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Abstract The introduction of Reduced height (Rht)-Blb
and Rht-D1b into bread wheat (Triticum aestivum) varieties
was a key component of the ‘green revolution’ and today
these alleles are the primary sources of semi-dwarfism in
wheat. The RhAt-1 loci encode DELLA proteins, which are
transcription factors that affect plant growth and stress tol-
erance. In bread wheat, Rht-DIb and Rht-B1b influence
resistance to the disease Fusarium Head Blight. To identify
Rht-1 variants, locus specific primers were developed and
used to sequence the entire open reading frame (ORF) and
1.7 kb of the 5" and 0.5 kb of the 3’ flanking regions of Rhz-
Al (Rht-A1+1), Rht-B1 (Rht-B1+f), and Rht-D1 (Rht-D1+f)
in bread wheat (36 sequences from each genome) and tet-
raploid and diploid wheat (TDW) (one to three sequences
from each genome). Among the bread wheat accessions, the
Rht-A1+f and Rht-D 141 sequences contained relatively low
genetic diversity and few haplotypes relative to the Rht-
BI+f sequences. The TDW accessions were relatively rich
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in genetic diversity and contained the majority of the poly-
morphic sites. Novel polymorphisms, relative to ‘Chinese
Spring’, discovered among the accessions include 160 and
197 bp insertions 5" of Rht-B1 and a frameshift in the Rht-B1
ORF. Quantitative real-time PCR using shoot and leaf tissue
from 5-day-old seedlings of genotypes lacking or containing
the 5’ insertions revealed no major effect on Rht-Bl tran-
script accumulation. This research provides insights into the
genetic diversity present at the Rhz-1 loci in modern bread
wheat and in relation to ancestral wheat accessions.

Introduction

The incorporation of the semi-dwarf alleles Rh#-BI1b and
Rht-D1b at the Reduced height (Rht)-1 loci in bread wheat
(Triticum aestivum) was an important component of the
‘green revolution’, which abated a major worldwide food
shortage (Hedden 2003). The Rhz-1 loci encode DELLA
proteins, which in plants serve a key biological function by
integrating hormonal and environmental signals that affect
overall growth (Alvey and Harberd 2005; Achard et al.
2006; Alvey and Boulton 2008) and are associated with
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abiotic and biotic stress tolerance (Achard and Genschik
2009). The DELLA protein functions to restrict plant
growth, but in the presence of gibberellin (GA), DELLA is
degraded, removing this restriction. The C-terminus of the
protein acts to repress growth while the N-terminus, which
includes the DELLA domain, is involved in GA sensitivity.
In hexaploid bread wheat (AABBDD genomes), the
DELLA proteins are encoded by three homoeoloci: Rht-Al,
Rht-Bl, and Rht-D1 located on the group 4 chromosomes
of the A, B, and D genomes, respectively.

In wheat, Rht-la alleles encode for wild type (tall)
plants with DELLA proteins that are GA sensitive. The
open reading frame (ORF) sequences are available for Rht-
Ala (Genbank acc no. JF930277; Pearce et al. 2011), Rht-
Bla (Genbank acc no. JF930278; Pearce et al. 2011), and
Rht-Dla (Genbank acc no. AJ242531; Peng et al. 1999).
The sequences of the three Rht-Ia homoeologs are well
conserved, having 96.8 % of the amino acid (AA) identi-
ties in common (Pearce et al. 2011; Wilhelm et al. 2013).
Rht-Ala, Rht-Bla, and Rht-Dla are each expressed in
wheat stem tissue and have similar expression patterns
(Pearce et al. 2011). Several Rht-1 alleles that encode GA
insensitive proteins and have reduced height have been
sequenced, including the RhA#-BIb and Rht-DIb ‘green
revolution’ genes. The Rht-B1b and Rht-DI1b ORFs each
contain a single nucleotide polymorphism (SNP) in the
DELLA domain, which introduces a premature stop codon
(Peng et al. 1999). The resulting protein is less responsive
to GA due to an apparent N-terminal truncation, which
thereby serves to repress plant growth even in the presence
of GA (Peng et al. 1999). Additional GA insensitive alleles
that have been sequenced include Rht-Blc, Rht-Bld, Rht-
Ble, Rht-Dlc, and Rht-DId. Polymorphisms that cause
height differences have been identified in Rht-Blc (an
insertion in the DELLA domain of up to 2,026 bp that
following translation and splicing results in a predicted 30
AA insertion; Pearce et al. 2011; Wu et al. 2011), Rht-Ble
(a stop codon in the DELLA domain; Pearce et al. 2011; Li
et al. 2012b), and Rht-Dlic (increased copy number of the
Rht-D1b allele; Pearce et al. 2011; Li et al. 2012a).

Genetic diversity has been examined in only a few ho-
moeologous gene series in hexaploid wheat, which include
Storage protein activator (Spa; Ravel et al. 2009), GA-
dependent MYB transcription factor (GAMYB; Haseneyer
et al. 2008), and Glutamine synthetase (GS; Li et al. 2011).
At the Rht-1 homoeoloci, the prevalence of Rht-Blb and
Rht-DI1b have been measured in several germplasm sets
using PCR markers based on the semi-dwarf causative
SNPs (Chrpova et al. 2003; Zhang et al. 2006; Knopf et al.
2008; Tosovic-Maric et al. 2008; Dan et al. 2009; Guedira
et al. 2010; Gulyas et al. 2011). These studies have pro-
vided valuable information regarding the distribution of
these alleles, but do not reveal sequence variation outside
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of the Rht-1b SNPs. Recently, three full-length BAC clones
containing Rht-1 (representing Rht-Al, Rht-BI, and Rht-
D1I) and 160 kb or more of flanking sequence were isolated
and sequenced (Genbank acc. nos. JX978692-JX978694;
Febrer et al. 2009; Wilhelm et al. 2013). Full-length Rht-1-
containing BAC sequences are also available for the bread
wheat A genome ancestor Triticum urartu (Genbank acc.
no. JX978695; Wilhelm et al. 2013), the bread wheat D
genome ancestor Aegilops tauschii (ecotype ALS/78,
Genbank acc. no. HQ435330.1; Duan et al. 2012), and the
D genome of the near isogenic line ‘Aibai/CS’ (Genbank
acc. no. HQ435325.1; Duan et al. 2012). In the 5" and 3’
regions flanking Rhs-1, five conserved non-coding
sequences (CNSs) located within 2 kb of the ORF were
identified on each wheat homoeolog and in nine Poaceae
members (Duan et al. 2012; Wilhelm et al. 2013). In plants,
CNSs have been identified that are involved in gene reg-
ulation (Uchida et al. 2007), suggesting the five CNSs
could be important Rht-1 regulatory regions. The Rht-1-
containing BAC sequences enable the creation of genome-
specific primers for examining genetic diversity of the Rht-
1 ORFs and flanking 5 and 3’ regions among wheat
accessions, which could provide insight into function and
regulation of RAt-I and may lead to the discovery of
agronomically beneficial alleles.

Genetic diversity of the Rht-1 loci and the surrounding
regions is of particular interest not only due to the impor-
tant biological and adaptive roles of Rht-1, but also because
this could aid in identification of useful variants of linked
loci. One tightly linked gene is wheat Teosinte branched 1
(TaTbl; Duan et al. 2012). Tb1 is a key domestication gene
in maize (Zea mays) that controls branch number (Doebley
2004) and the barley (Hordeum vulgare) ortholog Inter-
medium-C has been associated with changes in tillering and
lateral spikelet fertility (Ramsay et al. 2011). Another
example demonstrating the need for increased knowledge
of Rht-1 and the flanking region is the association of Rht-
Bilb and Rht-DIb with changes in susceptibility to the
destructive wheat disease Fusarium Head Blight (FHB;
Hilton et al. 1999; Draeger et al. 2007; Srinivasachary et al.
2008, 2009; Buerstmayr et al. 2012). FHB can reduce yield
in wheat and can contaminate the grains with mycotoxins
harmful to animals and humans (Gilbert and Tekauz 2000).
The association of Rht-BIb and Rht-DI1b with changes in
FHB susceptibility may result from an effect of height per
se (Yan et al. 2011). Alternatively, this association may
result from a pleiotropic effect; such as an altered cell
death response related to changes in the DELLA protein
(Saville et al. 2012) or, in the case of Rht-D1b, may be
caused by linkage to a deleterious gene (Draeger et al.
2007; Srinivasachary et al. 2009).

In this study we determined haplotype diversity of the
three Rht-1 homoeoloci by developing locus-specific
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primers that were used to sequence the ORFs, 1.7 kb of the
5" flanking region, and 0.5 kb of the flanking 3’ region
(flanking regions referred hereafter as “+f”) of Rht-Al,
Rht-B1, and Rht-D1 in bread wheat lines and in lines that
originate from tetraploid and diploid wheat (TDW). We
show that among the three homoeoloci, the Rhs-BI+f
sequences contained the greatest nucleotide and haplotype
diversity. Quantitative real-time PCR is used to assess
whether two insertions upstream of Rht-BI affect gene
expression. Rht-1+f diversity is discussed in relation to
other genes in wheat and in relation to Rht-1 orthologs
from the Poaceae family.

Materials and methods
Plant materials

The bread wheat 1 set (BW1) is composed of 21 natural
hexaploid wheat varieties and in each variety the three
homoeologous Rht-1+f regions were sequenced. Table 1
shows sequenced accessions and seed sources. The BW1
accessions include a subset of twelve varieties that have
been grown widely in the United Kingdom (BW1-UK),
seven varieties (‘Fultz’, ‘Gaines’, ‘Kanred’, ‘Norin 10’,
‘Norin 10/Brevor-14°, ‘Siete Cerros’, and ‘Sonora 64’)
associated with the origin of ‘Norin 10’ and early spread of
Rht-Blb and Rht-DIb, one variety containing Rht-Ble
(‘Krasnodari 1’), and ‘CS’.

Accessions that composed the Bread Wheat 2 set
(Table 1; set BW2) were chosen from the INRA worldwide
bread wheat core collection of 372 accessions (372CC;
Balfourier et al. 2007) using chromosome 4 simple
sequence repeat and Diversity Arrays Technology marker
scores (F. Balfourier, unpublished) and Rht-B1 and Rht-D1
genotype scores (described below). To determine which
accessions to select for sequencing the Rhr-Al+f region,
the 16 accessions that contained the greatest combined
number of 4A alleles were chosen using the line selection
feature, simulated annealing method (N = 1,000) of Pow-
ermarker v2.5 (Liu and Muse 2005). This procedure was
also used to choose accessions for sequencing of the Rht-
BI1+f and Rht-DI+f regions using 4B and 4D markers,
respectively, with priority placed on markers linked to Rht-
1. Using these criteria, generally only a single Rht-1+4f
region was selected and sequenced per 372CC accession,
with the exceptions of INRA-23996 (Rht-AI4-f and Rht-
BI+f sequenced) and INRA-13812 (Rht-A1+f, Rht-BI+f,
and Rht-D1+f sequenced). The BW2 accessions are natural
T. aestivum hexaploids with the following exceptions:
INRA-13812 is a synthetic line (‘“W7984’) composed of T.
durum (AABB genomes) variety ‘Altar 84’ and A. rauschii
(DD genomes); INRA-03485 has a pedigree of T. turgidum

(AABB genomes)/A. ventricosa (DDNN genomes)//T.
aestivum (AABBDD genomes), hence the sequenced
Rht-Al+f region may originate from 7. aestivum or
T. turgidum.

The TDW set (Table 1; set TDW) consisted of four
accessions: T. urartu (AA genomes), T. dicoccoides 57
(AABB genomes), T. dicoccoides 65 (AABB genomes),
and the synthetic wheat ‘SS7010073° (AABBDD gen-
omes). ‘SS7010073” was developed from a cross between
the tetraploid T. dicoccum (John Innes Centre (JIC) acc. no.
1070026) and the diploid A. tauschii (JIC acc. no.
2220053) performed by E. Sears, University of Missouri
(Columbia, Missouri, USA) (S. Reader, JIC, pers. comm.).
We sequenced Rht-1 nucleotide coordinates (NCs) —500 to
2,300 (negative NCs refer to sequence 5 of the Rhs-1 start
nucleotide, NC 1) in the A, B, and D genomes of these
accessions and confirmed that the 1070026 and 2220053
sequences perfectly matched ‘SS7010073’ in the respective
genomes.

BWI1 and TDW accessions were grown individually in
11 pots in the glasshouse at the JIC, Norwich, UK. BW2
accessions were grown outdoors at the National Institute of
Agricultural Botany (NIAB), Cambridge, UK in 4 1 pots
with four plants per pot as part of a larger study that
examined the entire 372CC. Growth conditions for all
plants are described in Online Resource 1. Mature plant
height was measured as the distance from the soil surface
to the terminal grain (excluding awns) of the longest tiller
in each pot.

DNA extraction

For all three sets, leaf tissue was collected from 2- to
3-week-old plants and DNA extracted using a modification
of the method described by Fulton et al. (1995). For the
BW1 and TDW sets, a single bulk of one to four plants was
used in DNA extractions. For the BW2 set, two replicates
of four plants each were extracted with one extraction used
for forward sequencing reads and the other for reverse
reads to further minimize the risk of sequencing errors.

Multiplex PCR assay to detect the Rh#-BI 160
and 197 bp insertions

A multiplex PCR-based assay was developed to determine
the presence or absence of the 160 and 197 bp Rht-BI
insertions using the forward primer Rht-F11 and reverse
primers 160-R1, 197-R1 and Rht-ABD-R9. Primer
sequences are shown in Online Resource 2. PCR reactions
comprised a 10 pl reaction mix of 1x Green GoTaq
Reaction Buffer (Promega), 3 % glycerol, 0.2 mM of each
dNTP, 1.5 mM MgCl,, 1 uM forward primer, 0.33 pM of
each reverse primer, 0.125 pl Taq Polymerase, and 20 ng
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Table 1 Rht-1 and flanking region (Rht-1+f) haplotypes and plant heights of sequenced accessions

Set* Accession source® Accession name® Geog. origin® GH® Reg. year' L/F® Rht-1+f haplotype” Ht (cm)!
BWI1 BAC clone Chinese Spring CHN S NA L Ala_1 Bla_1 Dla_1 82+ 4
BWI1 JIC-748 Fultz USA w 1871 F Ala_2 Bla_7 Dla_2 115+9
BWI1 JIC-814 Gaines USA w 1961 F Ala_2 Bla_8 DIb_1 68+3
BWI1 JIC-741 Kanred USA W 1917 F Ala_2 Bla_5 Dla_1 95+ 10
BWI1 JIC-7208 Krasnodari 1 RUS w NA F Ala_2 Ble_l Dla_1 47+5
BWI1 US-PI156641 Norin 10 JPN w 1935 F Ala_2 Blb_1 DIb_1 46 + 1
BWI US-CItr13253 Norin 10/Brevor-14 USA W 1949 F Ala_2 Blb_1 DIb_1 51+3
BWI1 JIC-614 Siete Cerros MEX S 1966 F Ala_4 Blb_1 Dla2 5545
BWI1 JIC-613 Sonora 64 MEX S 1964 F Ala_3 Bla 9 DIb_1 60+3
BWI1-UK NIAB Alchemy GBR w 2005 F Ala_2 Bla_3 DIb_1 NA
BWI1-UK JIC-2 April Bearded GBR S NA L Ala_2 Bla_2 Dla_3 107 +8
BWI-UK NIAB-EW2 Avalon GBR w 1979 F Ala_2 Bla2 DIb_1 70+2
BWI1-UK NIAB-EW68-3 Cadenza GBR S 1992 F Ala_2 Bla_8 Dla_l 69+6
BWI1-UK NIAB-EW3 Cappelle Desprez FRA W 1946 F Ala_2 Bla_6 Dla_3 90%5
BWI1-UK NIAB-EW7 Hobbit ‘Sib’ GBR w 1975 F Ala_2 Bla_6 DIb_.1 74+3
BWI-UK JIC-9333 Mercia GBR w 1984 F Ala_2 Bla2 Dla3 77+3
BWI-UK NIAB-EW10 Paragon GBR S 1998 F Ala_2 Bla_4 Dla_3 80+8
BWI1-UK NIAB-EW66-3 Robigus GBR w 2003 F Ala_2 Blb_1 Dla_2 64+2
BWI1-UK NIAB-EW9 Soissons FRA \W% 1987 F Ala_2 BIb_1 Dla_4 71 +£4
BWI1-UK JIC-8551 Squarehead’s Master GBR \\% 1911 F Ala_2 Bla_8 Dla_1l 86 £ 7
BWI1-UK NIAB-EW11-3 Xil9 GBR W 2002 F Ala_2 Bla_8 DIb_1 57+ 2
BW2 INRA-00537 CH62022 CHE w NA F Ala_2 114 + 6
BW2 INRA-00748 A4 AFG w NA F Ala_5 160 £ 1
BW2 INRA-00822 Aifeng-4 CHN w 1971 F Ala_2 86 + 1
BW2 INRA-00957 Arawa NZL w 1955 F Bla_6 137 £7
BW2 INRA-01192 Balkan YUG W 1979 F Dla_1 107 £1
BW2 INRA-01697 Bung Epi Blanc NPL W NA L Dla_1 157 +£8
BW2 INRA-01974 CF4563-1-5-3-2-5 FRA w NA F Ala 2 94 +1
BwW2 INRA-02411 Daeraad ZAF S 1958 F Ala_6 130 £ 3
BW2 INRA-03170 Fronthatch USA S 1963 F Bla_l 140 + 5
BW2 INRA-03220 G72300 GRC S NA F Dla 2 146 £ 4
BW2 INRA-03485 H93-70 ESP w NA F Ala_2 172 £2
BW2 INRA-03942 JO3045 FIN S NA F Dla_1 146 £5
BW2 INRA-03970 Jufy 11 BEL S 1954 F Bla_2 127 £ 3
BW2 INRA-04645 Mars Suede Rouge Barbu FRA S 1922 F Dla_1 183 +3
BW2 INRA-04796 Miche FRA w 1954 F Ala_2 121 £+ 8
BW2 INRA-04901 Mocho de Espiga Bianca  PRT S 1928 F Ala_2 135+ 0
BW2 INRA-05096 N67M2 ISR S NA F DIb_ 1 54+4
BW2 INRA-05260 Norin 60 JPN S 1965 F Ala_2 100 £ 3
BwW2 INRA-05816 Precoce a Barbe Blanche PRT S 1955 F Ala_2 153 £ 13
BW2 INRA-06047 Redman CAN S 1946 F Dla_1 137+6
BW2 INRA-06318 Rouge de Marchissy FRA w 1929 F Bla_1 189 + 1
BW2 INRA-06396 S975-A4-Al ZWE S NA F Dla_1 89 +9
BW2 INRA-06740 Strubes Dickkopf DEU w 1880 F Ala 2 146 + 8
BW2 INRA-07040 Tremesino Meira ESP w NA L Bla_11 155 £ 11
BW2 INRA-08194 Neelkant SYR w 1980 F Dla 2 121 £1
BW2 INRA-08287 DC147U FRA w NA F DIb_1 118 +4
BW2 INRA-09077 Non Plus Extra AUT w 1919 F Bla_2 149 + 21
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Table 1 continued

Set* Accession source® Accession name® Geog. origin® GH® Reg. year' L/F® Rht-1+f haplotype” Ht (cm)'
BW2 INRA-13310 Fruh Weizen DEU W NA F Bla_4 167 £ 3
BW2 INRA-13436 Fondard Crespin FRA \\ 1948 F Dla_1 165+ 2
BW2 INRA-13445 Volt FRA W 1994 F Dla_1 91+3
BW2 INRA-13471 Ornicar FRA w 1998 F Ala_7 90 £+ 4
BW2 INRA-13812 W7984 (Synthetic) MEX S NA F Ala_6 Blb_1 Dla_5 112+6
BW2 INRA-13861 Auguste FRA W 1998 F Bla_6 80£0
BW2 INRA-15950 AS68VM4-3-2/TJB636 13 FRA w NA F DIb_1 106 £ 1
BW2 INRA-23891 NA ARM S NA L Bla_1l 142 £ 5
BW2 INRA-23896 NA TUR S NA L Dla_6 161 £9
BW2 INRA-23909 NA MAR S NA L Ala_8 144 + 6
BW2 INRA-23964 Thori 212-Var.8/1 PAK S 1934 F Ala_9 129 + 4
BW2 INRA-23989 NA GEO S 1931 L Dla_1 171 £ 4
BW2 INRA-23995 NA RUS S 1950 L Bla_10 150 + 6
BwW2 INRA-23996 Guisuiskaya Syao-Bai- CHN S 1953 F Ala_2 Bla_l 126 £ 8
Mai
BW2 INRA-24056 NA TUR Fac. NA L Bla_1 176 £ 1
BW2 INRA-24180 Palestinskaya PSE S 1927 F Bla_1 139 £ 6
BW2 INRA-24184 NA PSE S 1927 L Bla_1 184 £ 5
BW2 INRA-24185 NA TKM S NA L Bla_l 152 + 8
TDW JIC-7010073 SS7010073 (Synthetic) NA W NA F Ala_10 Bla_12 Dla_7 82+ 8
TDW US-PI428054 T. dicoccoides 57 TUR W NA L Ala_l1 Bla_l4 69 + 7
TDW US-PI1428097 T. dicoccoides 65 ISR W/ NA L Ala_12 Bla_13 87 £6
S
TDW BAC clone T. urartu NA NA NA L Ala_13 NA

% BWI is bread wheat set 1. BW1-UK denotes a subset of BW1 accessions widely grown in the UK. Bread wheat 2 (BW2) contains accessions
from the INRA worldwide bread wheat core collection of 372 accessions (372CC; Balfourier et al. 2007). TDW accessions originate from
tetraploid or diploid wheat

" “Chinese Spring’ and T. urartu sequences are from BAC clones, Genbank acc. nos. JX978692-JX978695 (Wilhelm et al. 2013). The remaining
sequences originate from genomic DNA of plants grown from seed from the following collections: JIC, the John Innes Centre Germplasm
Resources Unit Triticum collection (http://www jic.ac.uk/germplasm); US, the USDA-ARS National Small Grains Collection
(http://www.ars-grin.gov/npgs); NIAB, the National Institute of Agricultural Botany Triticum collection; INRA, the INRA 372CC. Accession
numbers follow the dash

¢ NA not available

d Geographic (Geog.) origins are: AFG Afghanistan, ARM Armenia, AUT Austria, BEL Belgium, CAN Canada, CHE Switzerland, CHN China,
DEU Germany, ESP Spain, FIN Finland, FRA France, GBR Great Britain, ISR Israel, JPN Japan, MAR Morocco, MEX Mexico, NPL Nepal, NZL
New Zealand, PAK Pakistan, PSE Palestine, POL Poland, PRT Portugal, RUS Russia, SYR Syria, TKM Turkmenistan, TUN Tunisia, TUR Turkey,
USA United States, YUG Yugoslavia, ZAF South Africa, ZWE Zimbabwe

¢ Growth habit (GH): S spring, W winter, Fac. facultative
T Reg. yr year of varietal registration
¢ L landrace, F fixed line

" For the BW1 and TDW sets, Rhz-1+f haplotypes were determined for the three Rhr-1 homoeologs present in each accession. For BW2, Rht-
1+f haplotypes were determined for the most diverse 4A, 4B, and 4D chromosomes in the 372CC; therefore, generally only a single homoeolog
was sequenced per BW2 accession. Polymorphisms associated with each haplotype are shown in Online Resources 6, 8, and 9. Genbank
accession numbers associated with each sequence are shown in Online Resource 5

! Values are mean =+ standard deviation

of DNA template. The PCR profile consisted of 95 °C for  were separated in a 1.5 % agarose gel in 1x TBE buffer
5 min, followed by 40 cycles of (95 °C for 30s; an  and visualized under UV light with ethidium bromide.
annealing of 60 °C for 30 s, and extension at 72 °C for =~ Primers Rht-F11 and Rht-ABD-R9 flank the insertions and
1 min), followed by 5 min at 72 °C. Amplified products  in lines without an insertion amplify a 1,050 bp product
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(Online Resource 3). Primer 160-R1 lies within the 160 bp
insertion and amplifies a 449 bp product in lines with the
160 bp insertion. Primer 197-R1 lies within the 197 bp
insertion and amplifies a 361 bp product in lines with this
insertion. The RAt-B1 insertion assay was able to detect the
three heterozygous classes.

Assays to distinguish the Rht-Bla, Rht-Blb, Rht-Dla,
and Rht-D1b alleles are described in Online Resource 1.

PCR amplification and sequencing of Rht-1
and the flanking region

Sequences from each accession were generated using
locus-specific products amplified from genomic DNA
(gDNA) of seedling tissue with the exceptions of the three
homoeologous ‘CS’ Rht-I1+f sequences (all with 8x
coverage) and the 7. urartu Rht-AlI+f sequence, which
were derived from BAC sequences that are complete
across the Rht-1+f regions (Genbank acc. nos. JX978692
to JX978695; Wilhelm et al. 2013). Primer pairs used to
amplify the Rht-1+f regions were designed using primer3
software (http://frodo.wi.mit.edu/primer3). PCR condi-
tions were as described for the RAs-BI insertion assay
using the primer concentrations, extension times, and
annealing temperatures shown in Online Resource 4. Prior
to sequencing, primers and dNTPs were removed from
PCR products by adding 1x Exonuclease I buffer, 0.75 U
Exonuclease I (NEB Biolabs) and 0.25 U shrimp alkaline
phosphatase (Promega) to 7.5 pl of PCR product and
incubating at 37 °C for 30 min and then deactivating
enzymes by heating to 80 °C for 15 min. Sequencing
reactions were performed in 10 pl Big Dye (Applied
Biosystems; ABI) sequencing mixes that contained 1x
BigDye Sequence Buffer, 1 ul BigDye (ver. 3.1), 5 %
dimethyl sulfoxide, 1 uM of a sequencing primer, and
2 ul of a PCR product. The sequencing primer and PCR
product used in each reaction are shown in Online
Resource 4. PCR profiles consisted of 98 °C for 1 min,
followed by 25 cycles of 98 °C for 10 s, 50 °C for 5 s,
and 60 °C for 4 min. Sequenced products were precipi-
tated using the ABI BigDye v3.1 Cycle Sequencing Kit
ethanol/EDTA/sodium acetate method according to man-
ufacturer specifications and suspended in a final volume
of 10 pul Hi-Di (ABI) formamide. Sequencing was per-
formed using an ABI 3730 DNA Analyzer and bases
called with ABI Sequencing Analysis Software, v5.1.
Each of the sequences generated from gDNA has 2x
coverage (one forward and one reverse read) with the
exceptions of the following Rht-DI+f regions that have
1x coverage: ‘CS’-D NCs —1,416 to —1,063 and —1,033
to —968 in accession ‘SS7010073’ and ‘CS’-D NCs
—1,128 to —1,063 and —1,033 to —968 from the
remaining 36 Rht-DI1+f sequences arising from gDNA.
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Diversity analysis and bioinformatics

Nucleotide contigs were assembled using the ContigEx-
press package of Vector NTI (Invitrogen) and assembled
sequences aligned using ClustalX (Larkin et al. 2007). AA
alignments were performed using GeneDoc v2.6.002 soft-
ware (Nicholas and Nicholas 1997). Nucleotide diversity
per site () (Tajima 1983) and Watterson’s theta per site (6)
(Nei 1987) were calculated using DnaSP v5 software
(Librado and Rozas 2009) on aligned sequences. Haplotype
diversity (HD) was calculated using the following formula:
HD = n(l—EfQ)(n—l)fl, where n is the sample size and
fis the frequency of each haplotype (Nei 1987).

The nucleotide sequences of the 197 and 160 bp inser-
tions served as query in BLASTn searches of the National
Center for Biotechnology Information (NCBI) nucleotide
collection (nr/nt) (http://blast.ncbi.nlm.nih.gov) and the
Triticeae Repeat, nonredundant database (TREP) (http://
wheat.pw.usda.gov/GG2/blast).

Rht-1 transcript analysis

Seeds of each accession were surface sterilized and strati-
fied (4 °C, 2 days) on wetted filter paper before being
transferred to a controlled environment room (22 °C 16/8 h
light/dark) for 5 days. Three biological replicates were
utilized for each accession except ‘Cadenza’ and
‘SS7010073’, which had two replicates. For each replicate,
shoot and leaf tissues of ten seedlings were collected,
pooled, and frozen in liquid nitrogen and ground to a fine
powder with a TissueLyser LT (Qiagen) for 30 s. RNA was
extracted using the RNeasy Plant Mini Kit (Qiagen). A
total of 1 pg of RNA was used to synthesize cDNA using
SuperScript III (Invitrogen) and random nonamers (50 uM;
Invitrogen) according to the manufacturer’s instructions.
RNA was removed from the RNA-cDNA duplex using
RNase-H (Invitrogen). The resulting cDNA was diluted
1:20 with nuclease-free water prior to quantitative real-
time PCR (qRT-PCR) performed using a DNA engine
Opticon2 Contiguous Fluorescence Detector (MJ Research
Inc., Alameda, CA, USA). Primer sequences (Online
Resource 2) and reaction conditions are as described in
Pearce et al. (2011). The internal controls for normalization
of expression were Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH; McGrann et al. 2009) and Elongation
factor 1o (EF1a; Coram et al. 2008), (Online Resource 2).
Target gene expression was calculated relative to that of
the normalization factor (a value derived from the geo-
metric mean of the internal control genes using the GeN-
ORM software described by Vandesompele et al. (2002))
using the ACT method (Pfaffi 2001) and corrected for
primer efficiencies. Normalized data is presented as the
mean of the biological replicates. Statistically significant
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differences among Rht-B1 transcript levels and among
Rht-D1 transcript levels were determined using ANOVA
(Genstat, 12th edition) by inputting normalized replicate
values.

Genbank accession numbers for the Rhz-1+f haplotype
sequences are shown in Online Resource 5.

Results
Sequenced regions and polymorphic sites

Using three diverse wheat germplasm sets, the Rht-A1+f,
Rht-B1+f, and Rht-DI4f regions were sequenced from
PCR products amplified from gDNA in 39, 39, and 37
accessions, respectively (Table 1). Rht-AI+f sequences
consisted of 4,122 bp (‘CS’-A NCs —1,760 to 2,362), Rht-
BI+f sequences consisted of 4,494 bp (‘CS’-B NCs
—1,815 to 2,322, plus the 160 and 197 bp insertions present
in some lines, but not in ‘CS’), and RhAt-DI+f sequences
consisted of 4,091 bp (‘CS’-D NCs —1,809 to 2,311, minus
a sequencing gap from ‘CS’-D NCs —1,062 to —1,034 that
is present in all accessions except ‘CS’) (Fig. 1). The Rht-
DI1+f sequencing gap corresponds to a 29 bp region in
‘CS’ that contains a 19 bp long poly-C chain. PCR prod-
ucts spanning the Rht-DI+4f sequence gap that visually
matched the ‘CS’ product length were amplified in each
accession, indicating that no large insertions or deletions
were present in the amplified region relative to ‘CS’. When
sequenced, each product terminated in a poly-C chain.
Rht-1+f diversity was first determined in a set of 21
bread wheat accessions (BW1), which included 12 lines
that were widely grown in the UK (BWI1-UK). In each
BW1 accession, the A, B, and D genome Rht-14f regions
were sequenced. Mean height measurements were taken
from a minimum of five greenhouse-grown plants per
accession with the exceptions of ‘Alchemy’ (no plants) and
‘Paragon’ (three plants); heights ranged from 46 to 115 cm
(Table 1). To explore Rht-1 diversity in a worldwide col-
lection of bread wheat accessions, the BW2 set was
selected from the 372CC using group 4 markers in an
attempt to maximize diversity. The BW2 set contained 16
Rht-Al+f, 16 Rht-BI+f, and 16 Rht-DI+f sequences,
which were derived from 45 accessions (generally, a single
Rht-1+f homoeolog was sequenced per accession). Mean
plant heights ranged from 54 to 189 cm. Rht-14f sequence
diversity was also examined in a set of TDW accessions.
Mean heights taken from two to six plants per accession
(with the exception of 7. urartu, which was not grown)
ranged from 69 to 87 cm. Over all three sets, there were 74
polymorphic sites (PSs) identified among the Rht-Al+f
sequences, 49 PSs among the Rh#-B1+f sequences, and 34
PSs among the Rht-DI14-f sequences (Table 2; Fig. 1). The

percentage of sites polymorphic in the Rht-1 ORF was
0.48 % (27 PSs in 5,601 bp) whereas 2.00 % of the 5’ sites
were polymorphic (114 PSs in 5,712 bp) and 1.15 % of the
3’ sites were polymorphic (16 PSs in 1,394 bp).

Rht-A1+f diversity

Among the 37 Rht-AI+f bread wheat sequences
(BW14+BW2), there were nine haplotypes (Rht-Ala_1 to
Rht-Ala_9) and 25 PSs with 7 of 0.49 x 1072 and HD of
0.43 (Table 2; Online Resource 6). The BW2 set had  and
HD values approximately double that of the BWI1 set.
There were no PSs present among the 12 UK accessions,
which all belonged to haplotype (hap) Rht-Ala_2. Hap Rht-
Ala_2 was present in 28 of the 37 accessions while the
remaining eight haplotypes were represented by only one
or two accessions (Fig. 2a). ‘CS’ contained hap Rht-Ala_1,
which contains a T nucleotide deletion at ‘CS’-A NC
—1,046 relative to the other haplotypes. To rule out the
possibility that the —1,046 T indel was due to an error in
the ‘CS’ BAC sequence, DNA from leaf tissue of ‘CS’
seedlings was amplified from this region and sequenced. A
forward and reverse sequencing read of the amplified DNA
confirmed the absence of the T base in ‘CS’. ‘CS’ differed
from the majority of the bread wheat haplotypes by three or
fewer PSs, but differed from hap Rht-Ala_4 by 17 PSs and
hap Rht-Ala_9 by 20 PSs (Online Resource 6). The hap
Rht-Ala_4 and hap Rht-Ala_9 PSs were all upstream of
the Rht-1 ORF and these two haplotypes were closely
related, differing by only three PSs. Among the bread
wheat PSs, there were three predicted AA changes, which
all occur in conserved protein domains. Hap Rht-Ala_3
contains an S477Y substitution (AA changes indicate the
‘CS’ residue followed by the AA number and the substi-
tution) in the PFYRE domain (Online Resource 7, AA
alignment position (pos.) 483). Hap Rht-Ala_5 contains an
S189T substitution in the middle position of a nine-residue
poly S string in the Poly S/T/V domain (Online Resource 7,
pos. 194). Hap Rht-Ala_7 contains a G332S substitution in
the VHIID domain (Online Resource 7, pos. 338).
Among the four TDW RhAt-A14f sequences, there were
four haplotypes, 64 PSs, m was 5.94 x 10_3, and HD was
1.00 (Table 2; Online Resource 6). Of the PSs, 49 were not
present in the BW accessions. Five of the 64 PSs found
among the TDW sequences are located in the Rht-Al ORF
and none result in a predicted AA change. The TDW Rht-
Al+f sequence most similar to ‘CS’ is ‘SS7010073’ (hap
Rht-Ala_10; A genome from T. dicoccum), which differs
from ‘CS’ by 8 PSs. T. dicoccoides 57 (hap Rht-Ala_11)
and T. dicoccoides 65 (hap Rht-Ala_12) differ from ‘CS’
by 19 and 16 PSs, respectively. Hap Rht-Ala_11 is closely
related to bread wheat haps Rht-Ala_4 and Rht-Ala_9,
differing by four PSs and one PS, respectively. Of all the A

@ Springer



1740

Theor Appl Genet (2013) 126:1733-1747

-1900 -1000 1 1000 2000 2400
| | | | | |
| | | | | |
Rht-A1+f
* S189T G332S  S477Y
I 111
1760 2362
T T
197 160 .
Rht-B1+ bp bp  GRR  qesr
ins. ins. K61" A E205G 1 bpins.
L I I
1815 12322
T III [TTTIT [ ]
16 M25I
bp
del.
Rht-D1+f
E61* G334S
I I I
-1809 | 11 | 2311
I 1T [ TIT T 1T

Fig. 1 Diagrammatic representation of polymorphic sites (PSs)
identified in the Rht-1+f regions. Sequenced regions are represented
by rectangles. Gray rectangles represent the Rht-1 ORFs with dark
gray regions corresponding to conserved protein domains (Itoh et al.
2002; Tian et al. 2004). Unfilled rectangles represent 5 and 3’
sequences. The start and end nucleotide coordinates (NCs) bracket
each sequence. NCs bracketing each sequence and in the scale are
relative to the start nucleotide of the RAt-1 ORF of ‘Chinese Spring’
(‘CS’ NC 1), with negative numbers indicating 5’ sequence. The area
between closed unfilled rectangles on Rht-DI represents a 29 bp
(‘CS’ NCs —1,062 to —1,034) un-sequenced region in all Rht-DI
sequences except ‘CS’. Vertical lines immediately above rectangles
represent PSs present in one or more bread wheat variety relative to

genome sequences, 7. urartu (hap Rht-Ala_13) contained
the largest number of PSs (53) relative to ‘CS’ and 39 of
these are unique to 7. urartu.

Rht-BI1+f diversity

The 37 Rht-B1+f bread wheat sequences (BW1 + BW2)
contained 23 PSs, 13 haplotypes (Rht-Bla_l1 to Rht-
Bla_11; Rht-BIb_1; Rht-Ble_1) with m of 0.86 x 1073
and HD of 0.89 (Table 2; Online Resource 8). Hap Rht-
Bla_1, which included ‘CS’, was the most frequent hap-
lotype occurring in nine accessions (Fig. 2b). Four other
haplotypes were present in four or more accessions. The
polymorphisms included insertions of 160 and 197 bp, a
frameshift mutation, two nonsense changes, and three
missense substitutions. The two nonsense changes were
associated with the Rh#-BIb and Rht-Ble semi-dwarf
alleles, as previously reported (Peng et al. 1999; Pearce
et al. 2011; Li et al. 2012b). The six accessions with the
Rht-B1b allele contain hap Rht-B1b_1, which is identical to
hap Rht-Bla_1 except for the ‘CS’-B NC 190 SNP that
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‘CS’, vertical lines immediately below rectangles represent PSs
present in one or more tetraploid/diploid wheat accession relative to
‘CS’, and vertical lines that span the rectangles represent PSs present
in both bread wheat and tetraploid/diploid wheat relative to ‘CS’.
Arrows mark the positions of insertions (ins.) and deletions (del.)
greater than 10 bp in length or mark predicted AA changes, including
a 1 bp ins. in the Rht-B1 ORF of accession INRA-23995 leading to a
predicted frameshift. For AA changes, the number of the affected
residue is shown, preceded by the one-letter code of the ‘CS’ residue
and followed by the one-letter code of the substituted residue.
Asterisks represent premature stop codons. The four PSs contained
within the 197 bp insertion are not shown

results in the premature stop codon. The Rht-Ble allele was
only present in ‘Krasnodari 1°, and this haplotype (Rht-
Ble_1) contained two PSs in addition to the ‘CS’-B NC
181 SNP that results in the premature stop codon. The
160 bp insertion occurred at ‘CS’-B NC —356 and was
present in three haplotypes (Rht-Bla_2, Rht-Bla_3, and
Rht-Bla_4) that also contained an E205G substitution in
the poly S/T/V domain (Online Resource 7, pos. 209) and
zero, one, or two additional PSs. The 197 bp insertion was
present at ‘CS’-B NC —591 in haps Rht-Bla_5 and Rht-
Bla_6. Both haplotypes also contained GI5R and M25I
substitutions that occur outside of the conserved protein
domains (Online Resource 7, pos. 15 and 25). The G15R
and M25I substitutions were previously identified in the
cultivar ‘Tom Thumb’, which contains the Rh#-Blc allele
(Pearce et al. 2011; Wu et al. 2011). Haps Rht-Bla_5 and
Rht-Bla_6 also contained the largest number of PSs (14
and 15, respectively) relative to ‘CS’ whereas the other
bread wheat haplotypes contained one to four PSs. The
frameshift mutation results from a T insertion that occurs
before ‘CS” NC 984 (AA 328) at the beginning of the
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Table 2 Summary of diversity measurements within wheat sets
Diversity* Polymorphic sites” Haplotypes
Region® Set? Seq. 7 x 107 0 x 107 Indel Indel SNP Total AA no. Diversity
(no.)* (no.) (bp) (no.) (no.) changes
Rht-Al+f BWI1 21 0.35 1.01 3 3 15 18 1 4 0.27
(4,122 bp) BWI-UK 12 0.00 0.00 0 0 0 0 0 1 0.00
BW2 16 0.68 1.46 3 3 20 23 2 6 0.62
BWI1 + BW2 37 0.49 1.22 4 4 21 25 3 9 043
TDW 4 5.94 6.35 16 39 48 64 0 4 1.00
Overall 41 1.24 3.17 18 41 56 74 3 13 054
Rht-Bl1+f BWI1 21 0.96 0.99 6 368 16 22 5 11 0.90
(4,494 bp) BWI-UK 12 1.13 111 4 364 15 18 4 6 0.8
BW2 16 0.76 0.94 5 365 14 19 5 7 0.5
BWI1 + BW2 37 0.86 0.85 7 369 16 23 6 13 0.89
TDW 3 4.15 4.15 4 28 27 31 1 3 1.00
Overall 40 1.43 2.17 10 394 39 49 6 16 091
Rht-D1+f BWI1 21 0.26 0.20 1 3 3 4 1 5 0.78
(4,091 bp) BWI-UK 12 0.29 0.24 1 3 3 1 5 0.80
BW2 16 0.20 0.29 1 1 4 2 5 0.67
BWI + BW2 37 0.24 0.29 2 4 5 2 7 0.76
TDW 1 NA NA NA NA NA NA NA 1 NA
Overall 38 0.52 1.56 9 17 27 34 4 8 0.77

a

7 nucleotide diversity per site, 0 Watterson’s theta per site, NA not applicable

" Indel insertion-deletions, bp base pairs, SNP single nucleotide polymorphisms, amino acid (AA) changes indicate missense, nonsense, and

frameshift mutations

¢ +f refers to the Rht-1 flanking 5" and 3’ regions. The number of bps sequenced in each region is shown in parentheses. Rht-BI sequence length

includes the 160 and 197 bp insertions

9 BWI bread wheat 1, BWI-UK subset of BW1 lines widely grown in the UK, BW2 bread wheat 2, TDW tetraploid/diploid wheat accessions

¢ Sequences were derived from genomic DNA in this study, with the exceptions of ‘CS’ Rht-Al+f, T. urartu Rht-AI+f, ‘CS’ Rht-BI+f, and
‘CS’ Rht-DI1+f, which are from BAC clone sequences (Wilhelm et al. 2013)

C-terminus (Online Resource 7, pos. 333). The resulting
protein is predicted to contain 633 AAs, ending at ‘CS’-B
NC 1,898. The frameshift is present in INRA-23995 (hap
Rht-Bla_10), which contains no additional PSs relative to
‘CS’. Relative to the BW2 set, the BW1 Rht-BI+f
sequences contained more haplotypes and PSs and had
greater 7 and HD values. The BW1-UK subset contained
six haplotypes and 18 of the 23 PSs present in the com-
bined BW1 and BW2 sets, including both of the large in-
dels and four AA changes. The n and HD values of the
BWI1-UK subset were also similar to the values of the
combined BW1 and BW?2 sets.

The three TDW accessions each represented new hap-
lotypes (Rht-Bla_12; Rht-Bla_13; Rht-Bla_14) and con-
tained 31 PSs with 7 of 4.15 x 107> and HD of 1.00. Of
the 31 PSs, 27 were not present in the bread wheat
accessions. Relative to ‘CS’, T. dicoccoides 57 (hap Rht-
Bla_14) and T. dicoccoides 65 (hap Rht-Bla_13) con-
tained 13 and 15 PSs, respectively. ‘SS7010073” (hap Rht-
Bla_12), a synthetic line with B genome derived from
T. dicoccum, contained 23 PSs relative to ‘CS’. Each TDW

haplotype contained the 197 bp insertion and there were
four SNPs in the insertion that differentiated the haplo-
types. The 160 bp insertion was not present in any TDW
accession. Hap Rht-Bla_12 also contains a 16 bp deletion
at ‘CS’-B NC —694. Six SNPs occurred in the Rht-1 ORF
of the TDW accessions with one resulting in an amino acid
change (M25I), which was also present in haps Rht-Bla_5
and Rht-Bla_6.

Rht-DI1+f diversity

The 37 Rht-DI+f sequences from the bread wheat
(BW1 + BW2) accessions contained seven PSs, seven
haplotypes (Rht-Dla_I to Rht-Dla_6; Rht-D1b_I), © of
0.24, and HD of 0.76 (Table 2; Online Resource 9). Hap
Rht-Dla_1 is the most common haplotype, occurring in 14
accessions including ‘CS’ (Fig. 2c¢). The other haplotypes
differ from ‘CS’ by only one or two PSs. The 11 accessions
containing Rht-D1b belong to hap Rht-DI1b_1, which dif-
fers from hap Rht-DIa_1 by only the ‘CS’-D NC 181 SNP
that results in a premature stop codon, previously reported
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Ala_2; 28

b B1a_10; 1 B1a_11; 1
B1a 9; 1
B1a_8; 4 Bla 1;9
Bla 6: 4 '
c

Fig. 2 Distribution of haplotypes among the Rht-1+f sequences from
the (a) A genome (b) B genome, and (¢) D genomes of the bread
wheat sets. Haplotype designations are shown followed by the
number of accessions (out of 37 per genome) containing that
haplotype

by Peng et al. (1999). Hap Rht-Dla_5, present in INRA-
13812 (a synthetic line with D genome derived from A.
tauschii), contains a G334S substitution relative to ‘CS’.
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The residue change occurs in the VHIID domain and at the
equivalent residue as the G332S substitution in hap Rht-
Ala_7 (Online Resource 7, pos. 338). Comparisons of the
Rht-DI1+f sequences among the bread wheat sets and
subsets revealed that BW1 and BWI1-UK had slightly
higher 7= and HD than BW2 and contained similar numbers
of haplotypes and PSs.

An additional RAt-DI+f region derived from an A.
tauschii genome was sequenced from the synthetic hexa-
ploid ‘SS7010073’, the lone accession in the D genome
TDW set. ‘SS7010073” contains hap Rht-DIa_7, which
differs from ‘CS’ by 28 PSs. Relative to ‘CS’, four con-
secutive nucleotides (‘CS’-D NCs 483 to 486) are altered
in hap Rht-D1a_7T with the latter three resulting in a T162V
substitution (Online Resource 7, pos. 165). A G622A
substitution (Online Resource 7, pos. 626) is also present in
hap Rht-Dla_7. Both AA substitutions occur outside of
conserved domains. The two substituted AAs in hap Rht-
Dla_7 match the AAs present in corresponding positions
in Rht-Al and Rht-Bl in all of the wheat accessions
examined herein.

Effect of the 160 and 197 bp insertions on Rht-Bl
expression

To determine if the 160 and 197 bp Rht-BI insertions
affected Rht-B1 expression, Rht-B1 and Rht-D1 transcript
abundance was measured with qRT-PCR using seedling
tissue collected from the following genotypes and varieties:
no insertion (‘CS’ and ‘Cadenza’); 160 bp insertion
(‘Mercia’ and ‘Paragon’); 197 bp insertion (‘Kanred’,
‘Cappelle Desprez’, and ‘SS7010073). ‘SS7010073’ also
carries a 16 bp deletion 103 bp upstream of the 197 bp
insertion. Transcript abundance was normalized relative to
the geometric mean of GAPDH and EF1a. Of the five lines
with the Rht-BI insertions, only ‘Kanred’ shows a statis-
tically significant difference (p < 0.05) in normalized Rht-
B1 transcript amount relative to ‘CS’ or ‘Cadenza’ (Fig. 3).
Normalized ‘Kanred” Rht-B1 transcript levels were 19 %
that of the mean of ‘CS’ and ‘Cadenza’. The normalized
Rht-B1 transcript levels of the remaining four lines were
slightly reduced (ranging from 85 to 94 % of the mean of
‘CS’ and ‘Cadenza’), but were not significantly different
from either line at a probability threshold of 0.05. To
determine if the Rh#-BI insertions differentially affected
the expression levels of Rht-B1 relative to other Rht-1
homoeologs, Rht-D1 transcript levels were measured.
Similar to the Rht-B1 results, ‘Kanred’ showed a signifi-
cant reduction (p < 0.05) in transcript level after normal-
ization relative to ‘CS’ or ‘Cadenza’. Normalized ‘Kanred’
transcript levels were 15 % the mean of ‘CS’ and
‘Cadenza’. The normalized ‘Cappelle-Desprez’ Rht-D1
transcript level was also significantly reduced (p < 0.05),
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Fig. 3 Expression of Rht-B1
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having a 69 % reduction relative to the mean of ‘Cadenza’
and ‘CS’. No other lines showed a significant reduction in
normalized Rht-D1 transcript abundance at p < 0.05.
Although ‘Kanred’ has statistically significant reductions in
Rht-B1 and Rht-D1 transcript amounts following normal-
ization, ‘Kanred’ transcript amounts of these two loci were
the highest among the lines prior to normalization. Rela-
tively high transcript levels of both normalization genes in
‘Kanred’ relative to the other accessions resulted in
‘Kanred’ normalized Rht-B1 and Rht-D1 transcript levels
that were reduced relative to the other accessions.

Discussion
Rht-1+4f genetic diversity in bread wheat

The two bread wheat sets comprised 37 sequences from
each Rht-14f region, and contained a total of 55 PSs (42
SNPs and 13 indels) with 7 of 0.53 x 107> when averaged
across the three genomes. The homoeologous Rhz-1+f
regions total 12,707 bp for an average of one PS per
231 bp and one SNP per 303 bp. The Rht-14+f SNP fre-
quency is in the range previously reported for bread wheat
genes, which were as follows: one SNP per 91 bp for the
Spa homoeologs from 42 accessions (Ravel et al. 2009),
one SNP per 212 bp for 21 genes among 42 accessions
(Ravel et al. 2006), one SNP per 441 bp for the GAMYB
homoeologs from 42 accessions (Haseneyer et al. 2008). In
a study of 21 loci from 41 bread wheat accessions, one PS
was present for every 362 bp (Haudry et al. 2007), which is
similar to Rht-1+f. © of the Rht-1+4f regions was slightly
reduced relative to other bread wheat genes, which had the

ins.

ins. ins. ins.

following 7 values: 1.83 x 1073 (Ravel et al. 2009);
0.9 x 1072 (Ravel et al. 2006); 0.83 x 10> (Haudry et al.
2007). The Rht-1 ORF had a reduced frequency of PSs
relative to non-coding sequence, a pattern previously
reported in bread wheat (Ravel et al. 2006; Haseneyer et al.
2008; Ravel et al. 2009).

Nucleotide diversity of the bread wheat Rhs-I ORF
(0.41 x 107?) is greatly reduced relative to orthologs in
the Poaceae family. Among 92 diverse maize inbreds, © of
the Rht-1 ortholog Dwarf8 was 1.8 x 10~ (Thornsberry
et al. 2001). Partial length sequences of Rhz-1 orthologs
from 26 Sorghum bicolor inbreds and 20 Pennisetum
glaucum inbreds from West and Central Africa had =«
values of 1.63 x 1077 and 7.04 x 1077, respectively (Li
et al. 2010). In Eragrostis tef, n values of the rhti-1 and
rhtl-2 homologs were 3.82 x 107 and 5.75 x 1072,
respectively (Smith et al. 2012). Although the bread wheat
gene pool is narrow (Feuillet et al. 2008), the reduced
diversity of Rht-1 relative to other bread wheat genes
indicates there has been selection at or near Rht-1. Intense
selection for the semi-dwarf Rht-B1b and Rht-D1b alleles
over the last 50 years may be partially responsible for
decreasing diversity at these loci. Selection may also be
occurring at tightly linked loci such as Ta7b1 (Duan et al.
2012) or a tightly linked gene affecting FHB resistance
(Srinivasachary et al. 2009).

Among the Rht-I14f bread wheat sequences, the B
genome contained the greatest m (0.86 x 107°), the
greatest HD (0.89), the most haplotypes (13), and an
intermediate number of PSs (23). Rht-BI+f PSs included
the two largest indels and the only frameshift mutation.
High diversity of the bread wheat B genome relative to the
A and D genomes has been reported in several studies
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(Huang et al. 2002; Ravel et al. 2006; Wang et al. 2007;
Haseneyer et al. 2008; Li et al. 2011). The bread wheat
Rht-DI+f  sequences contained the lowest =
(0.24 x 107°), an intermediate HD (0.76), the fewest
haplotypes (7), and the lowest number of PSs (7). No bread
wheat Rht-DI14f haplotypes differed by more than four
polymorphisms and two haplotypes represent 68 % of the
sequences. The lack of diversity on the D genome relative
to the other bread wheat genomes agrees with the con-
sensus of other studies (Bryan et al. 1997; Huang et al.
2002; Wang et al. 2007; White et al. 2008; Chao et al.
2009). The bread wheat Rht-Al+f sequences have inter-
mediate 7 (0.49 x 107°), an intermediate number of hap-
lotypes (9), the lowest HD (0.43), and the highest number
of PSs (25). Low HD results from the predominance of hap
Rht-Ala_2, which is present in 76 % of the bread wheat
accessions.

There was little difference in = or HD among the BW1,
BWI1-UK, and BW2 sets in regards to the Rht-BI+f
sequences and the Rht-D1+f sequences. This is surprising
considering the geographically narrow range of germplasm
selected for the BW1 and BW1-UK sets relative to the
BW2 worldwide diversity set. In contrast, the BW2 Rht-
Al+f region had = and HD values nearly double those of
BW1 and BW1-UK. A previous study of UK bread wheats
using genome-wide markers reported significantly higher
genetic diversity on the A genome relative to the B and D
genomes (White et al. 2008), suggesting that the lack of
Rht-A1+f diversity in the UK wheats may be specific to
this locus. One possibility, among many, is that Rht-Al
may be linked to additional traits that have been under
strong selection pressure in the UK. The recent availability
of the Rht-Al genetic map position (Wilhelm et al. 2013)
should aid in identifying any linked traits.

Rht-14f genetic diversity in wild relatives of wheat

The TDW set had several fold greater # and contained
more PSs than the bread wheat sets. Between T. dicocco-
ides (1 = 3.20 x 107>) and the bread wheat Rhs-A1+f and
Rht-B1+f sequences (m = 0.7 x 1073) there is a 78 % loss
in nucleotide diversity, which is similar to the 69 % loss
reported between these two species by Haudry et al.
(2007). T. urartu contains the greatest number of PSs rel-
ative to the bread wheat A genome, which agrees with prior
work showing 7. urartu is more distantly related to bread
wheat than 7. dicoccoides (Dvorak and Akhunov 2005).
Only two Rht-DI+f sequences derived from A. tauschii
were examined (those present in ‘SS7010073’ and INRA-
13812) and these differed by 29 PSs, fivefold more PSs
than were present among the 36 bread wheat Rht-DI+f
sequences. Similarly, Caldwell et al. (2004) reported a
30-fold reduction in bread wheat genetic diversity relative
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to A. tauschii in granule-bound starch synthase. Relative to
‘CS’, the Rht-DI1+f sequence from ‘SS7010073” contained
28 PSs and the INRA-13812 Rht-D1+f sequence contained
just two PSs. A high degree of similarity between the D
genomes of INRA-13812 and bread wheat was previously
reported (Ravel et al. 2006; Haseneyer et al. 2008). A.
tauschii ecotype AL8/78 (Duan et al. 2012) differed from
‘CS’ by eight PSs in the Rht-DI4f region and contained
six PSs (relative to ‘CS’) in common with ‘SS7010073’.
All of the TDW haplotypes and the bread wheat haplotypes
Rht-Ala_4, Rht-Ala_9, Rht-Bla_5, and Rht-Bla_6 dif-
fered markedly from the majority of the bread wheat
haplotypes, and represent candidates that can be explored
for useful variation at Rhz-1 and nearby loci.

Rht-1+4f polymorphisms

Among the PSs were indels of 160 and 197 bp that were 5’
of Rht-B1 and within 600 bp of the start codon. The 197 bp
insertion was present in the Rht-B1+f region of five bread
wheat lines and all three TDW accessions. Sequence
homologous to the 197 bp insertion was also present in
collinear regions of Rht-Al and Rh#-DI in all wheat
sequences examined (83 and 85 % of the 197 bases were
shared with the collinear ‘CS’ Rht-Al+f and ‘CS’ Rht-
DI+f sequences, respectively). In addition, the 197 bases
closely matched (73 % identity over 180 bp) the collinear
region in barley, which is approximately 1.5 kb upstream
of the Rht-1 ortholog Slenderl. These results indicate the
presence of the Rht-Bl 197 bp insertion is the ancestral
condition and that a deletion occurred in a progenitor of the
bread wheat accessions lacking this sequence. No sequence
similar to the 197 bases is present in the TREP database
indicating the sequence is likely not a repetitive element.
The Rht-B1 160 bp insertion is present in eight bread wheat
lines, but is not present among the TDW Rht-BI sequences
or in collinear regions of Rht-Al or Rht-DI in any acces-
sion. These results indicate the 160 bases are an insertion
relative to the ancestral condition. No sequence similar to
the 160 bases was present in the NCBI nucleotide collec-
tion or TREP database, indicating the insertion is not well
conserved outside of wheat and is not likely to be a
repetitive element. Interestingly, the 160 bases are inserted
in the middle of a CNS that is highly conserved among
several Poaceae members (Duan et al. 2012; Wilhelm et al.
2013), suggesting the possibility that a cis-regulatory
region may be disrupted by the insertion.

Changes in normalized Rht-B1 transcript abundance
were not clearly associated with the 160 or 197 bp inser-
tion. Significant (p < 0.05) reductions in normalized Rht-
B1 transcript levels relative to lines without an insertion
were present in ‘Kanred’, which contains the 197 bp
insertion; however, significant reductions in Rht-Bl
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transcript amount did not occur in the remaining accessions
with the 197 bp insertion. Normalized ‘Kanred” Rht-D1
transcript levels were also significantly (p < 0.05) reduced
although no Rht-D1 insertion was present. Together, these
results indicate that the 197 bp insertion is not likely to be
the primary cause of the reduced normalized Rht-Bl
expression levels in ‘Kanred’. Slight reductions (6-15 %)
in Rht-B1 transcript abundance in each of the four
remaining cultivars containing an Rhf-Bl insertion (two
with the 197 bp insertion and two with the 160 bp inser-
tion) relative to lines without an insertion, although non-
significant, leave open the possibility that the insertions
may have a minor effect on Rht-B1 transcript abundance in
seedling tissue. The absence of a signficant effect of the
Rht-B1 insertions could also relate to the age of tissue
(5 days) and tissue type (leaf and shoot) examined. Rht-1
expression patterns in bread wheat have previously been
shown to differ based on tissue type and developmental
stage (Pearce et al. 2011). Expression levels of the barley
and rice (Oryza sativa) Rht-1 orthologs (both termed
Slenderl) were also found to differ based on tissue type
(Chandler et al. 2002; Kaneko et al. 2003). To more fully
determine whether the RAf-BI insertions affect Rht-Bl
expression, it will be necessary to analyze more tissues and
to sample at multiple developmental stages.

In the Rht-1 ORFs, 13 mutations (three nonsense, a
frameshift, and nine missense) were present that are pre-
dicted to alter the AA sequence. The nonsense mutations
were associated with Rht-B1b, Rht-D1b, and Rht-Ble (Peng
et al. 1999; Pearce et al. 2011; Li et al. 2012b). The
absence of genetic variation among Rht-BI1b haplotypes
and among Rh#-DI1b haplotypes is likely due to the recent
introduction of these alleles (beginning in the 1960s) into
Western wheat varieties and the predominant use of a
single donor, ‘Norin 10’ (Gale and Youssefian 1985; Dal-
rymple 1986). The semi-dwarf causative SNP is the only
PS that differentiates the Rht-B1b and Rht-D1b haplotypes
from ‘CS’. The close genetic similarity and similar origins
of ‘CS’ (a Chinese landrace) and ‘Norin 10’ (a Japanese
line that may be from Korea; Cho et al. 1980) suggest Rhz-
B1b and Rht-D1b arose in germplasm closely related to
‘CS’.

The Rht-BI frameshift mutation in the Russian landrace
INRA-23995 is near the beginning of the DELLA protein
C-terminus. Mutations that disrupt the C-terminus often
lead to a loss of function, which is characterized by a GA-
constitutive growth response and a phenotype of elongated
and slender stems and leaves (Ikeda et al. 2001; Chandler
et al. 2002). However, due to the buffering effects of Rht-
Al and Rht-D1, only a dominant or semi-dominant muta-
tion is likely to produce an observable phenotype. Plant
height of INRA-23995 was similar to accessions that were
not semi-dwarf (Table 1), suggesting any height effect is

likely weaker than that of Rht-Bib or Rht-DIb. The
frameshift mutation in combination with Rht-D1b may lead
to an additional decrease in height by reducing the number
of functional wild type copies of DELLA from two to one.
Further testing and development of suitable germplasm is
required to determine the effect of this allele.

Conclusion

This study provides insight into the nucleotide and haplo-
type diversity at the homoeologous RhA#-1 loci and flanking
sequences, which represents an important first step in the
search for useful variation. A lack of diversity was asso-
ciated with the RAs-1+f regions in bread wheat relative to
previously examined wheat genes and relative to Rht-1
orthologs in the Poaceae family. Diversity in the Rht-1+4+f
regions of the bread wheat A and D genomes was partic-
ularly reduced, including the presence of only a single Rhz-
AI+f haplotype in the twelve UK accessions examined.
The few sequences derived from wheat ancestral lines
contained most of the polymorphisms, and, as previously
reported (Feuillet et al. 2008), are a rich source of diversity
that could be mined for useful variation.
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