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Abstract The majority of genes present in the hexaploid
bread wheat genome are present as three homoeologs.
Here, we describe the three homoeologous orthologs of the
barley cleistogamy gene Clyl, a member of the AP2 gene
family. As in barley, the wheat genes (designated TaAP2-A,
-B and -D) map to the sub-telomeric region of the long
arms of the group 2 chromosomes. The structure and pat-
tern of transcription of the 7aAP2 homoeologs were similar
to those of Clyl. Transcript abundance was high in the
florets, and particularly in the lodicule. The TaAP2 mes-
sage was cleaved at its miRI72 target sites. The set of
homoeolog-specific PCR assays developed will be infor-
mative for identifying either naturally occurring or induced
cleistogamous alleles at each of the three wheat homoeo-
logs. By combining such alleles via conventional crossing,
it should be possible to generate a cleistogamous form of
bread wheat, which would be advantageous both with
respect to improving the level of the crop’s resistance
against the causative pathogen of fusarium head blight, and
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for controlling pollen-mediated gene flow to and from
genetically modified cultivars.

Introduction

Along with rice and maize, wheat is the one of the world’s
major cereals. The diploid progenitor of the bread wheat
(Triticum aestivum L.) A genome was Triticum urartu
(Chapman et al. 1976) and that of the D genome was
Aegilops tauschii (Kihara 1944); the progenitor of the B
genome is yet to be established, but must have been an
extant or extinct species belonging to the Sifopsis section of
Aegilops (Riley et al. 1958; Petersen et al. 2006; Kilian
et al. 2007). The hexaploidy of bread wheat has ensured
that the majority of its single copy genes are represented as
three similar (homoeologous) copies. A major consequence
of the rather recent origin of the (AB) x D hybridization/
polyploidization event (~ 10,000 years ago), followed by
subsequent intensive farmer and breeder selection, is that
the crop’s genetic base is particularly narrow, implying a
substantial level of vulnerability to fluctuations in envi-
ronmental stress and pathogen variability (Nevo 2009,
2011; Fu and Somers 2009).

The development of the angiosperm flower passes
through three phases, namely meristem induction, deter-
mination of meristem identity and determination of floral
organ identity (Coen and Meyerowitz 1991). The leading
genetic model underlying this development postulates five
classes of homoeotic genes, referred to as A through E
(Theissen and Saedler 2001). Class A, B and E genes
specify petals in the second whorl, and in the dicotyle-
donous species Arabidopsis thaliana, they all, except for
the class A gene APETALA2 (AP2), encode a MADS box
transcription factor. The monocotyledonous equivalent of
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the petal is the lodicule (Glover 2007), a pair of which
forms at the base of the floret. Their expansion around the
time of anthesis forces the lemma and palea apart, allowing
first the emergence of the anthers and later that of the
stigma (Heslop-Harrison and Heslop-Harrison 1996). If the
lodicules fail to swell, gaping of the floret does not gen-
erally occur until well after fertilization. In this situation,
the exertion of the anther filament is restricted, and the
pollen is shed within the closed floret.

The barley (Hordeum vulgare L.) cleistogamy 1 gene
encodes an AP2 protein (Nair et al. 2010). The cleistoga-
mous clyl allele features a synonymous single nucleotide
change within a specific microRNA (miR172) site. In
cultivars carrying this allele, the lodicules fail to develop
normally, resulting in a cleistogamous phenotype. Mi-
croRNAs are small (~22 nt) sequences which induce the
degradation of a specific target mRNA and thereby inhibit
translation. They have been implicated in a number of
regulatory processes in both plant and animal cells (Bartel
2009). Their specificity relies on their sharing sequence
complementarity with their target mRNA. A number of
AP2 genes are known to be regulated by miR172, largely
via translational repression (Chen 2004; Chuck et al. 2007)
induced following mRNA cleavage (Aukerman and Sakai
2003; Chen 2004). An analysis of allelic variation at Clyl
among a substantial number of barley accessions has
shown that the two cleistogamous alleles detected both
include a sequence variant within their miR172 target site;
while one of these alleles originated in Northern Europe,
the other appears to have arisen in the Western Mediter-
ranean region (Nair et al. 2010). One of the major signif-
icant advantages of the cleistogamous phenotype has been
highlighted by its pleoitropic effect on resistance to the
pathogen causing the destructive disease fusarium head
blight (FHB) in barley (Hori et al. 2005; Sato et al. 2008)
and wheat (Kubo et al. 2010).

Table 1 Wheat materials used in this study

Cleistogamy has been observed in wheat as well as in
barley. A screen of 7. durum accessions carried out by
Sethi and Chhabra (1990) identified two sources, and fur-
ther analysis showed that the trait was monogenic and
recessive, was largely independent of the environment, and
was caused by the under-development of the lodicules and
the formation of a stiff perianth (Chhabra and Sethi 1991).
While the mechanism underlying lodicule development in
barley is now well understood, this is not the case for
wheat. The aim of the present study was therefore to
investigate whether the wheat orthologs of clyl are key
genes driving lodicule development and flower opening.
Here, we describe the identification of the three wheat
homoeologs of Clyl, along with their structure and tran-
scription profile. An analysis of miR172-guided mRNA
cleavage is also provided.

Materials and methods
Plant materials and the measurement of lodicule size

The bread wheat lines used are detailed in Table 1. The
cultivar ‘Shinchunaga’ shows a level of resistance to FHB
(Ban and Suenaga. 2000) and has high cross-compatibility
to rye (Ma et al. 1996). Grain of cv. Chinese Spring (‘CS’)
and its derived sets of nullisomic-tetrasomic (NT) and
ditelosomic (Dt) lines (Sears 1954, 1966; Sears and Sears
1978), as well as 15 deletion lines stocks involving one of
the homoeologous group 2 chromosomes (Fig. 2) (Endo
and Gill 1996) were used to determine intrachromosomal
locations. All the material was autumn-sown in the field at
Tsukuba, Japan. Immediately prior to anthesis, three spikes
per line (still attached to the peduncle and including the
flag leaf) were detached and maintained in 100 mg/l 2,4-D
for 24 h at room temperature to preserve the swollen state

Lines Origin or source GenBank accession no.
TaAP2-A TaAP2-B TaAP2-D
Shinchunaga Obtained from S. Taketa, Okayama Univ., Japan AB749305 AB749306 AB749307
KU-515 Tibet, China AB761163 AB761180 AB761194
Fukuho Collection of Lab. of Genetics and Plant Breeding, Facul. of Horticulture, Chiba Univ., AB761164 AB761188 AB761189
Japan
Norin 61 Collection of Lab. of Genetics and Plant Breeding, Facul. of Horticulture, Chiba Univ., AB761165 AB761181 AB761190
Japan
KU-163 Collection of Col Agr. Hokkaido Univ., Japan AB761172 AB761176 AB761191
KU-165 Correns, Germany AB761159 AB761177 AB761192
KU-265 Collection of Lab. of Plant Breeding, Facul. of Agr., Kyoto Univ., Japan AB761160 AB761179 AB761193
Chinese Strain ID: LPGKU2269 from National Bioresource Project (NBRP) of Japan AB749311 AB749312 AB749313
spring

The lines starting with the code KU were kindly provided by National Bioresource Project (NBRP) of Japan
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of the lodicules. This measure facilitated the assessment of
lodicule width and depth. The lemma from the first floret of
a spikelet in the middle portion of each spike was removed
to permit the imaging of the lodicules. The resulting ima-
ges provided a means of estimating lodicule width and
depth with the aid of Makijaku v1.1 software (cse.naro.
affrc.go.jp/iwatah).

PCR primer design, amplification and amplicon
sequencing

Genomic DNA was extracted from young leaves according
to Komatsuda et al. (1998). Relevant PCR primers were
designed based on the barley Clyl sequence using either
Oligo 6 (W. Rychlick, National Bioscience, Plymouth,
MN, USA) or DNAMAN v6.0 (Lynnon Biosoft, Quebec,
Canada) software. Amplification of the DNA was carried
out in 10 pl reactions under conditions detailed in Sup-
plementary Table 1. Each reaction was exposed to an ini-
tial denaturation (94 °C/5 min), followed by 30 cycles of
94 °C/30-60 s, 57-68 °C  (primer-dependent)/30-60 s,
72 °C/30-120 s, and a final extension of 72 °C/7-10 min.
The resulting amplicons were electrophoresed through
1.0-3.0 % (amplicon-dependent) agarose (Iwai Kagaku,
Tokyo) in 0.5x TBE, and visualized by EtBr staining.
Amplicons were then purified using a QIAquick PCR
purification kit (QIAGEN, Germantown, MD, USA) and
cycle sequenced using Big Dye Terminator technology
(Applied Biosystems, Foster, CA, USA). The sequencing
reactions were purified by Agencourt CleanSEQ (Beck-
man, Beverly, MA, USA) and analysed with an ABI prism
3130 genetic analyzer (Applied Biosystems). Sequence
data were aligned using DNAMAN v6.0 software.

Bacterial artificial chromosome (BAC) library analysis
and annotation

A BAC library made from cv. ‘CS’ (obtained from the John
Innes Center Genome Laboratory) was screened using
PCR, and positive BAC clones were sequenced according
to Ishikawa et al. (2009) and Wu et al. (2002). Repetitive
element (retrotransposons and DNA transposons) sequence
was excluded by Repeat Masker (http://www.repeat
masker.org/cgi-bin/WEBRepeatMasker) analysis, and the
remaining sequence subjected to in silico gene prediction,
based on GeneMark.hmm v2.2a (http://www.opal.biology.
gatech.edu/GeneMark/eukhmm.cgi) software and the
NCBI plant EST database (http://www.blast.ncbi.nlm.
nih.gov/Blast.cgi). Softberry Bacterial Genome Explorer
(http://www linux1.softberry.com/berry.phtml)  software
was then used to allow the simultaneous comparison of
distinct annotated genomes.

Phylogenetic analysis

Protein sequence data were aligned using ClustalW2 soft-
ware (http://www.ebi.ac.uk/Tools/clustalw2/) and a phy-
logeny was inferred by applying the neighbour-joining
method implemented in the software package MEGA v5
(Tamura et al. 2011).

RNA extraction and cDNA synthesis

Total RNA was extracted from the developing spikes of cv.
‘Shinchunaga’ sampled at the eight developmental stages
defined by Kirby and Appleyard (1981), using the TRIzol
reagent (Invitrogen, Carlsbad, CA). At the green anther
stage, each spikelet was partitioned into the lemma
(including awn), palea, lodicule, anther and pistil, and
RNA was extracted separately from each of these, as well
as from the glumes. First-strand cDNA was synthesized
from 5 pg DNase treated total RNA by priming with oligo
(dT), according to the Invitrogen RT-PCR first-strand
synthesis protocol.

Quantitative real-time PCR (qRT-PCR)

The transcript abundance of each target was estimated by
an analysis based on the StepOne Real-Time PCR system
(Applied Biosystems) and THUNDERBIRD SYBR qPCR
mix kit (Toyobo, Osaka) according to the manufacturers’
protocols. Each gene fragment (primers for their amplifi-
cation given in Supplementary Table 1 and their genome
specificity illustrated in Supplementary Fig. 6) was inser-
ted into pCR4-TOPO (Invitrogen), which was then used to
generate a standard curve based on a dilution series
(4.0 x 1072-5.1 x 1077 ng plasmid for each of the three
clyl homoeolog sequences, and from 2.5 to 3 x 107> ng
for Actin) in order to estimate absolute quantification and
the amplification efficiency of each primer pair (Supple-
mentary Fig. 7). At least three independent biological
replicates were performed, and at least two technical rep-
licates per biological replicate. A portion of the wheat
Actin sequence (NCBI accession number CJ932475) was
used as the reference sequence.

Mapping the miR172-guided cleavage site

Total RNA extracted from spikes at the terminal spikelet
stage was subjected to an RNA-ligase mediated 5 RACE
(Kasschau et al. 2003) reaction, employing a GeneRacer kit
(Invitrogen). This developmental stage was chosen because
it is analogous to the stamen primordium stage in barley,
which is when miR172-guided cleavage of Clyl was
detectable (Nair et al. 2010). The dephosphorylation and
decapping steps were both omitted, so that only the 5’ ends
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of the truncated transcripts were ligated to the GeneRacer
RNA oligomer. A nested PCR was based on a primer tar-
geting the GeneRacer RNA oligomer, initially in combina-
tion with a gene-specific reverse primer, and subsequently
with an internal gene-specific primer (Supplementary
Table 1). The resulting amplicons were electrophoresed
through 1 % agarose, inserted into the TA vector (TOPO TA
Cloning Kit, Invitrogen), and thence into E. coli (DH5)
competent cells. Randomly selected clones (without any
prior size selection) were chosen for DNA sequencing.

Results

Floret gaping and lodicule swelling in cv.
‘Shinchunaga’

The appearance of the pre-anthesis lodicules in cv. ‘Shin-
chunaga’ was normal, with the palea and lemma closely
aligned with one another (Fig. 1c, e). As anthesis approa-
ched, the lodicules became swollen (Fig. 1b, d, ), thereby
forcing open the floret. At the same time, the filaments
elongated sufficiently to push the anthers out of the floret
(Fig. 1a), whereupon they dehisced and the pollen was
shed. Between the day prior to anthesis and anthesis itself,
lodicule width expanded from 0.7 to 1.1 mm (Fig. Ic, d)
and its depth from 0.4 to 1.2 mm (Fig. le, f).

Isolation of the bread wheat cly/ homoeologs

Based on the high level of sequence homology between the
cv. ‘CS’ cDNA sequence AK331198 and Clyl, a pair of
primers (F695 and R1428, see Supplementary Table 1) was
designed to amplify the sequence lying between exons 2
and 6 (Nair et al. 2010), which produced a 760-bp ampli-
con in cv. ‘CS’. When the cv. ‘CS’ BAC library was
screened using the same primer pair, a 760-bp amplicon
was amplified from nine independent clones. When these
clones were digested with Hindlll, they formed three dis-
tinct contigs: the first of these involved clones WCSO07
70D05, WCS0842L.23, WCS1336M06 and WCS1899102;
the second WCS0173D15, WCS1225B11 and WCS1471
KO05; and the third WCS0049K23 and WCS0230G03
(Supplementary Fig. 1). When the sequences of the nine
760 bp amplicons were aligned with one another, three
haplotypes were evident. Both these results implied the
presence in the bread wheat genome of three Cly/ homo-
eologs. One member of each BAC group (WCS08421.23,
WCS1471K05 and WCS0049K23) was taken forward for
full sequencing. The length of the WCS0842L23 sequence
was 111.5 kb (DDBIJ accession number AB749308), that
of WCS1471K05 was 97.5 kb (AB749309), and that of
WCS0049K23 was 152.3 kb (AB749310). A highly

@ Springer

Fig. 1 Lodicule development in bread wheat cv. ‘Shinchunaga’. a,
b Gaping of the floret and anther exertion at anthesis. The double-
headed arrows indicate ¢, d the width, and e, f the depth of the
lodicule. g/ glume, le lemma, pa palea, lo lodicule. (Bar represents
1 cm in a, 1 mm in b-f)

conserved AP2-like sequence was present in each (Sup-
plementary Tables 2—4, accession numbers AB749308—
AB749310). The other regions in the three BACs which
shared appreciable homology with one another comprised
retrotransposon and DNA transposon sequence (Supple-
mentary Fig. 2; Supplementary Tables 2—4).

The chromosomal origin of the three BACs was
explored using a standard aneuploid analysis based on the
cv. ‘CS’ NT, Dt and deletion lines. For this purpose, a set
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of BAC-specific primer pairs targeting the region flanking
the miR172 site was designed (Supplementary Table 1;
Supplementary Fig. 3). Primer pair F-est1320/L3721A19
(targeting WCS0842L.23) generated an identical size
amplicon whether the template was WCS0842L23 or
genomic DNA from cv. ‘CS’. Among the aneuploid lines,
the only ones which did not amplify this fragment were
N2AT2D, Dt2AS and the 2A deletion lines lacking the
distal end of the long arm (Supplementary Fig. 4). This
allowed the origin of the WCS0842L23 sequence to be
assigned to the distal (sub-telomeric) region of the long
arm of chromosome 2A, so that the AP2-like gene present
on this BAC was designated TaAP2-A (Fig. 2). In the same
way, the Clyl ortholog present on WCS1471K05 was
located to the sub-telomeric region of chromosome arm
2BL (Supplementary Fig. 4) and designated 7aAP2-B
(Fig. 2), and the one on WCS0049K23 to the sub-telomeric
region of 2DL (Supplementary Fig. 4) and designated
TaAP2-D (Fig. 2).

Structure of the 7aAP2 homoeologs

Genome-specific primers were designed from an alignment
of the three TaAP2 gene sequences obtained from the BAC

2A 2B

«2AS-05 (FL=0.78)

f«zAL-oz (FL=0.00)

< 2AL-04 (FL=0.27)

+-2AL-03 (FL=0.77)
2AL-01 (FL=0.85)

TaAP-2A

I
Teﬂ’- 2B

<2BL-09 (FL=0.16)

\m +2BL-07 (FL=0.58) -

== <-2BL-10 (FL=0.69)

clones (Supplementary Table 1) in order to amplify the
corresponding gDNA and cDNA copies in both cv.
‘Shinchunaga’ (accession numbers AB749305-AB749307)
and cv. ‘CS’ (accession numbers AB749311-AB749313).
All three homoeologs comprised ten exons (Supplementary
Fig. 5). A sequence comparison between each cv. ‘CS’ and
cv. ‘Shinchunaga’ homoeolog with that of the Clyl (non-
cleistogamous) barley allele showed that nucleotide iden-
tity ranged from 79.4 to 81.0 % in the gDNA and 90.2 to
91.2 % in the coding sequence. At the peptide level, the
homology range was 88.3-89.1 % (Table 2).

The cv. ‘Shinchunaga’ TaAP2 products shared key
conserved sequence features with both barley Clyl
(ACY29532) and A. thaliana AP2 (NP195410) (Jofuku
et al. 1994; Tang et al. 2007) (Fig. 3), namely a highly
basic ten-residue nuclear localization signal, and two AP2
domains each comprising two copies of a 68-residue direct
repeat, the AASSGF box (corresponding to the miR172
target site) and three other motifs (motifs 1-3). All these
motifs were highly conserved among the grasses. There
was no variation for any of these features among the three
TaAP2 homoeologs present in cvs. ‘CS’ and ‘Shinchuna-
ga’. Comparison between the deduced cv. ‘CS’ and cv.
‘Shinchunaga’ TaAP2-A sequences showed that the former

2D

<+-2BS-01 (FL=0.53)

<«2DS-01 (FL=0.33)

<-2DL-02 (FL=0.09)

<+-2DL-03 (FL=0.49)

<«2DL-09 (FL=0.76)

| |~-2DL-06 (FL=0.94)

TaAP-2D

+-2BL-06 (FL=0.89)

Fig. 2 The intrachromosomal location of the TaAP2 homoeologs. The C-banding karyotype of cv. ‘CS’ was taken from Endo and Gill (1996).
Deletion breakpoints (arrowed) defined by the associated fraction length (FL). TaAP2 genotyping profiles shown in Supplementary Fig. 4
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Table 2 Homology between Cly!/ and its bread wheat orthologs in both cv. ‘Shinchunaga’ and cv. ‘CS’

Genomic DNA ORF Protein Accession
Length GC  No. No. Identity Length GC  Identity Length MW PI Identity e
(bp) (%) introns exons (%) (bp) (%) (%) (aa) (kDa) (%)
H. vulgare cv. Azumamugi
Clyl 2,691 60.8 9 10 100 1,464 70.5 100 487 51.752  7.18 100 GQ403050
T. aestivum cv. Shinchunaga
TaAP2-A 2,652 62.1 9 10 79.6 1,431 71.3  90.7 476 50.28 747  88.6 AB749305
TaAP2-B 2,706 619 9 10 80.0 1,455 71.1  90.2 484 51.066 7.14 89.1 AB749306
TaAP2-D 2,755 60.7 9 10 81.0 1,452 714 904 483 50.81 7.11  89.0 AB749307
T. aestivum cv. Chinese spring
TaAP2-A 2,643 620 9 10 79.4 1,422 71.1 903 473 49989 747 883 AB749311
TaAP2-B 2,706 619 9 10 80.0 1,455 71.1 902 484 51.066 7.14 89.1 AB749312
TaAP2-D 2,786 60.8 9 10 80.1 1,461 717 912 486 51.061 7.11 889 AB749313

The percentage of identity was estimated by alignment of each sequences with the H. vulgare cv. AZ (GenBank: GQ403050)

Genomic DNA: from start to stop codons; ORF: open reading frame; PI: isoelectric points

differed from the latter by a run of five, rather than eight
proline residues around position 435 (Fig. 3); the same
comparison involving the two TaAP2-B sequences identi-
fied no polymorphisms whatsoever, while the cv. ‘CS’
TaAP2-D sequence differed from that of its cv. ‘Shinchu-
naga’ homolog at positions 108 (G/V), 329 (E/D) and 436
(L/P), featured an extra proline residue between positions
440 and 441, and had a string of seven (rather than five)
alanine residues around position 353.

Resequencing of the three TaAP2 homoeologs from six
other wheat cultivars showed that at TaAP2-A, cvs. KU-
515, Fukuho Komugi and Norin 61 were identical with the
cv. ‘Shinchunaga’ type, carrying a GCCGCCGCC inser-
tion in exon 10 (encoding three prolines), while cvs. KU-
163, KU-165 and KU-265, like cv. ‘CS’, lacked this insert.
The only polymorphism among the TaAP2-B sequences
was a G/A variant in intron 4 in cv. Fukuho Komugi. All
six TaAP2-D sequences were identical to that present in cv.
‘Shinchunaga.

Phylogeny of the TaAP2 homoeologs

A protein-based phylogeny (Fig. 4) showed that the three
cv. ‘Shinchunaga’ products were highly similar both to one
another, to that of the non-cleistogamous barley Clyl
protein (Nair et al. 2010) and to the rice SHAT1 (OsAP2)
protein (Zhou et al. 2012). This cluster of cereal sequences
was less strongly related to those of the two A. thaliana
proteins AP2 (NP195410) and TOE3 (NP201519) (an
ethylene-responsive transcription factor), Brassica napus
APETALA2 (ADU04499), Betula platyphylla APETALA2
(AEL29576) and Ricinus communis putative APETALA2
(XP002534399) (data not shown). The product of the
wheat gene Q and that of its two homoeologs, together with

@ Springer

barley HvAP2-like, were phylogenetically closely related
to one another, but clearly belong to a distinct lineage,
along with the maize proteins IDS1 and SID1, and the rice
protein SNB.

Transcription profiling of the TaAP2 homoeologs

The transcription profiles of each of the three TaAP2 genes
carried by cv. ‘Shinchunaga’ were explored using qRT-
PCR, based on TaAP2 homoeolog-specific primer pairs
(Supplementary Fig. 6). Performing qRT-PCR allowed for
a direct comparison of TaAP2 mRNA copy number within
each given biological sample. The transcription of TaActin
was stable throughout spike development, and was used as
a reference to compare TaAP2 mRNA transcript abundance
between different stages and different organs. The analysis
revealed that each homoeolog was transcribed throughout
spike development (from the glume primordium stage to
anthesis) (Fig. 5a). The abundance of the TaAP2-A and
TaAP2-B transcript between the green anther stage and
anthesis was about double that observed earlier during
development, but that of TaAP2-D remained throughout at
a rather constant level below that of either 7aAP2-A or
TaAP2-B). All three homoeologs were also transcribed at
the green anther stage in each of the floral organs sampled
(lemma, palea, lodicule, anther, pistil and glume). The
transcript abundance of TaAP2-A and TaAP2-B in the
lodicule was more than double that in any other organ.

miR172-guided cleavage of TaAP2 transcript
All six TaAP2 sequences (three each in each of the two

cultivars) shared identical miR172 targeting site sequence
(Supplementary Fig. 5). The modified 5 RACE experiment
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I
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Fig. 3 Peptide alignment of the TaAP2 proteins from bread wheat cv.
‘Shinchuanga’, Clyl from barley cv. ‘Azumamugi’ and AP2 from
A. thaliana. Key features of the sequence (motifs 1-3, nuclear

carried out to detect miR172-guided cleavage was expected
to generate fragments of sizes 210, 370 and 255 bp from,
respectively, TaAP2-A, TaAP2-B and TaAP2-D. The
derived sequences of the majority of 5 RACE clones
analysed were consistent with cleavage within the miR-
NA172 targeting site. This applied to 39/64 TaAP2-A clones,
32/52 TaAP2-B clones and 17/43 TaAP2-D clones, with
cleavage most frequently occurring between the A and U
nucleotides (Fig. 6), as also occurs in Cly/ (Nair et al. 2010).
The other clones comprised 3’ UTR sequence, consistent with
random mRNA breakage, again as has been observed in barley
(Nair et al. 2010).

Discussion

The three bread wheat TaAP2 genes all mapped to the
distal region of the long arm of the group 2 chromosomes
(Fig. 2), a region syntenous with that harbouring Cly/ in
barley (Turuspekov et al. 2004). The three homoeologs
share a highly similar structure to that of Clyl (Table 2
Fig. 3), and their sequences are phylogenetically strongly
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localization signal, R1 and R2 domains and the AASSGF box) are
shown boxed. The o-helical structures formed by the core region of
each AP2 domain are delimited by arrows

related both to one another’s and to that of Clyl (Fig. 4).
Each was transcribed during spike development, and was
particularly abundantly expressed in the lodicule (Fig. 5b).
The mRNA extracted at the terminal spikelet stage was
effectively cleaved at the miR172 target site (Fig. 6).
Cleavage of HvAP2 mRNA was detectable only in non-
cleistogamous cultivars (Nair et al. 2010), while here the
proportion of cleaved mRNA in the non-cleistogamous cv.
‘Shinchunaga’ was significantly greater than 0, the level
expected for a cleistogamous type (Nair et al. 2010). Thus,
it is clear that wheat TaAP2 and barley Cly! represent a set
of orthologous loci. As in barley, floret gaping in the non-
cleistogamous wheat cv. ‘Shinchunaga’ was triggered by
the expansion of the lodicules (Fig. 1), so the implication is
that TaAP2 and Clyl share both structure and function.
In barley, the only biologically significant difference
between the Clyl (non-cleistogamous) and the clyl
(cleistogamous) allele is the synonymous single nucleotide
change at the miR172 targeting site; in the presence of the
latter allele, miR172 is unable to cleave the relevant
mRNA (Nair et al. 2010). The miR172 targeting sites in the
TaAP2 genes (in both cv. ‘Shinchunaga’ and cv. ‘CS’) as in
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Fig. 4 Phylogeny of A. thaliana, rice, maize, wheat cv. ‘Shinchuna- Glume Lemma Palea Lodicule Anther Pistil

ga’ and barley cv. ‘Azumamugi’ AP2 homologs obtained using the
neighbour-joining method. Only bootstrap values >50%, as calcu-
lated from 1,000 replicates, are shown

Clyl (e.g. in the non-cleistogamous barley cv. ‘Azuma-
mugi’) are highly similar to one another; the exceptions
relate to the second nucleotide, namely C in TaAP2-B but
U in TaAP2-A, TaAP2-D and clyl (Supplementary Fig. 5).
This nucleotide is also variable within barley, but variants
are not associated with any suppression of miR172-guided
cleavage and/or cleistogamy (Nair et al. 2010). As expec-
ted therefore, the three 7TaAP2 mRNAs were all readily
cleaved by miR172 (Fig. 6), consistent with the non-
cleistogamous phenotype of cv. ‘Shinchunaga’.

A rational strategy for the induction of cleistogamy in
bread wheat would be to identify naturally occurring or
induced mutants at the miR172 targeting site for each
TaAP2 homoeolog, and then to combine these within a
single plant by conventional crossing. Since the primer sets
developed here specifically amplify the miR172 targeting
site from each homoeolog, their deployment should be
effective for the detection of such variants in both hexa-
ploid and tetraploid materials. No such variation was
apparent among the TaAP2 alleles resequenced from eight
cultivars, as might be expected from such a highly con-
served sequence (Fig. 7; Nair et al. 2010). The wheat cv.
“U24’ is cleistogamous (Kubo et al. 2010), the frequency of
floret gaping is low, its anther filaments do not elongate,
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Floral organs of spikelet

Fig. 5 Transcription profiling of TaAP2 homoeologs in wheat cv.
‘Shinchunaga’. a In the developing spike (/ glume primordium stage,
2 lemma primordium stage, 3 floret primordium stage, 4 terminal
spikelet stage, 5 white anther stage, 6 green anther stage, 7 yellow
anther stage, 8 anthesis). b In various floral organs at the green anther
stage. Mean £ SE of three biological replicates are shown
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Fig. 6 miR172-guided mRNA cleavage of TaAP2 mRNA. The 5
termini of the cleaved products were identified using a modified 5’
RACE approach. Vertical arrows indicate the inferred 5’ termini of
miR172-guided cleavage, and the number above each arrow the
proportion of clones containing that site. The horizontal arrows refer
to cleavage downstream of the miR172 site

and its anthers are not extruded (unpublished data). How-
ever, because its lodicules are fully swollen at anthesis, its
TaAP?2 alleles were not considered for resequencing in the
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present study. We were unable to access grain of the two
cleistogamous T. durum accessions reported by Chhabra
and Sethi (1991). In barley, two naturally occurring distinct
cleistogamous alleles (clyl.b and clyl.c) have been iden-
tified, both of which are thought to be of relatively recent
origin (Nair et al. 2010). The recessive nature of these
mutants implies that their wheat equivalents may be rep-
resented in material which is phenotypically non-cleistog-
amous. The TILLING approach (Henikoff et al. 2004)
could provide an attractive platform for detecting allelic
variants. The abundance of TaAP2-D transcript was lower
than that of either TaAP2-A or TaAP2-B throughout the
development of the spike. It has been well established
(Comai et al. 2000; Bottley et al. 2006; Shitsukawa et al.
2007; Zhang et al. 2011) that polyploidization results in an
appreciable level of homoeolog silencing or
functionalization.

Site-specific DNA binding domains are favoured targets
for certain genetic engineering strategies aiming at crop
improvement. Site-specific nucleases have been designed

re-

by fusing the DNA cleavage domain of Fokl and a custom-
designed DNA binding domain, such as the C2H2 zinc-
finger motif for zinc-finger nucleases (ZFNs) (Urnov et al.
2010) and the truncated transcription activator-like effector
(TALE) domain for TALE nucleases (Miller et al. 2011).
Both ZFNs and TALE nucleases induce double-strand
breaks at a target locus, which are subsequently repaired by
error-prone non-homologous end-joining; the intention is
to induce small indels at the breakage site, thereby enabling
targeted mutagenesis to be applied in non-model organisms
(Wood et al. 2011). The approach could lend itself readily
to engineering the miR[72 targeting site in wheat. An
alternative approach could be to attempt the modification
of the miR172 gene. One possibility, already pioneered in
both maize (Chuck et al. 2007) and barley (Brown and
Bregitzer 2011), could be to induce the insertion of a copy
of a Ds transposon into miRI72, with the intention of
down-regulating its transcription. Based on its homology to
maize IDS] and the similarity of the maize fs4 mutant to
the miR172 mutant (Brown and Bregitzer 2011), the barley
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Clyl and AP2-like gene are both likely targets of miR172.
By inference, its targets in wheat include both TaAP2 and
the major domestication gene Q. Q and its homoeoloci
form a sister clade along with barley HvAP2-like (Fig. 4).
Q is responsible for the free-threshing trait (as well as
acting pleiotropically on a number of other characters).
One of its two homoeologs has evolved into a pseudogene
and the other has been sub-functionalized (Simons et al.
2006; Zhang et al. 2011). The Q sequence includes a 21 nt
miR172 targeting site in exon 10 (Zhang et al. 2011),
suggesting its regulation by this miRNA. The miR172
target site within the A, B and D genome Q homoeologs is
perfectly complementary to miR172 except for a single
nucleotide mismatch at position 15 of the miRNA binding
site. The mismatch is completely conserved among the
cereals, suggesting a likely role in mRNA cleavage (Nair
et al. 2010). All Q alleles resequenced to date include a
single nucleotide variant of C to U at position 20 of the
miRNA binding site (Simons et al. 2006, Zhang et al.
2011). TamiR172a and c enjoy near perfect complemen-
tarity to their respective mRNA targets, and so are
expected to be effective as cleavage agents (Fig. 7).
Mutation in miR172 genes may disrupt the functionality of
Q as does Ds transposition into HvmiR172 on HvAP2-like
in barley (Brown and Bregitzer 2011). If it also disrupted
genes within the ABCDE network, then modifying the
TamiR172 genes would not be an attractive approach for
engineering cleistogamy in wheat. Instead, altering the
miR 172 targeting site in TaAP2 might represent a less risky
way of achieving this goal.

FHB can be a devastating disease of wheat (Snijders
1990; Parry et al. 1995; McMullen et al. 1997). As for most
plant diseases, a rational control strategy should take
advantage of genetically based resistance, and because the
pathogen commonly enters the host through the floret
around the time of anthesis, a plant with a flowering habit
involving minimal floret gaping is more likely to escape
infection than one in which the floret gapes (Gilsinger et al.
2005; Kubo et al. 2010). Furthermore, as genetic modifi-
cation (GM) technology becomes more widely exploited in
crop breeding, controlling gene flow between GM and non-
GM cultivars needs to be managed. Although wheat is a
predominantly self-pollinating species (De Vries 1971), its
pollen can move up to 2.75 km from its source (Matus-
Cadiz et al. 2007). Cleistogamy delivered by allelic vari-
ation at the TaAP2 homoeologs would simultaneously
improve the resistance of the crop to FHB and minimize
the risk of pollen-mediated gene flow between GM and
non-GM wheat cultivars.
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