) software.

Comparative analysis with Poaceae orthologs

Sequences of the ZnF, EamA, and Rht-1 orthologs in rice,
B. distachyon, sorghum, maize, and foxtail millet were
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identified by nBLAST searches of the Phytozome v8.0
databases (Goodstein et al. 2012) using the wheat open
reading frames (ORFs) as query. Primary transcript models
from Phytozome were utilized in ZnF, EamA, and Rht-1
ORF amino acid (AA) alignments, with the following two
exceptions where alternate transcripts showed improved
alignments with Poaceae orthologs: Foxtail millet ZnF
(Si034920m with the 5’ end truncated) and maize ZnF from
chromosome 1 (GRMZM2G704032). To identify orthologs
in the unassembled barley genome, wheat gene ORFs were
used in nBLAST searches of the NCBI nucleotide collec-
tion, the NCBI barley expressed sequenced tag (EST)
collection, and the TIGR barley TA collection. Orthologs
in Arabidopsis, grape (Vitis vinifera), Eragrostis tef, and
sugarcane (Saccharum officinarum) were found by
nBLAST searches of the NCBI nucleotide collection. To
examine synteny among the assembled Poaceae genomes
in the region that extends beyond that orthologous to the
wheat BAC regions, predicted gene ORFs from rice were
used in nBLAST searches of the B. distachyon, foxtail
millet, sorghum, and maize genomes using Phytozome
v8.0.

AA alignments of orthologs were made using ClustalX
v2.0.12 (Larkin et al. 2007) and manually adjusted where
necessary to improve alignments using GeneDoc v2.6.002.
Locations of protein motifs on the EamA and ZnF AA
sequences were determined using the European Bioinfor-
matics Institute InterPro scan (http://www.ebi.ac.uk/Tools/
InterProScan) with AA sequences serving as query. Phy-
logenetic relationships among orthologous genes were
determined using the following applications of PHYLIP
v3.6 software (Felsenstein 2004): ‘Segboot’ was used to
calculate bootstrap values (1,000 replicates); ‘Protdist’ was
used to calculate genetic distance between species (10,000
multiple data set values); ‘Neighbor’, which employs the
neighbor-joining method, was used to construct trees;
‘Consense’ was used to determine the consensus tree.

Identification of CNS regions

CNS regions were determined with the NCBI alignment
tool using the BLASTn program with an E threshold of
e '%. CNSs were aligned with ClustalX v2.0.12 and man-
ually edited, as needed, using GeneDoc v2.6.002.

Rht-A1 mapping

Aneuploid stocks were supplied by S. Reader, John Innes
Centre (JIC), Norwich, UK. CS deletion stocks used were
obtained from the Wheat Genetics Resource Center, Kan-
sas State University, Manhattan, KS, USA. The biparental
Fs population ‘Sears Synthetic 7010073 x Paragon’
(‘SS7010073 x Paragon’) was developed by the
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Department for Environment Food and Rural Affairs and
funded by the Wheat Genetic Improvement Network.
‘SS7010073” is a synthetic hexaploid of Triticum dicoc-
cum x Aegilops tauschii created by E. Sears, University of
Missouri, Columbia, MO, USA (S. Reader, JIC, pers.
comm.). Paragon is an elite UK spring wheat. Seed of
SS7010073 was received from the JIC and seed of Paragon
was received from the National Institute of Agricultural
Botany (Cambridge, UK). Genomic DNA (gDNA) of
aneuploid stocks, deletion lines, ‘SS7010073’°, and ‘Para-
gon’ was extracted using a modification of the method
described by Fulton et al. (1995). gDNA of the
‘SS7010073 x Paragon’ Fs population was extracted using
the DNeasy kit (Qiagen) according to manufacturer
instruction.

For the physical mapping of Rht-1, gDNA extracts of
aneuploid and deletion lines were used as templates in
PCRs containing the Rht-1 generic primer Rht-ABD-R6
(5’-TGC ATC CCC TGC TTG ATG-3') along with one of
the following locus specific primers: Rht-A-F3 (5'-GAT
GCC GTC TCG CAA TCT-3') for Rht-Al; Rht-B-F1 (5'-
AGG CAA GCA AAA GCT TGA GA-3') for Rht-B1; Rht-
D-F1 (5-CGA GGC AAG CAA AAG CTT C-3') for Rht-
D1. PCRs were performed in 10 pl volumes containing 1x
Green GoTaq Reaction Buffer (Promega), 3 % glycerol,
0.2 mM of each dNTP, 2 mM MgCl,, 1 pM forward pri-
mer, 1 pM reverse primer, 0.25 pl Tag polymerase, and
20 ng DNA. The PCR profile consisted of 5 min at 95 °C,
followed by 40 cycles of 95 °C for 30 s, 64 °C anneal
temp. for 30 s, and extension of 72 °C for 90 s, and con-
cluded with 72 °C for 5 min. Amplified products were
separated in a 1.5 % agarose gel in 1x TBE buffer and
visualized under UV light with ethidium bromide. Expec-
ted product sizes were 1,304 bp (Rht-Al), 1,105 bp (Rht-
BI), and 1,118 bp (Rht-D1).

For mapping Rht-Al, a genetic marker was created
based on a 3 bp nucleotide deletion in SS7010073 relative
to the intact Paragon allele that occurs approximately
150 bp upstream of the RAz-1 start codon. The primers Rht-
A-F3 and PS-Rht-R2 (5-GGA GGA AGA AGG AGG
AAG AAT A-3') amplify a 120 bp product in Paragon and
no product in SS7010073. Primers Rht-A-F3 and PS-Rht-
R4 (5-GGA GGA AGA AGG AGG AAG AAT G-3))
amplify a 120 bp product in SS7010073 and no product in
Paragon. Reaction mixtures and conditions were as
described above with an annealing temperature of 60 °C
and a 30 s extension time for both primer pair mixes.

Simple sequence repeat (SSR) primer sequences were
acquired from the Graingenes database (http://wheat.
pw.usda.gov). Forward primers were labeled with the
dyes FAM, VIC, NED, or PET (ABI) according to Schu-
elke (2000). PCR mixes were in 6.25 pl volumes that
consisted of 3.125 pl Hotstar Tag Master Mix (Qiagen),
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0.75 uM of each primer, and 12.5 ng gDNA. The PCR
profile consisted of 15 min at 95 °C, followed by 35 cycles
of 95 °C for 1 min, a primer pair-dependent annealing
temperature according to the Graingenes website for 1 min,
and 72 °C for 1 min, and concluded with 72 °C for 10 min.
Products were measured on an ABI 3730 DNA Analyzer
with a POP-7™ polymer column. Linkage maps were
based on Rht-Al and SSR marker scores of 94 individuals
from the (‘SS7010073 x Paragon’) biparental Fs popula-
tion and created using JoinMap version 4.0 with a log of
odds threshold of 5.0 (Van Ooijen 2006).

Accession numbers for the wheat BAC sequences are:
JX978692 (224-M10_CS-A), JX978693 (1417-F16_CS-
B), JX978694 (155-124_CS-D), JX978691 (50-M3_CS-
B), and JX978695 (Tu-JI1).

Results
Composition of wheat BACs

Three of the Rht-I-containing clones identified in the CS
BAC library representing the A genome (224-M10_CS-
A), B genome (1417-F16_CS-B), and D genome (155-
124_CS-D) were sequenced and assembled. Rhr-I was
centrally located in each insert and the sequenced length
of inserts ranged from 164 to 213 kb (Fig. 1; Table 1).
BAC Tu-JJ1, derived from T. urartu, was approximately
100 kb in length with Rht-1 positioned near the middle.
BAC 1J9_D, derived from the ‘D’ genome of the near-
isogenic line Aibai/CS (GenBank acc. no. HQ435325.1;
Duan et al. 2012), was approximately 207 kb in length
with Rhz-1 located just under 10 kb from the 3’ end. BAC

clones 224-M10_CS-A, 155-124_CS-D, Tu-JJ1, and
1J9_D each contained the same three genes in conserved
order and orientation. From 5’ to 3’, these were: a zinc
finger C3HC4 type domain containing protein (rice
ortholog Loc_0s03g49900; herein referred to as ZnF), an
integral membrane protein containing an EamA-like
transporter (rice ortholog Loc_0s03g49940; previously
known as Domain of Unknown Function 6 protein; herein
referred to as FEamA), and Rht-1 (rice ortholog
Loc_0s03g49990). BAC clone 1417-F16_CS-B con-
tained EamA and Rht-Bl, but did not contain sufficient
sequence 5’ of EamA to determine if ZnF was the next
gene upstream. The B genome copy of ZnF from CS was
subsequently identified on BAC 50-M3_CS-B. This BAC
clone was sequenced and assembled into 19 contigs

(order and orientation not determined) with total
sequence length estimated at 170 kb. Annotation of BAC
50-M3_CS-B indicated there was no overlapping

sequence with BAC 1417-F16_CS-B. ZnF was the only
gene present on BAC 50-M3_CS-B, residing on a 31 kb
region assembled from three overlapping contigs. BACs
1J9_D and 0155-124_CS-D have 105 kb of overlapping
sequence that has 99.83 % nucleotide identity and con-
tains the three identified genes. Between the two D
genome BACs, 100 % nucleotide identity is retained
between the two ZnF ORFs and also between the EamA
ORFs, while the Rht-DI ORFs differ by a single nucle-
otide polymorphism (SNP). The Rht-DI SNP in 1J9_D,
previously identified by Duan et al. (2012), results in a
premature stop codon characteristic of the Rh-DI1b semi-
dwarfing allele (Peng et al. 1999), whereas CS contains
the Rht-Dla allele. The combined length of the two D
genome BACs spans approximately 316 kb.

BACTU-JJ1 (Tu'A)  o——T——P—f——
25 kb e |
BAC 224-M10 (CS‘A) o 3+ ) *
BAC 1417-F16 (CS 'B) .~ o b D °

BAC 50-M3 (CS ‘B’)

BN

B T

BAC 155-124 (CS ‘D’) o—G
a

D-e. BAC 1J9 (Aibai/CS D)

ZnF

Fig. 1 Gene content of wheat BAC clones. Genes and direction of
transcription are shown on each BAC insert. BACs are identified by
clone address with genetic background and genome shown in
parentheses (Tu, Triticum urartu; CS, Chinese Spring). Filled circles
denote the boundaries of assembled BAC sequence. Dashed lines

EamA Rht-1

connect homoeologs. Exon—intron structure of the C3HC4 zinc finger
(ZnF), EamA, and Rht-1 genes are shown in enlarged images. BAC
50-M3 was not fully assembled and only the portion containing a
gene is shown. BAC 1J9 is from Duan et al. (2012), GenBank acc. no.
HQ435325.1
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Table 1 Genetic composition of wheat BAC inserts

Clone address® Genetic background Base pairs TE (%) Gene (%)° No similarity (%)°
224M-10 Ta CS (A) 164,257 55.9 8.7 354
1417-F16 Ta CS (B) 187,310 75.6 2.3 22.1
155-124 Ta CS (D) 213,794 71.5 7.7 20.9
Tu-JJ1 T. urartu (A) 100,141 43.4 13.5 43.1
1J9 Ta Aibai/CS (D) 207,530 73.3 6.1 20.5
50-M3 Ta CS (B) 170,073 65.5 5.3 29.2

Ta Triticum aestivum, CS Chinese Spring with genome in parenthesis, TE transposable element
* The clone address for T. urartu is not available and is designated Tu-JJ1. BAC 1J9 is from Duan et al. (2012), GenBank acc. no. HQ435325.1

® Includes introns and exons

¢ Indicates sequence with no similarity to TEs or genes

TEs constitute from 43.4 to 75.6 % of each BAC insert,
while sequence with homology to annotated genes
(including introns and exons) ranged from 2.3 to 13.5 % of
each insert (Table 1). While the ZnF-EamA-Rht-1 gene
synteny is highly conserved among the wheat homoeologs,
there is no apparent conservation of TEs among the ho-
moeologs with the exception of several MITEs located
within gene introns (Online Resources 1 to 6). Between
CS-A and its ancestral line 7. urartu, intergenic TEs are
partially conserved, with several corresponding TEs pres-
ent in both BACs upstream of EamA and downstream of
Rht-Al (Online Resources 1 and 4). Between 20.5 and
43.1 % of each BAC sequence did not have significant
(E < e '% homology to annotated genes or TEs in the
searched databases. One of these regions of “no similarity”
occurs immediately upstream of the Rht-1 ORF in each of
the five Rht-1-containing BACs and is 8 kb or more in
length. The largest region of “no similarity” occurs on
224-M10_CS-A in the region from approximately 37 to
51 kb downstream of Rht-Al. This region of CS-A contains
the only predicted gene among the BAC inserts that did not
have homology to TEs or annotated genes. The predicted
gene on CS-A consists of a single exon of 582 bp, which
has full-length matches to wheat ESTs CK209908
(E = 5¢7%°) and CK209889 (E = 9¢~%%). CK209908 is
annotated as a homeobox protein DLX-2 related cluster
and CK209889 is a predicted signal transduction protein
containing EAL and modified HD-GYP domains.

Comparative analysis of Rht-1, ZnF, and EamA ORFs

The Rht-1 homoeologs in CS are composed of a single
exon with lengths of 1,863 bp (620 residues) in Rht-Al,
1,866 bp (621 residues) in Rht-BI, and 1,872 bp (623
residues) in Rht-DI. Among all three CS homoeologs,
94.1 % of the nucleotide identities and 96.8 % of the AA
identities are shared. CS Rht-Al and CS Rht-DI share
96.4 % nucleotide identity (differing by 40 SNPs and the
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need to insert 27 gaps for alignment) and 98.1 % residue
identity (seven AA substitutions and five gaps). CS Rht-Al
and CS Rht-B1 have 96.0 % nucleotide identity (61 SNPs
and 15 gaps) and 98.1 % residue identity (five AA sub-
stitutions and seven gaps). CS Rht-Bla and CS Rht-Dla
have 95.6 % nucleotide identity (56 SNPs and 26 gaps) and
97.4 % residue identity (eight AA substitutions and eight
gaps). The T. urartu Rht-Al AA sequence is identical to CS
Rht-Al. The CS Rht-1 AA sequences were aligned to the
Arabidopsis ortholog Gibberellic Acid Insensitive (GAI,
Atl1g14920.1) and to the following Poaceae orthologs:
Slenderl (barley), Bradilgl11090.1 (B. distachyon), Slen-
derl (rice), Si039400m (foxtail millet), Sb01g010660
(sorghum), GenBank acc. no. IN793959 (E. tef), Dwarf8
(maize chromosome 1), Dwarf 9 (maize chromosome 5),
and GenBank acc. no. DQ062091.1 (sugarcane) (Online
Resource 7). Among the Poaceae members, the DELLA
protein consisted of a single exon containing between 618
and 630 AAs. The motifs of the DELLA protein were well
conserved among all Poaceae, with the exceptions of
approximately 20 bp of the PFYRE domain and the end
residues of the poly S/T/V domain. In the regions of the
protein motifs that are highly conserved among the Poa-
ceae, the AA sequences of the CS homoeologs are identical
to one another with the exception of an L in Rh#-DI to F
substitution in Rht-Al and Rht-Bl in the LHR1 domain
(Online Resource 7, position (pos.) 269). Arabidopsis GAI
consisted of a single exon, but only contained 533 AAs.
The protein motifs of GAI were less well conserved relative
to the Poaceae DELLA orthologs and, in particular, the
poly S/T/V domain has few AAs in common with any
Poaceae member. The high level of conservation in the
functional domains and the lack of a stop codon or
frameshift mutation suggests that the Poaceae DELLA
orthologs are functional and may share a similar role.
Among the Poaceae members, barley Slenderl and Brad-
ilgl1090.1 were the most closely related to wheat Rht-1,
sharing an average of 95 and 88 % of the residues,
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respectively, across the three wheat homoeologs. The
remaining Poaceae sequences shared from 80 to 84 % of
the residues with the wheat homoeologs, while GAI shared
only 52 % of the residues.

The AA sequences of the C3HC4 ZnF wheat homoeo-
logs were aligned with the Arabidopsis ortholog
Atlgl8470.1 and with the following Poaceae orthologs:
GenBank acc no. BAJ92258.1 (barley), Bradilgl1070.1
(B. distachyon), Loc_0s03g49900.1 (rice), Si034920m
(foxtail millet), $b01g010680.1 (sorghum), GRMZM2G7
04032_T01 (maize chromosome 1), and GRMZM2GO02
4690_T01 (maize chromosome 5) (Online Resource 8).
The entire ZnF' AA sequence was very highly conserved
among all species including Arabidopsis. In each ortholog,
ZnF consisted of 14 exons and 13 introns. Predicted pep-
tide lengths among the Poaceae ranged from 472 to 474
AAs, and the Arabidopsis ortholog consisted of 467 AAs.
The ZnF proteins contain a region with similarity to a
C3HC4 domain, which is a cysteine-rich domain that
coordinates two zinc ions. Using the CS-D ZnF as query,
sequence with similarity (E = 1.9e”'?) to a C3HC4
domain was identified near the C terminus (Online
Resource 8, pos. 424 to 467). A region with similarity
(E =2.8¢" ") to a Transmembrane Fragile X-F protein
domain was also indentified, which spans the majority of
the ORF (Online Resource 8, pos. 35 to 299). The absence
of frameshift mutations, the lack of predicted stop codons,
and the high level of conservation among the AA
sequences of the ZnF orthologs suggest that these genes are
active and likely play a similar role. Among the CS ZnF
protein sequences, only two AA changes differentiate the
homoeologs (Online Resource 8, pos. 315, CS-D = L, CS-
A and CS-B = V; pos. 338, CS-B =Y, CS-A and CS-
D = C). Both changes occur between the Transmembrane
Fragile X-F and C3HC4 zinc finger domains. The CS-A
and T. urartu ZnF AA sequences are identical. The barley
ZnF ortholog had the greatest AA identity relative to the
CS wheat ZnF sequences, sharing an average of 99 % of
the residues with the three homoeologs. The B. distachyon
ZnF ortholog shared 95 % of the residues with the CS
homoeologs. The remaining Poaceae ZnF orthologs shared
90-92 % of the identities with the CS homoeologs and the
Arabidopsis ZnF ortholog shared 67 % residue identity
relative to the CS homoeologs.

The AA sequences of the wheat EamA homoeologs were
compared to the following Poaceae orthologs: GenBank
acc. no. AK353653.1 (barley), Bradilgl1080.1 (B. dis-
tachyon), Loc_0s03g49940.1 (rice), Si035681m (foxtail
millet), Sbh01g010670.1 (sorghum), and GRMZM2GO
93849_T03 (maize chromosome 1). No EamA ortholog was
present on maize chromosome 5. There was no significant
match to the wheat EamA gene in Arabidopsis, therefore a
putative ortholog in grape (Vitis vinifera; GenBank acc. no.

XM_002278412.1) was used to represent a non-Poaceae
species. Relative to ZnF and Rht-1, EamA showed reduced
conservation of AAs among the CS wheat homoeologs and
among the Poaceae orthologs (Online Resource 9). In each
Poaceae ortholog, EamA consists of eight exons, while the
grape EamA ortholog consisted of seven predicted exons.
The EamA proteins of the Poaceae contain between 430
and 454 AAs with 461 present in grape. The EamA proteins
contain two regions with similarity to an EamA type
domain (Online Resource 9, pos. 156 to 255, E = 7e_7;
pos. 345 to 415, E = 7.1e""?). No predicted frameshift
mutations or stop codons are present among the Poaceae
species studied, suggesting that those proteins are func-
tional. However, the high level of sequence divergence
among the Poaceae EamA orthologs suggests the possi-
bility of functional alterations among the proteins. Among
the CS wheat EamA homoeologs, the CS-A and CS-D
genome AA sequences are the most similar having 96.8 %
identity (14 substitutions). The CS-B and CS-A genome
EamA homoeologs have 95.2 % AA identity (17 substitu-
tions and a 4 bp deletion in CS-B EamA, which occurs at
pos. 34 to 37, Online Resource 9). The CS-B and CS-D
EamA homoeologs have 94.8 % AA identity (19 substitu-
tions and a 4 bp deletion in CS-B EamA). The EamA genes
from CS-A and T. wurartu have three AA substitutions
(99.3 % identity). Relative to the CS EamA homoeologs,
the barley EamA ortholog shared an average of 91 % AA
identity and B. distachyon EamA shared an average of
85 % AA identity. The remaining Poaceae orthologs
shared from 72 to 75 % of the residue identities with the
CS EamA homoeologs and grape EamA shared 48 % AA
identity with the CS EamA homoeologs.

Phylogenetic comparisons of the Rht-1, ZnF, and EamA
orthologs reflect the close genetic similarity among the CS
homoeologs and T. urartu (Fig. 2). Relative to the Triticum
genomes, the barley orthologs of each gene are the most
closely related followed by the B. distachyon orthologs,
which had a closer similarity to wheat than did rice or the
remaining Poaceae.

Conserved regions 5’ and 3’ of Rhit-1
among the Poaceae

Non-coding sequence 5’ and 3’ of the Rhr-1 ORF was
examined to determine if there were any conserved regions
among the three CS wheat genomes. It was hypothesized that
regions of high conservation close to the ORF could reflect
regulatory regions for expression of Rht-1. For each CS
Rht-1 homoeolog, similarity to TEs predominated beyond
10 kb of either end of the ORF (Online Resources 1, 2, and
3). TEs are unlikely to be involved in gene regulation;
therefore, the analysis was restricted to the regions from 0 to
10 kb upstream and 0 to 10 kb downstream of the ORF. In
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«Fig. 2 Unrooted neighbor-joining trees of (a) Rht-1, (b) ZnF and

(¢) EamA orthologs in wheat and Poaceae orthologs. CS-A (Ta), CS-
B (Ta) and CS-D (Ta) represent, respectively, the Chinese Spring
Triticum aestivum A, B, and D homoeologs of each gene. Poaceae
orthologs are shown with locus name or GenBank accession number
followed by genus and species initials in parenthesis. At, Arabidopsis
thaliana; Bd, Brachypodium distachyon; Et, Eragrostis tef; Hv,
Hordeum vulgare; Os, Oryza sativa; Sb, Sorghum bicolor; Si, Setaria
italica; So, Saccharum officinarum; Vv, Vitis vinifera; Zm, Zea mays.
Branch lengths indicate relative genetic distance. Bootstrap frequen-
cies are shown at each node

each comparison, CS-D sequence from these regions served
as the query with an E threshold of e 7', Among the wheat
Rht-1homoeologs, for the regions and criteria defined above,
CS-D and CS-A had 6.4 kb of similar upstream sequence and
3.2 kb of similar downstream sequence. CS-D and CS-B
were similar across 3.6 kb of upstream and 3.8 kb of
downstream sequence. An additional comparison of this
region was carried out between CS-A and CS-B and this
revealed that 3.4 kb of sequence upstream of the ORF and
3.6 kb of downstream sequence were similar.

Using the same criteria described above, five CNS
regions surrounding Rht-1 that were common to CS-A, CS-
B, CS-D, B. distachyon, rice, foxtail millet, sorghum,
maize chromosome 1, maize chromosome 5, barley, and E.
tef were identified (Fig. 3). The CNS locations and lengths
matched those recently identified by Duan et al. (2012)
when examining this region in the wheat D genome, A.
tauschii, B. sylvaticum, B. distachyon, rice, maize chro-
mosome 1, and sorghum. In our analysis, CNS regions 1, 2,
3, and 5 had 67 % or greater nucleotide identity between
any two species, while CNS4 had a nucleotide identity of
60 % or greater between any two species. CNS1 in foxtail
millet is bisected by a 344 bp segment of low complexity
sequence, which is similar (E = 9¢7%) to a Tourist TSI-1
MITE. A predicted gene (Si040419m) also exists in foxtail
millet between CNS3 and CNS4, but does not overlap the
conserved regions. No other predicted genes were present
in the examined regions of the RAt-1 ORF in any of the
species examined. Similar to Duan et al. (2012), the longest
continuous string of invariant residues (37 residues) present
in all species was found in CNS5, however, a SNP present
in foxtail millet at the fifth nucleotide shortened the length
of invariant nucleotides to 32.

Microsynteny in the Rht-1 region among Poaceae

The wheat BACs were aligned with fully assembled
members of the Poaceae (rice, B. distachyon, foxtail millet,
sorghum, and maize) to determine if gene synteny was
preserved (Fig. 4; Online Resource 10). A single
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Fig. 3 Rht-1 conserved non-coding sequences (CNSs) in the Poa-
ceae. Triticum aestivum Chinese Spring D genome (7a CS-D)
sequence (10 kb 5" of the Rht-1 ORF start and 10 kb 3’ of the ORF
end) served as query to identify homologous sequence in the Poaceae
species (Bd, Brachypodium distachyon; Os, Oryza sativa; Si, Setaria
italica; Sb, Sorghum bicolor; Zm_1, Zea mays chromosome 1; Zm_5,
Zea mays chromosome 5; Hv, Hordeum vulgare; Et, Eragrostis tef).
Regions conserved with respect to CS-D are indicated by gray
rectangles. Regions conserved among all Poaceae are indicated by
black rectangles numbered 1-5, which all occurred in the region from
1,000 bp upstream (negative numbers) to 5,000 bp downstream
relative to the Rht-1 start nucleotide. Nucleotide coordinates of the
CNSs in reference to CS-D are indicated. Si040419m is a predicted
gene. Black dots represent truncated sequences with start and end base
pair coordinates shown

orthologous region containing ZnF-EamA-Rht-1 was
identified in rice (chr. arm 3L), B. distachyon (chr. arm 1S),
foxtail millet (chr. arm 9S), and sorghum (chr. arm 1S). In
maize, two orthologous regions were identified, located on

chromosome arms 1L (Zm_1) and 5S (Zm_5). In each
orthologous region, ZnF-EamA-Rht-1 synteny is retained
with the exception of Zm_5, in which EamA is absent. In
rice, four additional predicted genes that are expressed
exist within the ZnF-EamA-Rht-1 linkage group, but only
one has a functional annotation and none of the predicted
genes has an ortholog in the Poaceae species examined.
Foxtail millet also contained an additional predicted gene
(8i040530m) located in intron 5 of the ZnF gene, but it has
no functional annotation nor does it have a known Poaceae
ortholog.

Colinearity and gene density of the region flanking Rht-
1 from 17 genes upstream of ZnF to 11 genes downstream
of Rht-1 in rice was then examined in rice, B. distachyon,
foxtail millet, sorghum, and maize chromosomes 1 and 5
(Fig. 4; Online Resource 10). A high degree of colinearity
in the Rht-1 region had been previously reported among
rice, sorghum, maize chromosome 1, and the D genome of
wheat (Duan et al. 2012). In our study, a high degree of
synteny in the Rht-1 region was present in each of the
species examined; however, on maize chromosome 5,
several genes that were present in the other Poaceae
members were absent. Across the entire region, there are
23 genes with orthologs in each of rice, B. distachyon,
foxtail millet, sorghum, and maize. One gene (Brad-
ilgl1180.1) has orthologs in all species except rice, two
genes have two orthologs each, and 46 genes have no
orthologs (12 in rice; one in B. distachyon; 15 in foxtail
millet; 18 in maize, with 15 of these on Zm_1 and three on
Zm_5). Among the maize genes with a known ortholog in
another Poaceae member, 11 occur on both Zm_1 and
Zm_5, 11 occur on only Zm_1, and three exist only on
Zm_5. The only rearrangement of gene order in the Rhz-1
region occurred on Zm_l1 where the position of
GRMZM?2G072578 is two genes more distal to the Rht-1
ortholog than in the other Poaceae. Four of the 23 genes
contained apparent duplicates in at least one species. The
genetic region examined encompasses approximately
300 kb in each of B. distachyon (one gene per 11.2 kb),
rice (one gene per 8.6 kb), and foxtail millet (one gene per
7.0 kb). The region totals 362 kb in sorghum (one gene per
12.9 kb), 470 kb in Zm_5 (one gene per 26.1 kb) and
1,979 kb in Zm_1 (one gene per 52.1 kb). In wheat, 316 kb
of CS-D BAC sequence contained only three genes (1 gene
per 105.3 kb), 164 kb of CS-A BAC sequence contained
only three genes and one predicted gene (1 gene per
41 kb), and 366 kb of CS-B BAC sequence contained only
three genes (1 gene per 122 kb).

Rht-1 mapping in wheat

The approximate physical locations of Rht-1 on the A, B,
and D genomes of wheat were determined using gDNA of
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«Fig. 4 Comparative analysis of Rht-/ and surrounding loci in

Triticum aestivum (Ta) relative to the assembled Poaceae genomes.
a Orthologous regions with chromosomal start and end points in
Megabases (Mb) are shown as black rectangles. The telomere of the
long arm is shown as a filled black circle and the centromere as a
constriction. Os, Oryza sativa; Bd, Brachypodium distachyon; Si,
Setaria italica; Sb, Sorghum bicolor; Zm_1, Zea mays chromosome 1;
Zm_5S, Zea mays chromosome 5. b Summary of the Rht-1 region in the
Ta BAC sequences relative to the Poaceae with sequence length
indicated by long open rectangles. A sequence gap of unknown length
is indicated in the Ta ‘B’ sequence. For the Poaceae, chromosomal
start and end points are shown in Mb and an open arrowhead indicates
direction to the long arm telomere. For all sequences, predicted loci
and direction of transcription are indicated by black arrows and
orthologous loci are connected by lines. Genes identified on 7a BAC
sequences and their orthologs are boxed. Intergenic space in Zm_5 is
10 x the indicated scale. Double hash marks indicate omissions of
intergenic sequence with the number of omitted kilobases (kb)
indicated. Loci shown in gray with bracketed names are contained
within the intron of the locus named immediately above. Gene
locations and additional data are provided in Online Resource 10
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breakpoint 0.82 on 4DS.
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For Rht-Al physical mapping, gDNA of CS, N4AT4D,
Dt4AS, and Dt4AL were used in separate PCRs along with
an Rht-Al specific primer pair. PCR products were ampli-
fied in CS and Dt4AL, but not in N4AT4D and Dt4AS
indicating that Rht-Al is located on the long arm of 4A. An
attempt to further delineate the location of RhAr-Al on 4AL
using CS deletion lines was inconclusive due to conflicting
results, because a PCR product was amplified using gDNA
extracted from 4AL-4 (breakpoint 0.80), 4AL-5 (breakpoint
0.66), and 4AL-12 (breakpoint 0.43), but not from 4AL-13
(breakpoint 0.59). To determine genetic markers linked to
Rht-Al, a polymorphism was identified between the lines
SS7010073 and Paragon that was approximately 150 bp
upstream of Rht-Al, which enabled a marker to be created.
The Rht-A1 marker and chromosome 4A SSR markers were
used to screen 94 individuals of the ‘SS7010073 x Para-
gon’ Fs population. A linkage map was constructed con-
taining Rht-Al and eight SSR markers (Fig. 5). Among
these SSR markers, three flanking markers (Xwmc48-4A,
Xgwm610-4A, and Xgpw4545-4A) were located within
3 ¢cM of Rht-Al. On the Somers et al. (2004) consensus
map, Xwmc48-4A and Xgwm610-4A have centromeric
locations with Xwmc48-4A located on 4AS and Xgwm610-
4A on 4AL. Overall, the mapping results indicate the most
likely physical location of Rht-Al is on the long arm of
chromosome 4A near the centromere.

Discussion

Analyses of BAC insert sequences from the A, B, and D
genomes of CS demonstrated the presence of Rht-1 along
with a ZnF and EamA gene in each genome. These same
three genes were also present on BAC inserts from T. urartu
(A genome) and, as also previously reported by Duan et al.
(2012), the D genome of the near-isogenic line Aibai/CS.
Comparative analyses with the assembled Poaceae gen-
omes identified an orthologous region in each species in
which ZnF-EamA-Rht-1 synteny remains intact and gene
order is highly conserved well beyond the ZnF-EamA-Rht-1
linkage group. In addition, five CNS regions adjacent to the
Rht-1 ORF were identified in the three wheat genomes and
all Poaceae examined.

The ZnF-EamA-Rht-1 linkage block was wholly con-
tained on all BAC inserts examined with the exception of
the CS ‘B’ genome inserts, of which 1417-F16_CS-B
contained EamA and Rht-1 and 50-M3_CS-B contained
ZnF. As no overlap was detected between the two CS ‘B’
genome BACs, it is not certain that ZnF-EamA-Rht-1
synteny remains intact; however, the physical mapping of
both Rh#-B1 and ZnF-B to 4BS and the strong conservation
of this linkage block among the Poaceae suggest that these
three genes retain synteny on the wheat B genome. Based
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on the locations of EamA and ZnF on the B genome BACs,
these genes are separated by at least 65 kb, which is greater
than the interval that exists between these two genes on the
bread wheat A (14 kb) or D (34 kb) genomes. The rela-
tively large interval between EamA and ZnF on the B
genome appears to result from a proliferation of TEs,
notably WHAM retrotransposon elements, in this region.
To fully determine if ZnF-EamA-Rht-1 gene synteny is
retained on the B genome, sequencing and assembly of
additional BACs may be required.

The microsynteny of genes surrounding the ZnF-EamA-
Rht-1 linkage group was also well conserved among the
assembled Poaceae genomes examined (rice, B. distach-
yon, foxtail millet, sorghum, and maize). Of 35 genes
identified in the Slenderl (the rice Rht-1 ortholog) region
of rice, 23 were present in each of the Poaceae members
(Fig. 4). Similarly, Duan et al. (2012) reported that gene
synteny in the Rht-1 region was well conserved among the
wheat D genome, rice, sorghum, and maize chromosome 1.
In our study, a single orthologous region containing the 23
genes was present in rice, B. distachyon, foxtail millet, and
sorghum, whereas two orthologous regions were identified
in maize that collectively contained the 23 genes. One
orthologous region in maize was on chromosome 1 and
contains the Rht-1 ortholog Dwarf8 and the second region
was identified on chromosome 5 where the Dwarf9
ortholog is present. The presence of two paralogous Rht-1
regions in maize is likely the result of a recent (five to
twelve MY A) whole-genome duplication (Swigonova et al.
2004). Only 11 of the 23 genes were duplicated on both
chromosomes 1 and 5. Duplicates of the remaining genes
have apparently been eliminated since the whole-genome
duplication and most of these have been lost on chromo-
some 5. Similarly, Lai et al. (2004) reported that approxi-
mately 50 % of the duplicate genes resulting from the
polyploidization of maize have been lost. Immediately
upstream of the ZnF orthologs in the Poaceae are orthologs
of Teosinte branched (Th)1. Thbl was also found to be the
next gene upstream of ZnF on the D genome of wheat
(Duan et al. 2012). 7b1 is a key domestication gene on
maize chromosome 1 that controls branch number (Doeb-
ley et al. 2006) and in barley, the ThI ortholog Interme-
dium-C has been associated with lateral spikelet fertility
and plant tillering (Ramsay et al. 2011). The close prox-
imity of Th1 to Rht-1 likely means that 7b/ alleles linked
to Rht-B1b and Rht-DI1b have been incorporated into many
modern wheat varieties, which could impact plant archi-
tecture and wheat productivity.

Gene density in the Rhs-1 region was low in wheat
relative to the other Poaceae members. In the A, B, and D
genome regions covered by the five bread wheat BAC
sequences, there is an average of one gene per 94 kb of
sequence. In contrast, gene densities in the Rht-1 regions of
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the Poaceae examined here are much greater. For the
regions defined in Fig. 4, the average number of kb per
gene was ranged from 7 to 13 among rice, B. distachyon,
foxtail millet, and sorghum. For this region in maize, there
was an average of one gene per 25 kb on chromosome 5
and one gene per 52 kb on chromosome 1. In a study that
examined 63 genes surrounding Rht-1, gene density on the
D genome of wheat (one gene per 28.6 kb of sequence)
was considerably reduced relative to orthologous regions in
rice (one gene per 10 kb) and sorghum (one gene per
10.3 kb) (Duan et al. 2012). In another study that utilized
five randomly chosen bread wheat BACs, one gene
occurred per 75 kb of sequence (Devos et al. 2005), which
is similar to the gene density of the bread wheat BACs
examined here. Thus, gene density in wheat is reduced
relative to the other Poaceae, which is most likely the
result of the high proportion (80 %) of wheat sequence
composed of repetitive elements (Gupta et al. 2008).

In contrast to genes, which were highly conserved
among the CS homoeologous BAC inserts, TEs (with the
exception of intronic MITEs) were not. High conservation
of genic sequence relative to TE sequence was also
reported for the Acetyl-CoA carboxylase homoeoloci
(Chalupska et al. 2008) and Hardness homoeoloci (Ragu-
pathy and Cloutier 2008) in bread wheat and for the high
molecular weight glutenin (Glu-1) loci from Triticum
durum (A and B genomes) and A. tauschii (D genome) (Gu
et al. 2004). Intronic MITEs in the ZnF and EamA genes
were partially conserved among the wheat homoeologs.
Partial conservation of intronic MITEs was previously
reported for the Glu-I homoeoloci in wheat (Anderson
et al. 2002). The ZnF and EamA intronic MITEs may be
conserved due to their proximity to functional genes, or
because MITEs may affect gene function and regulation
(Kuang et al. 2009). In contrast to the wheat homoeologous
regions, several intergenic TEs are conserved between the
CS-A and T. wrartu BAC sequences. T. urartu is the
ancestor of the bread wheat A genome with divergence of
the two estimated at less than 0.5 MYA, while the A, B,
and D genomes have estimated divergence dates of
2-4 MYA (Huang et al. 2002; Dvorak and Akhunov 2005;
Chalupska et al. 2008), which likely explains the greater
conservation of TEs present between the two A genomes.
Similar conservation of TEs between bread wheat genomes
and corresponding ancestral lines was also reported at the
Glu-1 loci (Gu et al. 2006).

The ZnF, EamA, and Rht-1, ORFs were well conserved
among the wheat homoeologs and Poaceae species
examined. The resulting proteins of the three genes are
expressed in rice (Rice Genome Annotation Project;
http://rice.plantbiology.msu.edu) and no stop codons or
frameshift mutations that are predicted to cause a loss of
function are present in any of the Poaceae AA sequences.

The nucleotide sequence of CS Rht-Al is identical to the
Rht-Al allele from variety Cadenza (GenBank acc. no.
JF930277), which was previously shown to express Rht-Al
at levels similar to the wild-type Rht-Bla and Rht-Dla
alleles (Pearce et al. 2011). Phylogenetic comparisons of
the Rht-1, ZnF, and EamA AA sequences among the
Poaceae indicate that for each gene, barley and then
B. distachyon have the closest genetic similarity to wheat.
The phylogenies of the Poaceae Rht-1 orthologs presented
here closely resemble the phylogenies shown by Duan et al.
(2012) and Smith et al. (2012) when examining similar sets
of Poaceae Rht-1 orthologs. The phylogenies of the ZnF,
EamA, and Rht-1 ORFs also closely match that of the
Poaceae genomes (Paterson et al. 2009). These results also
support previous work indicating that B. distachyon serves
as a close genetic model for wheat (International Brac-
hypodium Initiative 2010). In the sequence surrounding
Rht-1, five CNSs were identified that were common to the
three bread wheat homoeologs and to B. distachyon, rice,
foxtail millet, sorghum, maize (chromosomes 1 and 5),
barley, and E. tef. The same five CNSs were also identified
by Duan et al. (2012) in A. tauschii, B. distachyon,
B. sylvaticum, rice, maize (chromosome 1), sorghum, and
the D genome of bread wheat. The five CNSs represent
potential Rht-1 regulatory sites as CNSs that have a regu-
latory role have been previously identified in plants
(Uchida et al. 2007). CNS1 of foxtail millet contains a
344 bp insertion, but otherwise the CNS regions are well
conserved among the Poaceae, giving no clear indication
that Rht-1 regulation is extensively altered.

In the ZnF-EamA-Rht-1 homoeologous regions, the B
genome was the most diverged of the three wheat genomes
in CS. In regards to the Rht-1 flanking regions of the wheat
homoeologs, the A and D genomes of bread wheat have a
much larger proportion of sequence in common with each
other than either have with the B genome flanking
sequence. Similarly, the B genome nucleotide sequences of
Rht-1 and EamA are the most diverged relative to the A and
D genome sequences, while the ZnF sequences of all three
are nearly identical. In previous studies of wheat homo-
eologs, the B genome copies were the most divergent in
Knottedl-like homeobox (Morimoto et al. 2005), Starch
branching enzyme Ila (Botticella et al. 2012), and Storage
protein activator (Salse et al. 2008). An analysis of bread
wheat ESTs also found the B genome to be more differ-
entiated from the A and D genomes than the A and D
genomes are from one another (Akhunov et al. 2003a).

Physical mapping placed Rhf-Al on the long arm of
chromosome 4A, whereas Rht-Bl and Rht-D1 were map-
ped to 4BS and 4DS, respectively. The short arm locations
of Rht-Bl and Rht-DI are in agreement with previous
mapping using telocentric analyses (McVittie et al. 1978;
Izumi et al. 1983). Further mapping of Rht-DI using CS
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deletion lines places the locus between breakpoint 0.82 and
the 4DS telomere. In contrast, Rht-BI appears to be prox-
imal to the centromere with telocentric mapping placing it
13 cM from the centromere (McVittie et al. 1978) and
genetic mapping indicating a location near the centromere
(Borner et al. 1997, Ellis et al. 2002; Somers et al. 2004).
The cause of the apparent difference in Rh#-B1 and Rht-D1
map location is not clear. A pericentric inversion involving
chromosome 4B (Mickelson-Young et al. 1995) could
account for some of the discrepancy in physical location
between these two loci. For Rht-Al, the physical location
on the long arm relative to the short arm locations of the
Rht-B1 and Rht-DI homoeologs is likely the result of an
ancient pericentric inversion that resulted in the majority of
the native 4AS arm being transferred to 4AL (Miftahudin
et al. 2004). Further physical mapping of these loci or
assemblies of the group 4 chromosomes in wheat are
needed to more accurately determine the physical locations
of the Rht-1 loci. Genetic mapping of Rht-Al indicates that
it is located within 3 cM of SSR markers Xwmc48-4A,
Xgwm610-4A, and Xgpw4545-4A. This presents a valuable
marker resource for identifying traits linked with Rht-A1 or
as an aid in backcrossing for wheat improvement. Xwmc48-
4A and Xgwm610-4A were previously mapped near the
centromere (Somers et al. 2004), suggesting Rht-Al 1is
likely to also be located near the centromere. Loci located
near the centromere have lower recombination rates and
reduced rates of duplication relative to distal regions
(Akhunov et al. 2003b), which suggests that recombination
may be reduced around Rht-BI and Rht-Al relative to Rht-
DI. A telomeric Rht-D1 location may partially explain the
presence of the Rht-D1c dwarf allele, which results from a
segmental duplication (Pearce et al. 2011; Li et al. 2012),
while no Rht-A1 or Rht-B1 alleles resulting from segmental
duplication have been reported.

The Rht-1 homoeoloci have played a key role in
improving wheat productivity worldwide, beginning with
the green revolution. More recently, the association of Rht-1
with changes in FHB susceptibility in wheat and the broad
association of DELLA proteins with altered tolerances to
abiotic and biotic stresses in plants emphasize that the Rhz-1
loci (along with linked loci) remain an important target for
further research and breeding efforts. The tools developed
herein will enable more precise manipulation of the dwarfing
alleles and neighboring loci, particularly through the use of
genome-specific markers. This will enable detailed studies
of pleiotropy and causative effects of dwarfing genes and
linked loci in relation to FHB and other stresses.
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